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ABSTRACT

Antioxidants in Cancer Research and Prevention: Assay Comparison, Structure-Function Analy-
sis, and Food Product Analysis

Andrew Robert Garrett
Department of Microbiology and Molecular Biology, BYU

Master of Science

 Recent epidemiological studies have suggested that the development and progression of 
several chronic diseases may be initiated or augmented by oxidative stress.  Reactive oxygen 
species and reactive nitrogen species react readily with and can damage nucleic acids, proteins, 
and lipids.  While biological systems are equipped antioxidant defenses to cope with oxidative 
stress, oxidative damage may still occur when oxidative stress overwhelms antioxidant defenses.  
This damage, if left unchecked, may lead to a variety of degenerative diseases, including heart 
disease, Alzheimer’s Disease, Parkinson’s Disease and cancer.

 Several assays have been designed to describe the antioxidant activity  of various phyto-
chemicals, vitamins, and other compounds.  The ORAC and TOSC assays have emerged as in-
dustry standards for measuring antioxidant activity due to their high reliability and sensitivity.  
Until recently, however, little has been done to assess the relative correlation between these two 
assays.  Furthermore, no assay has been developed to measure changes in antioxidant  activities 
of cells in response to oxidative stress.  The current  work investigates the correlation between 
measured antioxidant activities of samples in the both the ORAC and TOSC assays.

 Recent antioxidant research also focuses on relating chemical structure to antioxidant ac-
tivity.  Previous research in this area has included a broad range of chemical groups, but no study 
has attempted to formulate a structure-function framework that has applicability to compounds of 
any group.  The current  work uses amino acids as a simplest-case model for studying the rela-
tionships between chemical structure and antioxidant activity.

 One particular area of emerging research has centered around comparing organic and 
conventionally grown food products.  The impetus of these investigations lies in claims made by 
organic supporting groups that these food products are generally more beneficial than their con-
ventional counterparts.  Despite the rapid rise in popularity  of organic foods, there remains a 
dearth of research investigating these claims.  The current work compares the antioxidant activi-
ties of organic and conventionally grown blueberries and apples.

Key Words: Antioxidants, cancer, prevention, ORAC, TOSC, amino acid, structure-function, 
blueberries, apples, organic.
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INTRODUCTION

Chemical Stress and Cancer

 Recent epidemiological studies have suggested that the development and progression of 

several chronic diseases may be initiated or augmented by oxidative stress.  Much of this oxida-

tive stress is generated as a by-product  of  fundamental metabolic processes that occur constantly 

in the body.  Reactive oxygen species (ROS) and reactive nitrogen species (RNS) react readily 

with biological substances and can destroy or damage nucleic acids, proteins, and lipids.  While 

many of these biological systems are equipped to cope with oxidative stress, oxidative damage 

may still occur when oxidative stress overwhelms antioxidant defenses.  This damage, if left un-

checked, may lead to a variety of degenerative diseases, including heart disease, Alzheimer’s 

Disease, Parkinson’s Disease and cancer (1-5). 

 Cancer is a leading cause of death in the world.  In 2004, over 7.4 million people died of 

cancer, accounting for more than 13% of all deaths worldwide (6).  In 2010, it  is estimated that 

there will be over 1.5 million new cancer cases in the United States alone.  Estimates for 2010  

also project that close to 570,000 Americans will die from cancer, which translates into greater 

than 1,500 cancer deaths per day (7).  It is also projected that in 2020, 15 million new cancer 

cases will be reported and 12 million cancer patients will die worldwide (8).  Despite numerous 

outreach, education, and research efforts, cancer mortality rates continue to increase.

 Notwithstanding its high mortality rate, cancer is largely a manageable condition if de-

tected and treated early in its development.  The World Health Organization estimates that up to 

one-third of all cancers could be cured if detected early  and treated adequately (6).  Furthermore, 

cancer is often a preventable condition.  Recent estimates are that between 30% to 95% of all 
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cancer cases could be prevented by modifying diet, lifestyle, and behavioral habits alone (6, 7, 

9).  Cancer then, as has been insightfully  observed, is a “preventable disease that requires major 

lifestyle changes” (9).  For example, tobacco use is the single largest preventable cause of cancer 

in the world, yet millions use tobacco regularly; among the total projected cancer deaths in 2010, 

171,000 (34%) are expected to be caused by tobacco use.

 Evidence suggests that close to one-third of all projected cancer deaths in 2010 will be 

caused by  obesity, physical inactivity, or poor nutrition (6, 7).  These conditions can be especially 

detrimental because prolonged inflammation in obese patients is thought to be critical for tumor 

initiation and progression (10).  Such conditions can be prevented through limiting consumption 

of energy-dense foods, avoiding sugary drinks and alcohol, limiting the frequent intake of red 

meats, and increasing consumption of foods of plant origin (11).  Many cancers caused by infec-

tious agents can be prevented through the use of vaccines and antimicrobials, as well as lifestyle 

changes.

 Many types of skin cancers can be prevented by  avoiding excessive exposure to UV ra-

diation.  This can be accomplished by the implementation of sunscreen, the proper use of hats 

and clothing, and by the use of indoor tanning equipment.  The American Cancer Society  also 

recommends regular screenings for many different types of cancer, and reports that at least half 

of all new cancer cases could be prevented if these conditions were detected early  while still in 

their pre-cancerous states (7).  It  is clear that for improvements in cancer prevention to occur, 

significant lifestyle and behavioral changes must be made both in the United States and in the 

world at large to reduce the oxidative stress that can lead to cancer.

Types of Oxidants

2



 Radicals are unpaired valence electrons found in various types of biological and chemical 

molecules.  These compounds can either have one extra electron (giving them a slight negative 

charge), or be one electron deficient (giving them a slight positive charge).  Either way, most 

compounds that have unpaired radicals are highly reactive chemically.

 There are two main classes of free-radical compounds: reactive oxygen species (ROS) 

and reactive nitrogen species (RNS; see Table 1).  The more common of the two groups is ROS, 

which are derivatives of O2, with superoxide radical (O2●—) being the most common.  Other ex-

amples of ROS include hydrogen peroxide (H2O2), alkoxyl/peroxyl radical (RO●/ROO●), and 

peroxynitrite (ONOOH/ONOO—).  Recently, ROS have been linked to a variety  of chronic dis-

eases, including Alzheimer’s disease, Parkinson’s disease, and cancer (2, 12).  ROS have also 

been linked to p53 function (3), diabetes (13), neurodegenerative diseases (4) and cognitive de-

cline (14).

 Reactive nitrogen species are species of free radical compounds derived from nitric oxide 

(NO●), and include peroxynitrite (ONOO—), nitrogen dioxide (•NO2), and dinitrogen trioxide 

(N2O3).  These and other RNS, similar to ROS, have been shown to cause damage to lipids, 

amino acids, nucleic acids, and other small molecules (15).  In a recent review, the signaling, cy-

totoxic, and pathogenic characteristics of nitric oxide and peroxynitrite were discussed in detail 

(16).  Nitric oxide is an important signaling molecule because of its unique chemical properties, 

which include its rapid cellular diffusion (its diffusion coefficient in water is slightly higher than 

oxygen and carbon dioxide), and its propensity  to quickly produce oxygen radicals.  Peroxyni-

trite is another well-known RNS formed by the reaction of hydrogen peroxide and nitric oxide.  
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Although peroxynitrite itself does not contain free radicals, it  is a powerful oxidant, and its de-

composition in the phagosome results in the formation of H2O2 and NO2- (16).

Table 1: Five Major Types of Free Radicals in Biological SystemsTable 1: Five Major Types of Free Radicals in Biological Systems

Superoxide Ion
The superoxide anion is O2

−.  It is the product of the one electron reduc-
tion of molecular oxygen.  Although used in the immune system to kill 
invading microorganisms, Superoxide ion can cause damage to mito-

chondria and other important cellular constituents.

Hydroxyl Radical
Hydroxyl Radical, OH, is the neutral form of the Hydroxide Ion.  The 
Hydroxyl Radical is important in atmospheric reactions, and is also 

formed via the reduction of O2 in the electron transport chain.

Singlet Oxygen

Singlet O2 refers to the metastable states of molecular O2 with higher 
energy than the ground state triplet oxygen.  It is produced by light, as 

well as by the immune system.  These are especially prone to cause 
damage to double bonds between carbon atoms in saturated fatty acids.

Hydrogen Peroxide
Hydrogen peroxide is an important reactive oxygen species because it is 
involved in the production of many other types of ROS.  Cells contain 

catalases that decompose H2O2 to O2 and H2O.

Reactive Nitrogen Species Nitric acid forms peroxynitrite by reacting with the superoxide ion.  
This in turn causes damage to many types of body tissues.

 

 Similar to ROS, not all RNS are detrimental, as both are important components of the 

innate immune system.  A study performed by Iovine et al. demonstrated that murine macro-

phages significantly  upregulated RNS production following exposure to Campylobacter jejuni, 

and were much more effective at eliminating it when compared to mutant macrophages unable to 

produce RNS (17).  An earlier study  by Neu et al. also demonstrated that  prolonged inhibition of 

nitric oxide synthesis in human umbilical vein epithelial cells supports neutrophil adhesion, al-

though it also lead to an increase in intracellular oxidative stress in those cells (18).
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Antioxidants in Cancer Research

 While some antioxidants are generated by the body (Coenzyme Q10, Glutathione, and 

Uric Acid being the most prominent examples), many can only be obtained through food sources 

(19-21).  Food sources which contain high vitamin and mineral content (including antioxidants) 

are called bioactive foods.

 Bioactive foods may have the potential to decrease both the initiation and progression of 

cancer due to their rich antioxidant and nutrient contents, as previously discussed, and evidence 

is growing that may help define the role of bioactive foods in the prevention of cancer develop-

ment and progression. Multiple studies have found correlations between plasma levels of bioac-

tive food components (i.e. caroteniods, tocopherols, etc.) and the likelihood of survival of pa-

tients undergoing chemotherapy (22-24).  Research has also shown a positive correlation be-

tween the amount of plant material consumed and a patient’s chance of recovery.  Two studies in 

particular followed the dietary intake of women with breast cancer as they went through treat-

ment.  These studies found an increased chance of survival in those women who had a high in-

take of plant-based foods and/or supplements containing bioactive food components when com-

pared to those who consumed diets containing less of these components (22, 25).

Resveratrol

 Resveratrol is a stilbene polyphenol that has recently garnered much attention for its anti-

inflammatory, antitumorigenic and antioxidant properties (26, 27).  Found in high concentrations 

in Vitis and Vaccinium fruits, studies showing that resveratrol extends lifespans in S. cerevisiae, 

C. elegans, Drosophila, and murine models (through  SIR2 activation) has given support to re-

ports that regular consumption of red wine may increase longevity in humans (26, 28, 29).  The 

results from these studies may not be so easily applied to humans, however, due to resveratrol’s 
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low potency and poor bioavailabilty after metabolism (30).  Further research is needed to more 

fully elucidate the extent to which resveratrol may affect longevity and aging in humans.

 In addition to its potential health-promoting effects, resveratrol may directly influence the 

development and progression of cancer.  A recent report demonstrated that resveratrol-induced 

apoptosis in colorectal cancer cells is mediated by adaptive response gene ATF3 in vitro, support-

ing the idea that ATF3 may play an antitumorigenic role in colorectal tumorigenesis (31).  An-

other recent report demonstrated the ability of resveratrol and resveratrol analogs to elicit blocks 

in the cell cycle of cultured human prostate cells, as well as the resulting increase in p53 and p21, 

providing further evidence of resveratrol’s antitumorigenic abilities (30).

Carotenoids

 Carotenoids, particularly lycopene, are known to be powerful antioxidants linked to 

oxidation-preventing mechanisms. In one case-control study, carotenoid plasma levels were 

measured to compare 118 non-Hispanic Caucasian men suffering from non-metastatic prostate 

cancer with 52 healthy men in southeast Texas.  Results showed that the risk for men with high 

levels of α-carotene, trans-β-carotene, β-cryptoxanthin, and lutein and zeaxanthin in their plasma 

was less than half that of those with low levels of these compounds.  No correlation was found 

between carotenoid plasma levels and the stage of aggressive disease in these patients. This study 

suggests that high plasma levels of carotenoids may help reduce prostate cancer development, 

but not its progression (32).

Vitamin D

 Another well-known bioactive food component is vitamin D. Although vitamin D defi-

ciency is mainly associated with bone-related diseases, interest has risen in vitamin D deficiency 
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as a risk factor for different cancer types, mainly colon, breast, ovarian and prostate cancer.  A 

case-control study concluded that patients with plasma levels of 25(OH)D (the main form of cir-

culating vitamin D and main marker for vitamin D deficiency) below 30 ng/ml had about twice 

the risk of developing colon cancer (33), while another revealed a doubling of colon cancer inci-

dence for patients with less than 20ng/ml of vitamin D (34). The association of 25(OH)D levels 

in different stages of colon cancer was investigated, and results suggested that vitamin D metabo-

lites may have protective effects in all the stages of colon carcinogenesis (35).

 Low levels of vitamin D have also been associated with breast cancer risk. Studies sug-

gested that women in the lowest quartile of serum 25(OH)D had a five times greater risk of 

breast cancer than those in the highest quartile (36), while other case studies suggested that low 

25(OH)D plasma levels were associated with a more rapid progression of metastatic breast can-

cer (37). 

 In a study including 19,000 men with prostate cancer, those with 25(OH)D levels below 

16 ng/ml had a 70% higher incidence rate of prostate cancer than those with higher levels of vi-

tamin D, and the incidence of prostate cancer for younger men was 3.5 times higher if their lev-

els were below 16 ng/ml (38). These studies suggest that vitamin D levels have significant effects 

on the initiation of colon and prostate cancer, and in the progression of metastatic breast cancer.

Vitamins A, E, and C

 Additional studies on vitamins A, C, and E have shown inverse correlations between the 

presence of these vitamins and cancer incidence.  In a study investigating the correlation of vita-

min A, C and E in 5,454 colon cancer patients, results showed that the inverse correlation be-

tween vitamin intake and colon cancer incidence was statistically significant (39).  Also, a case-
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control study that examined the association of antioxidant vitamins A, C, and E and beta-

carotene for 144 cervical cancer patients in South Korea, showed that total intakes of vitamins A, 

C and E and beta-carotene were inversely correlated with cervical cancer risk (40).

Vitamin E is a fat-soluble antioxidant known to quench oxygen radical species formed 

during fat oxidation, while vitamin A (retinol) is known for its role in vision and the production 

of retinoic acid.  Both of these vitamins are well-known components in bioactive foods.  A study 

involving 26 patients with gastroesophageal cancer examined vitamin A and E plasma levels 

compared to the plasma levels of healthy individuals in Eastern Anatolia. Contrastingly, these 

results showed that the difference in the plasma levels of vitamin A and E between healthy and 

cancer patients was not statistically significant (41).

 In contrast to vitamin E, vitamin C is a water-soluble vitamin that acts as a powerful anti-

oxidant and is highly concentrated in citrus fruits. To better understand the role of citrus fruit in 

cancer risk, 955 patients with oral and pharyngeal cancer, 395 with esophageal, 999 with stom-

ach, 3,634 with large bowel, 527 with laryngeal, 2,900 with breast, 454 with endometrial, 1,031 

with ovarian, 1,294 with prostate, and 767 with renal cell cancer were studied in Switzerland and 

Italy.  Results showed that there was a statistically significant inverse correlation between citrus 

fruit consumption and the risk of cancer for the digestive tract and the larynx (42).

 Several additional studies have also demonstrated that the overall nutrient state of an in-

dividual is positively correlated with the probability of both surviving cancer treatment and expe-

riencing remission (24, 43, 44).  Obesity (which can be prevented through modifying diet and 

physical activity) has been linked to increased probability of recurrence and incidence of secon-

dary cancers in cancer patients.
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Assessing Antioxidant Activity

 Several assays have been designed to describe the antioxidant activity  of various phyto-

chemicals, vitamins, and other compounds.  Some of these measure the inhibition of a test reac-

tion by various antioxidant compounds, including the TEAC (Trolox Equivalent Antioxidant Ca-

pacity), Radox TEAC, FRAP (Ferric Reducing/Antioxidant Power), HORAC (Hydroxyl Radical 

Averting Capacity), FOX (Ferrous Oxide-Xylenol Orange), and TRAP (Total Radical Antioxi-

dant Potential) assays (45, 46).  Others involve electron spin resonance (ESR) spectroscopy and 

use techniques such as time-resolved pulse radiolysis and spin trapping.  Many others are also 

used (12, 45-48).

 These existing assays are not without limitation, however (12, 47).  First, not all of these 

assays give the same trends for antioxidant activity.  For example, poor correlation has been ob-

served between the FRAP and TEAC, the ORAC and the FRAP, and the ORAC and TEAC as-

says (47, 48).  Second, some of the data from in vitro studies are difficult  to extrapolate to an in 

vivo model because some of these assays are not run at  physiological pH.  Third, some of these 

assays do not measure the bioavailability of antioxidant metabolites in vivo.  Thus,  multiple as-

says should be investigated and validated continuously in order to resolve questions about the 

true antioxidant capacity of a given sample.

 The ORAC and TOSC assays, however, have emerged as industry  standards (with the 

ORAC being particularly recognized) for measuring antioxidant activity due to their high reli-

ability  and sensitivity.  Until recently, however, little has been done to assess the relative correla-

tion between these two assays.  Furthermore, no assay has been developed to measure changes in 

antioxidant activities of cells in response to oxidative stress.
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Structure-Function Analysis

 Another area of research relating to food extracts correlates different chemical structures 

to biochemical functions.  Previous research in this area, using the ORAC assay, has included a 

broad range of chemical groups, including flavonoids (49-51), chalcones (52-54), nitrones (55), 

and anthocyanadins (56).  While these and other studies have been effective in their analyses of 

these specific chemical groups, no study has attempted to formulate a structure-function frame-

work that has applicability  to compounds of other groups.  A system such as this would be bene-

ficial in pharmaceutical and academic settings alike, and may possibly allow for rapid quantifica-

tion of antioxidant activity of a compound based on its chemical structure alone.

 By using a simplest-case model for isolating chemical functional groups, tests could be 

run to measure the overall effect of a functional group  or set of functional groups on the overall 

antioxidant activity of a molecule.  Compounds used in a simplest-case model would have to be 

largely similar, but varying enough in one piece or portion of the molecule so as to isolate the 

specific effects of one particular portion of that molecule.  They would also have to be easy  to 

use and run in the ORAC assay  for accurate and widely applicable results.  Amino acids as a 

group meet these criteria well, and will be used as the basis for my structure-function analyses.  

With amino acids, I will be able to specifically isolate certain functional groups to observe over-

all trends in structure and antioxidant function.

Fruit and Vegetable Products

 There is an abundance of recent studies demonstrating the importance of consuming a 

diet rich in antioxidants, and the health benefits of such a diet.  These studies have ranged from 

broad, epidemiological studies to basic scientific investigations.  The results from these studies 

appear to be clear in their message, however: that consuming foods rich in antioxidants (with 
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fruits and vegetables being paramount), helps prevent a variety of chronic and degenerative dis-

eases (9, 57).  While several studies have investigated the antioxidant activities of individual 

food and food components, more work remains in this area.

 One particular area of emerging research has centered around comparing organic and 

conventionally grown food products.  The impetus of these investigations lies in claims made by 

organic supporting groups that these food products are generally more beneficial than their con-

ventional counterparts.  Despite the rapid rise in popularity  of organic foods, there remains a 

dearth of research investigating these claims.  Moreover, because of the potential implications for 

business and consumer perception of these products, research in this area is needed.  Bioavail-

ability  studies are also lacking, assessing the degree to which antioxidants are able to change the 

overall antioxidant activity in tissues or cells.
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CHAPTER I:  ANTIOXIDANT ASSAY COMPARISON

E Q U I P M E N T

1.  Gas Chromatograph: A gas chromatograph was used for the TOSC assay, as well as the corre-

sponding software for data collection (for example, the HP5890A gas chromatograph along 

with the Hp ChemStation GC 5890 online program).

2. Microplate Reader:  A fluorescence microplate reader is needed to measure fluorescence inten-

sity for the ORAC assay.  Some have used the COBAS FARA II spectroflourometric analyzer 

(Roche Diagnostic Systems) (47), others the BMG FLUOstar Optima fluorescence microplate 

reader (58).  The BMG FLUOstar Optima was used for all fluorescence readings reported in 

this work.

3. Clear-bottom well plates:  The assays may be run with 96-well plates, 48-well plates, 24-well 

plates, or six-well plates.  The plate size should be selected based on the instrument capabili-

ties, and the number of desired samples per run.  All assays for these projects were run in 

clear-bottom, 96-well plates.

R E A G E N T S

ORAC Assay

1.  AAPH (Figure 1.1): For the ORAC assay AAPH (2,2'-azobis(2-amidinopropane) dihydro-

chloride) is used as the free-radical initiator because it forms free radicals at a constant rate.  

Caution must be used when handling AAPH, as it can cause apoptosis, damage to the liver and 

kidney, and damage to capillaries and lymphocytes.  Antioxidants quench the oxygen radicals 

generated by AAPH, thereby inhibiting fluorescence decay (59, 60).
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2. Flourescein Sodium Salt (Figure 1.2): A modified ORAC that used fluorescein instead of β-

phycoerythrin was developed after the original ORAC assay  was validated.  Fluorescein was 

preferred because of its several advantages: it is less expensive than β-phycoerythrin, it  does 

not interact with other compounds, and does not photobleach (61).

3. Trolox (Figure 1.3):  Trolox ((±)-6-Hydroxy-2,5,7,8-tetramethylchromane-2-carboxylic acid) 

is a widely recognized water soluble Vitamin E derivative used as a baseline against which to 

measure relative antioxidant activity.  Thus, results for test  samples (including chemical com-

pounds and foods) are reported and published as µmol Trolox equivalents/mg or TE.

Figure 1.1:  Structure of AAPH ((2,2’-Azobis(2-methylpropionamidine), dihydrochloride).  
AAPH is used in both the ORAC and TOSC assays, and causes the release of ethylene gas 

when added to KMBA.

Figure 1.2:  Structure of Fluorescein Sodium Salt (C20H10Na2O5).
Fluorescein is used as the fluorescent molecule in the ORAC assay.
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4. Sample:  Samples that have been run in the ORAC assay include a variety of antioxidant com-

punds, such as retinols, phenols, carotenoids, tocopherols, phytochemicals, and whole fruits, 

vegetables, seeds, spices, grains and legumes (57).

TOSC Assay

1. AAPH: In the TOSC assay, the thermal homolysis of AAPH (2,2’-Azobis(2-methyl-

propionamidine), dihydrochloride) generates peroxyl radicals.

2. KMBA (α-keto-γ-(methylthio)butyric acid sodium salt, figure 1.4):  KMBA is oxidized by 

AAPH to produce ethylene gas, which is then measured by gas chromatography.  When 

antioxidants are present, however, they quench the peroxyl radicals formed by AAPH, and 

consequently ethylene gas production is inhibited (58, 62).

Figure 1.3:  Structure of Trolox (((±)-6-Hydroxy-2,5,7,8-tetramethylchromane-2-carboxylic acid).  
Trolox is used as a standard for both the TOSC and ORAC assays for antioxidant capacity.

Figure 1.4:  Structure of KMBA (α-keto-γ-
(methylthio)butyric acid sodium salt). KMBA is oxidized in 

the TOSC assay to produce ethylene gas.
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3. Trolox:  Similar to the ORAC, Trolox is used as a standard for determining antioxidant 

activity in the TOSC assay.  As with the ORAC assay, results from the TOSC are also re-

ported as µmol Trolox equivalents/mg.  KMBA, AAPH, and Trolox can all be obtained 

from Sigma-Aldrich, Wako Chemicals, and other commercial chemical manufacturers and 

distributers.

4. Sample:  Many types of samples can be run in the TOSC assay, including vitamins, cellu-

lar enzymes, organic and inorganic compounds, fruit and vegetable juices, and other anti-

oxidant compounds (58, 63).  Recent studies have included TOSC analyses of Acai fruits, 

Hydrothermal Vent Mussels, and pyrene from marine invertebrates (58, 62, 63).  TOSC 

samples must be water soluble or DMSO (dimethyl sulfoxide) soluble.

M E T H O D S

ORAC Methods

 The ORAC assay is an important assay because of its practicality and ease of use.  It can 

be confusing to some researchers, however, because many investigators have incorporated their 

own variations on the assay (12, 47, 61, 64).  Steps below are adapted from Tomer, et al. (48).

Fluorescein is then prepared by dissolving 22.5 mg into 50 mL PBS to make a first  stock solu-

tion.  A second stock solution is prepared by adding 50 µL of the first fluorescein stock solution  

to 10 mL of phosphate buffer.  Finally, 320 µL of the second fluorescein stock solution is added 

to 20 mL of phosphate buffer.

1.  AAPH is prepared at a concentration of 79.65 mmol/L by adding 216 mg to 10 mL phos-

phate buffer (75 mM, pH 7.4).
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2. Experimental samples and control samples (including Trolox) are also prepared at this 

point.  Special care should be taken to ensure that each sample is prepared and stored 

properly.  Samples may be either water or DMSO soluble.

3. 400 µL of fluorescein and 40 µL of sample are first pipetted into each well.  Phosphate 

buffer is used as a blank, and a Trolox dilution series (50, 25, 12.5, and 6.25 µM) is used as 

a standard.

4. When these aliquots are added to each well, fluorescence readings are measured for gain 

adjustment, and are subsequently measured as “time zero”.  During cycle four, the oxygen 

radical reaction is initiated by injecting 150 µL of AAPH into the respective wells.  Sixty 

and 90 second time intervals may also be used (58, 64).

5. Fluoresence readings are taken every 3.5 minutes, up  to 35 cycles. Flourescence readings 

for each cycle are saved, as they  will all be used to calculate areas under the curves and 

Trolox Equivalents.

TOSC Assay

 The time required for a complete run is between 2½ - 3 hours (1½ hours actual run time 

in gas chromatograph).  Additional time should be expected for comprehensive data analysis.

1.  Reagent Preparation:  A 200 mM  concentration of AAPH is prepared by  adding 434 mg 

AAPH and ddH2O up to 8 mL total volume.  A 20 mM concentration of KMBA is pre-

pared by adding 2.7 mg KMBA and ddH2O up to 8 mL total volume.  Following their 

preparation, the respective vials of AAPH and KMBA should be maintained on ice.  A 100 
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mM potassium phosphate buffer at  pH 7.4 is also prepared (58).  Experimental and control 

samples to be tested should also be prepared at the desired concentrations at this point.

2. Vial Preparation:  In 10 mL glass vials, 100 µL PBS (Phosphate Buffered Saline) is added 

to the bottom of each.  Next, 690 µL ddH2O is added to the sample vials.  Vials are then 

vortexed.  After vortexing, 100 µL KMBA are added to all vials.  Next, vials are capped 

and vortexed a second time.  After each sample is vortexed the second time, a 10 µL sam-

ple is then added to each sample vial, and the vials are again capped.

3. Incubation & AAPH Injection:  The septa-sealed vials should next be incubated for 5 min-

utes in a 37°C water bath to equilibrate.  After the 5 minute incubation period, 100 µL 

AAPH is added into the vials to initiate the reaction (AAPH should be vortexed before 

each injection).

4. Gas Chromatograph Preparation: GC temperatures are set as follows: 160°C for the injec-

tor port, 60°C for the oven, and 220°C for the flame ionization detector (FID).  It is rec-

ommended that the injection port septa be changed before each run.  The hydrogen/air bal-

ance at the detector exhaust should be set to 8-12%.  Mobile phase helium can be used to 

push the other gases though the gas chromatograph at a flow rate of 30mL/min.  Once lit, 

the baseline signal value is normally around 10.  Slight variations may be due to the 

amount of air/hydrogen intake.  Once the GC injection syringe barrel is cleaned and the 

machine prepped, injections and measurements may begin.

5. Gas Chromatography:  Twelve minutes after the first AAPH injection, a 1 mL aliquot of 

gas from each vial should be injected into the GC at staggered intervals.  At timepoint 10 

min., data should be saved, as area under the curve for these data will later be calculated.  
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At time 12 min., the 8 injections are repeated at the same time intervals 7 times, for a total 

of 8 passes which make up  a 96 minute run.  Data saved from every  cycle will be used to 

calculate area under the curve.

D A T A  A N A L Y S I S

Trolox Equivalents

 The most important aspect  of the ORAC and TOSC assays is calculating Trolox equiva-

lents, or TE.  As mentioned, Trolox equivalents represent µmol Trolox equivalents/mg sample.

 The area under the fluorescence kinetic curve (AUC) for each sample is calculated as:

AUC = (0.5 + f1/ f1 + f2/ f1 + f3/ f1 + ... + fn/ f1) x CT

Where f1 = initial fluorescence reading at cycle 1, fn = fluorescence reading at cycle n, and CT = 

cycle time in min (12).

 In order to calculate Trolox equivalents, a Trolox standard curve must first be obtained.  

This is done by  performing the ORAC or TOSC assay first  on varying concentrations of Trolox 

(most preferably  a serial dilution, which will make calculating a standard curve simpler and more 

accurate), and calculating the individual AUC values for each concentration using the method 

described above.  Once the AUC values for the Trolox concentrations have been calculated, the 

AUC for the blank well must also be calculated and then subtracted from the total AUC for each 

Trolox concentration.  Subtracting the blank AUC from the Trolox (and later from each sample) 

AUC gives the net AUC, which accounts for the background readings given by  the fluorescence 

reader.  This concept is shown in the graph below.  The area between the two curves represents 

the net AUC (figure 1.5):
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Net AUC = Sample AUC - Blank AUC

 A Trolox standard curve is then created from the Net AUC values for each concentration 

of Trolox used.  The slope of the standard curve is then calculated and used for conversions of 

raw data to µmol Trolox Equivalents per liter (TE/L), which are then converted to the preferred 

units (data here are reported as µmol Trolox Equivalents per milligram sample).

R E S U L T S

 To date, only a few studies have been performed that assess the correlations among the 

differing antioxidant assays (47, 48, 58).  Of these, Cao and Prior have found weak but signifi-

cant correlation between the ORAC assay and the FRAP assay, and no correlation between the 

ORAC  and the TEAC assays (47).

 One study has also been performed to assess the correlations between the ORAC and 

TOSC assays (48).  While precise correlation was not observed, the trends observed in each case 
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were the same:  Green Tea Polyphenols and MegaNatural Gold Grape seed extract yielded high 

TOSC values and high ORAC values; Lemon Fruit  12:1 and cirus bioflavonoids yielded low 

TOSC values and low ORAC values; and Grape skin extract, GSKE-40 grape seed extract, quer-

citin, pycogenol, and pine bark theraplant all yielded moderate TOSC values and moderate 

ORAC values.

 The figures below contain some of the data from the study.  The first figure contains the 

relative activity of the 11 phytochemicals measured by the TOSC assay (light bars) and by the 

ORAC assay  (dark bars).  Minimum and maximum values for each assay were scaled to 0% and 

100%, respectively, to facilitate inter-assay comparisons.  The numbers represent the phyto-

chemicals as follows: (1) lemon fruit, (2) citrus bioflavonoids, (3) pomegranate, (4) grape seed 

extract, (5) pine bark theraplant, (6) quercitin, (7) pycnogenol, (8) grape seed extract, (9) rutin, 

(10) α-lipoic acid, and (11) green tea polyphenols.  Values reflect the mean for each sample (Fig-

ure 1.6).  Table 2 below presents the numerical values calculated for each sample.
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Table 2: Raw ORAC and TOSC Results

Sample TOSC ORAC

Lemon Fruit 103 3885
Citrus Bioflavonoids 446 7410

Pomegranate 1543 22530
Grape Seed Extract 2294 37125

Pine Bark Theraplant 2608 59483
Quercitin 3059 63750

Pycnogenol 3154 53970
Grape Skin Extract 3246 63668

Rutin 2727 25440
α-Lipoic acid 3381 23235

Green tea polyphenols 3377 100658
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O R A C / T O S C  C O R R E L A T I O N

 In order to assess correlation between the results of the two assays, Pearson Product Mo-

ment Correlation (PMCC) coefficient was calculated from the regression line calculated from the 

data sets.  The PMCC is a measure of linear dependence (correlation) between two sets of data.  

The PMCC ranges from -1 to 1, with each extreme signifying a perfect correlation between the 

two data sets.  The overall PMCC between each sample run in the ORAC and TOSC assays was  

0.738, signifying moderate correlation.

 A coefficient of determination was also calculated for the dataset, which reflects the pro-

portion of variability  in the dataset, and is a reflection of how well future data can be predicted 

using the current model.  The coefficient of determination for all 11 samples was 0.54.  Figure 

1.7 shows a scatterplot representation of the data.  TOSC and ORAC values are both represented 

as µmol Trolox equivalents/mg; the average of several replicates is shown.
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 A post hoc analysis of the data sets was performed to look for and exclude any outliers in 

the data, to see if greater correlation between the data may  be masked by extreme values.  In-

deed, when the outliers rutin, α-lipoic acid, and green tea polyphenols were removed from the 

dataset, high correlation between the remaining TOSC and ORAC assay values was observed 

(PMCC=0.97; coefficient of determination=0.94).  These samples may have revealed outlying 

data due to slight procedural errors, but because several replicates were run, these departures 

were most likely due to the individual chemical properties of the samples and their unique be-

haviors when run in each assay. Figure 1.8 shows a revised scatterplot graph with the three out-

liers excluded, and table 3 below presents a summary of the statistical data.
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Table 3: Statistical Summary of ORAC-TOSC Correlation Data

A L L 
S A M P L E S

O U T L I E R S 
E X C L U D E D

PMCC 0.74 0.97

Coefficient of  Determination 0.54 0.94

C O N C L U S I O N

 Comparing the two assays revealed that more variability in antioxidant activity  could be 

seen for the TOSC assay than for the ORAC assay.  Such variability may have been due to slight 

procedural errors, including error in the injection process into the gas chromatograph. Establish-

ing specific numbers for the antioxidant activity of certain phytochemical compounds also 

proved difficult because the conditions under which the fruit or vegetable samples were culti-

vated and stored varied greatly  from sample to sample.  Despite small variations in sampling, the 

antioxidant activity ranking of these phytochemical compounds was similar among replicates.

 Absolute values of the antioxidant counts for the ORAC and TOSC assays vary because 

of the different means of assessing antioxidant activity  (ie, measuring ethylene gas production vs 

measuring degradation of fluorescein).  Because these two methods are very different, analysis of 

the same compound using different antioxidant assays is recommended for elucidating the true 

antioxidative potential of a compound or extract.

 While the measurement of any antioxidant compound in vitro is a valuable first step for 

identifying good antioxidants for further use in in vivo testing, it  should not be assumed that the 

antioxidant activity of a compound in vitro will necessarily  reflect the antioxidant  activity  in 

vivo.  As mentioned, studies have shown that  consumption of fruits and vegetables results in ele-
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vated plasma ORAC values in humans (65), and synergy is often observed between multiple an-

tioxidant compounds in vivo (65, 66).

 The discrepancies seen between the ORAC and TOSC assays suggest that in some cases 

the results from both assays may be useful in determining an antioxidant’s true antioxidant ca-

pacity.  As other antioxidant assays are also used and developed, discrepancies between these 

assays pertaining to the relative antioxidant activity of various samples will likely be greatly di-

minished.  As more research is performed, the realm of predictive power will increase, and the 

ORAC and TOSC assays will continue to be useful tools for assessing antioxidant activities.
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CHAPTER II:  STRUCTURE -FUNCTION ANALYSIS

A novel method for predicting antioxidant activity based on amino acids as a simplest-case 
model
*Manuscript submitted to the Journal of Functional Foods May 2011

Andrew R. Garrett, Andrés D. Martinez, Richard A. Robison, and Kim L. O’Neill

Department of Microbiology and Molecular Biology, Brigham Young University, Provo, Utah, USA

I N T R O D U C T I O N

 For years, antioxidants have been the focus of many epidemiological studies aimed at 

elucidating the relationship between oxidative stress and degenerative diseases.  Among these, 

correlations have been observed between oxidative stress and the development and progression 

of Alzheimer’s disease, cognitive decline, type-2 diabetes, hyperthyroidism, and cancer (1, 2, 5, 

10, 67).  Increased understanding of the pathogenic mechanisms of these diseases will come 

through further study of the oxidative/antioxidative balance occurring in the tissues involved.

 Antioxidants are chemical compounds that are capable of preventing oxidation of other 

molecules by quenching free-radicals.  During normal cellular metabolic processes, basal levels 

of oxidative stress are produced which, if left unchecked, have the potential to cause oxidative 

damage to DNA, lipids, and other cellular components (15, 68).  While the body is capable of 

protecting itself against oxidative damage through activation of innate antioxidant mechanisms, a 

diet rich in antioxidant-containing foods remains the most important way to supplement antioxi-

dative defenses in the body.

 Fruits and vegetables have specifically  been included in a wide variety of antioxidant 

studies because of their high concentrations of antioxidant compounds, such as tocopherols, ca-

rotenoids, retinoids, polyphenols, and flavonoids (57, 64, 69).  These and other antioxidant com-
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pounds can also be found in grains, nuts, legumes, oils, berries, perennials, and herbs (70).  A 

recently-published long-term study investigating the effects of vitamin supplement use during 

breast cancer treatment concluded that vitamin supplement use during the first  six months after 

breast cancer diagnosis may be associated with reduced risk of mortality (71).  Multiple studies 

have found correlations between plasma levels of bioactive food components (i.e. carotenoids, 

tocopherols, etc.) and the likelihood of survival of patients undergoing chemotherapy (22-24).  

Several additional studies have also demonstrated that the overall nutrient state of an individual 

is positively correlated with the probability of both surviving cancer treatment and experiencing 

extended remission (24, 43, 44).  

 Antioxidant molecules have also been used in numerous structure-antioxidant  function 

analyses (52-55).  Although these analyses have been effective in studying structure-function re-

lationships within each compound class, to our knowledge, no attempts have been made to eluci-

date structural trends that have general applicability to any class of compounds.  Thus, while re-

sults obtained from previous studies are beneficial in the investigation of the specific compounds 

investigated, little if any conclusions may be applied to other models.

 To address this, we propose using simplest-case models to make observations regarding 

general structure-antioxidant function trends.  In the case of antioxidant activity, a simplest-case 

model is a model that attempts to directly observe the effects of a single functional group or 

group of functional groups by analyzing molecules that are generally very similar, but only vary 

at one locus.  Using a simplest-case model will allow for optimal observation of the effects of 

single functional groups on antioxidant function, and will allow for the greatest amount of appli-

cability to other compound classes.
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 In the current paper, amino acids were selected as the optimal compounds for our 

simplest-case model for two reasons.  First, amino acids can function as antioxidants both as free 

compounds (i.e., glutathione, which is a cysteine, glutamic acid, glycine tripeptide), and in the 

active sites of antioxidant enzymes (some peroxidases, for example, contain redox-active cys-

teine or selenocysteine residues in their active sites).  Second, amino acids all contain the same 

amine-carboxylic acid-side chain parent structure, while each side chain is unique.  This unique 

property  allows for maximal isolation of different functional groups for antioxidant analysis.  

Such a compound class is ideal for antioxidant structure-function study because the effects of 

different functional groups in each side chain may be directly observed.

 The current paper reports data from an investigative chemical structure-antioxidant func-

tion analysis using amino acids as a simplest-case model.  Initial trends were examined in the 

context of non-amino acid compounds, as well as previously-published data to assess the robust-

ness of the results when compared to other types of compounds.  Results suggest that there are 

certain structure-function trends that may  have broad applicability to a variety of compound 

classes. 

M A T E R I A L S  A N D  M E T H O D S

O R A C  A S S A Y
 For all antioxidant activity measurements, we used a modified oxygen radical absorbance 

capacity (ORAC) assay based on previously published methods (12, 48, 64).  The ORAC meas-

ures the fluorescence decay of fluorescein sodium salt after exposure to AAPH (2,2’-azobis(2-

amidino-propane) dihydrochloride), which generates oxygen radicals at a constant rate (72).  

Trolox (6-Hydroxy-2,5,7,8-tetramethylchromane-2-carboxylic acid) was used as a standard, run 
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at 50, 25, 12.5, and 6.25 µM concentrations during every run.  Costar 96-well clear bottom plates 

were loaded with 200µL fluorescein (0.1µM), 20µL AAPH (4µM), and 20µL sample (ie, Trolox 

standards, antioxidant samples, or PBS blank).  Measurements were taken using the BMG FLU-

Ostar Microplate reader at 37˚C, utilizing a 485nm excitation filter and a 520nm emission filter.  

Readings were taken every two minutes for 120 minutes.  Fluorescence readings were measured 

and analyzed according to Trolox standards, and final data are reported as µmol Trolox Equiva-

lents per milligram sample (TE), consistent with previously published analytical methods (12).  

Data were analyzed using Apple Numbers.

A M I N O  A C I D S
 As previously  stated, amino acids were selected as a simplest-case model for antioxidant 

analysis because the effects of various functional groups are most readily observed.  Twenty es-

sential and non-essential amino acids were purchased from Sigma-Aldrich (St. Louis, MO) or 

Wako Chemicals (Richmond, VA), and are as follows: Alanine, Arginine, Asparagine, Aspartic 

Acid, Cysteine, Glutamic Acid, Glutamine, Glycine, Histidine, Isoleucine, Leucine, Lysine, Me-

thionine, Phenylalanine, Hydroxyproline, Serine, Threonine, Tryptophan, and Tyrosine (L-

isomers were used in all cases).  Samples were stored at 4°C.  For analysis in the ORAC assay, 

samples were freshly  prepared at a concentration of 200µM, and diluted 1:25 before being ali-

quoted into the 96-well plate to ensure optimal concentration for ORAC analysis.

R A T I O N A L E  F O R  C O R R E L A T I O N  S T A T I S T I C S
 The rationale for structure-function analysis is based on the ideas that: (1) certain chemi-

cal groups may be either beneficial or detrimental to the overall antioxidant activity  of a mole-

cule, (2) the presence of beneficial antioxidant chemical groups will result in increased antioxi-
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dant activity of the molecule, and (3) functional groups that add to a molecule’s antioxidant ac-

tivity will add to the antioxidant activity of other molecules in almost all cases.  Together, these 

ideas suggest that correlation may be observed between the presence of certain chemical struc-

tures and antioxidant activity, and that the correlation is not a result of probabilistic independ-

ence, which is the idea that the occurrence of one event does not influence the occurrence of an-

other event.

 If such correlations are linear, they can be assessed using Pearson Product-Moment Cor-

relation Coefficient analysis (PMCC, or r) and coefficient of determination (R2), which together 

suggest both linear dependence and the ability to make future predictions based on the given sta-

tistical model.  Polynomial regression, which is a special case of linear regression, can be used to 

describe relationships that are non-linear, and is expressed as an nth-order polynomial.  This type 

of non-linear regression analysis could suggest possible synergistic or antagonistic effects of 

structure on antioxidant function.

S T R U C T U R A L  G R O U P  C A T E G O R I E S
 Following antioxidant analysis of each individual amino acid, TE data were entered into a 

structure database containing chemical structure information for each amino acid.  The chemical 

features of each amino acid were quantified and analyzed according to 15 structural criteria: 

number of carbons (or C), number of valence electrons (or E), valence electron/carbon ratio (E/

C), carbon/valence electron ratio (C/E), number of sp2-hybridized carbons, sp2-hybridized 

carbon/total carbon ratio, number of conjugated double bonds (defined here as the number of 

contiguous double bonds, with a minimum of two; definition includes C=O groups when adja-

cent to at least one other double bond, but does not include C=O groups on their own because 
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there cannot be a conjugated system with only  one double bond), longest conjugated double 

bond chain in molecule, number of phenol-OH groups, number of benzene rings, number of R-

OH groups, number of carboxylic acids, valence electron/carboxylic acid ratio (E/CA), total 

carbon/carboxylic acid ratio (C/CA), and number of nitrogens (see Figure 2.1).

# of C # of E
E/C 

Ratio
C/E 

Ratio

sp2-
Hybridized 
Carbons

sp2-
Hybridized 

Carbon/
Total Car-
bon Ratio

Number of 
Conjugated 

Double 
Bonds

Longest 
Conj. 
DB 

Chain
Phenol-

OH

# of 
Benzene 

Rings R-OH
Carboxylic 

Acids
E/CA 
Ratio

C/CA 
Ratio Nitrogens

Alanine

Arginine

Asparagine

Aspartic Acid

Cysteine

Glutamic Acid

Glutamine

Glycine

Histidine

Hydroxyproline

Isoleucine

Leucine

Lysine

Methionine

Phenylalanine

Serine

Threonine

Tryptophan

Tyrosine

Valine

3 10 3.33 0.30 1 0.33 0 0 0 0 0 1 10 3 2.0

6 14 2.33 0.43 2 0.33 0 0 0 0 0 1 14 6 4.0

4 16 4.00 0.25 2 0.50 0 0 0 0 0 1 16 4 2.0

4 18 4.50 0.22 2 0.50 0 0 0 0 0 2 9 2 1.0

3 14 4.67 0.21 1 0.33 0 0 0 0 0 1 14 3 1.0

5 18 3.60 0.28 2 0.40 0 0 0 0 0 2 9 2.5 1.0

5 14 2.80 0.36 2 0.40 0 0 0 0 0 1 14 5 2.0

2 10 5.00 0.20 1 0.50 0 0 0 0 0 1 10 2 1.0

6 16 2.67 0.38 4 0.67 2 2 0 0 0 1 16 6 3.0

5 14 2.80 0.36 1 0.20 0 0 0 0 1 1 14 5 1.0

6 10 1.67 0.60 1 0.17 0 0 0 0 0 1 10 6 1.0

6 10 1.67 0.60 1 0.17 0 0 0 0 0 1 10 6 1.0

6 12 2.00 0.50 1 0.17 0 0 0 0 0 1 12 6 2.0

5 14 2.80 0.36 1 0.20 0 0 0 0 0 1 14 5 1.0

9 16 1.78 0.56 7 0.78 3 3 0 1 0 1 16 9 1.0

3 14 4.67 0.21 1 0.33 0 0 0 0 1 1 14 3 1.0

4 14 3.50 0.29 1 0.25 0 0 0 0 1 1 14 4 1.0

11 20 1.82 0.55 9 0.82 4 4 0 1 0 1 20 11 2.0

9 20 2.22 0.45 7 0.78 3 3 1 1 0 1 20 9 1.0

5 10 2.00 0.50 1 0.20 0 0 0 0 0 1 10 5 1.0

Figure 2.1:  Structure database used for amino acid analysis.  PMCC and coefficient of determination were calcu-
lated between ORAC data and each of the 15 categories below to assess relative correlation.

 For all initial analyses, Pearson’s r and coefficients of determination were calculated to 

assess the relative correlation between ORAC data and each structural category  separately.  For 

example, r and R2 values were calculated between ORAC values and total number of carbons, 

total number of valence electrons, electron-to-carbon ratio, etc.  These initial analyses formed the 

basis of all correlative investigations, and are reported below.
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R E S U L T S  A N D  D I S C U S S I O N

A M I N O  A C I D  R E S U L T S  A N D  L I N E A R  C O R R E L A T I O N  A N A L Y S I S
 The twenty amino acids comprising our simplest-case model were first analyzed using 

the ORAC assay, and rank-ordered from highest to lowest according to antioxidant activity (see 

Figure 2.2).  Of these, Tryptophan revealed the highest overall antioxidant activity  at 735.25 TE/

mg, while Glycine revealed the lowest at -347.43 TE/mg.

 

Antioxidant Activity 
(TE/mg)

Sample 
Size (n)

Tryptophan 735.24 48
Tyrosine 477.43 78
Methionine 361.75 16
Asparagine -0.18 12
Cysteine -0.19 12
Histidine -7.50 30
Arginine -76.00 30
Phenylalanine -123.07 66
Threonine -128.65 36
Glutamic Acid -140.62 30
Aspartic Acid -140.87 30
Isoleucine -150.02 30
Leucine -155.43 30
Glutamine -159.78 12
Serine -179.86 18
Hydroxyproline -183.89 24
Lysine -183.92 12
Valine -187.66 24
Alanine -210.72 30
Glycine -347.42 12

Figure 2.2: Antioxidant activities of the 20 amino acids used for simplest-case model as measured by the ORAC as-
say.  Data represent means of several replicates (n).   All samples were prepared at 200 µM concentrations, and sub-
sequently diluted 1:25 prior to analysis in the ORAC assay.  Results are presented as µmol Trolox Equivalents per 
milligram sample or TE/mg.

 PMCC regression analysis between ORAC data and the structural categories mentioned 

initially yielded mixed results among each category  (see Figure 2.3).  The overall mean of the 

PMCC values was r=0.41.  The highest overall PMCC was observed for the ORAC-valence elec-
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tron to carboxylic acid ratio category (r=0.75), and the second highest was for the ORAC-

number of sp2-hybridized carbons category  (r=0.71).  The lowest correlations were observed in 

the ORAC-number of nitrogens category (r=0.08), and the ORAC-number of carboxylic acids 

category (r=-0.13).  Of the groups, only  three categories returned negative PMCC values, sug-

gesting an inverse relationship between the category and antioxidant  activity; but these were very 

weak correlations.

# of C # of E
E/C 

Ratio
C/E 

Ratio

sp2-
Hybridized 
Carbons

sp2-
Hybridized 

Carbon/
Total 

Carbon 
Ratio

Number of 
Conjugated 

Double 
Bonds

Longest 
Conj. 
DB 

Chain
Phenol

-OH

# of 
Benzene 

Rings R-OH
Carboxylic 

Acids
E/CA 
Ratio

C/CA 
Ratio Nitrogens

PMCC (r)

R2

0.68 0.66 -0.31 0.26 0.71 0.52 0.70 0.70 0.46 0.66 -0.20 -0.13 0.75 0.67 0.08

0.47 0.43 0.09 0.07 0.51 0.27 0.49 0.49 0.21 0.44 0.04 0.02 0.56 0.45 0.01

Figure 2.3:  Complete PMCC and coefficient of determination data from initial statistical analysis of each structural 
category.

 A post hoc analysis was then performed to assess the effects of single outliers on overall 

correlation data, as well as to investigate the possibility  that specific compounds tended to be 

outliers in multiple categories.  To do this, outliers in each group were systematically removed 

until the PMCC of each group was greater than 0.90.  The data from the most  significant groups 

are summarized in figure 2.4.  The groups which appeared to be most affected by outliers were 

the ORAC-number of sp2-hybridized carbons group, the ORAC-number of conjugated double 

bonds group, and the ORAC-longest  conjugated double bond chain group, as the PMCC values 

rose to over 0.90 after removing only two or three outliers.  Thus, these groups revealed the 

highest PMCC values with the most compounds being considered, suggesting that these catego-

ries may be most helpful in accurately predicting antioxidant activity.

 33



Initial r Modified r

Number of 
Outliers 
Excluded Outliers Excluded

ORAC-number of carbons

ORAC-number of electrons

ORAC-number of sp2-hybridized carbons

ORAC-number of conjugated double 
bonds

ORAC-longest conjugated double bond 
chain

0.68 0.90 4 Phenylalanine, Methionine, Aspar-
agine, Threonine

0.66 0.90 5 Glutamic Acid, Aspartic Acid, Me-
thionine, Isoleucine, Leucine

0.71 0.95 2 Methionine, Phenylalanine

0.70 0.96 3 Methionine, Phenylalanine, Histi-
dine

0.70 0.96 3 Methionine, Phenylalanine, Histi-
dine

Figure 2.4:  Summary of post hoc analysis in which the effect of outliers on PMCC linear regression results were 
investigated.  Only the categories which showed a modified r of greater than 0.90 after 5 or less outliers were ex-
cluded are shown in this table.

 Interestingly, during investigation of outlier data, we observed that certain compounds 

tended to be outliers in several groups, while other compounds were rarely outliers.  Methionine 

and phenylalanine, for example, were outliers in 9 out of the 10 groups, where tryptophan, tyro-

sine, and serine were never outliers.  This suggests that methionine and phenylalanine possess 

unique antioxidant characteristics not accounted for by our analysis; they may also have uniquely 

high or low antioxidant activity given their structure.

 To examine the effects of phenylalanine and methionine on the overall PMCC data, sec-

ondary PMCC data were again calculated for every category, with methionine and phenylalanine 

excluded.  The overall mean of the PMCC values rose from 0.41 to 0.53, which was statistically 

significant (p<0.0002).  With these outliers excluded, the ORAC-number of sp2-hybridized car-

bons group PMCC rose to 0.95, suggesting that, in most cases, the antioxidant activity of a mole-

cule may correlate with the number of sp2-hybridized carbons it contains.
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N O N - L I N E A R  C O R R E L A T I O N  A N A L Y S I S
 In many cases, correlation between antioxidant activity and chemical structure is not 

likely to be a purely linear relationship, as many interactions are involved.  Thus, there may be 

non-linear structure-function relationships that can be elucidated with the help  of polynomial re-

gression.  These relationships may help  to discover both theoretically ideal amounts of a certain 

structural characteristic, as well as possible synergistic or antagonistic effects of combinations of 

structural characteristics.

 Polynomial regression analysis was performed on the following structural categories: 

number of carbons, number of valence electrons, valence electron to carbon ratio (E/C), carbon 

to valence electron ratio (C/E), number of sp2-hybridized carbons, number of sp2-hybridized car-

bon to total carbon ratio, and valence electron to carboxylic acid ratio (E/CA).  These were se-

lected because they were the most relevant, as not all compounds contain certain structural 

groups like benzene rings or R-OH groups.

 Initial polynomial regression analyses revealed low to moderate R2 values (reflect vari-

ance accounted for by the regression line) in all categories, suggesting that there were no dis-

cernible non-linear correlative effects between antioxidant  activity and chemical structure among 

all compounds tested.  When outliers methionine and phenylalanine were excluded, however, 

mean R2 values increased significantly  in all categories (p<0.00001).  Figure 2.5 summarizes 

polynomial regression analysis data when methionine and phenylalanine were excluded.
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2nd 
Order

3rd 
Order

4th 
Order

5th 
Order

6th 
Order

Number of Carbons

Number of Electrons

E/C ratio

C/E ratio

Number of sp2-hybridized carbons

sp2-hybridized carbon/total carbon ratio

E/CA ratio

0.70 0.71 0.78 0.81 0.81

0.58 0.58 0.58 0.63 0.64

0.12 0.16 0.36 0.36 0.38

0.12 0.16 0.30 0.31 0.31

0.92 0.92 0.92 0.93 0.93

0.56 0.64 0.73 0.73 0.73

0.70 0.71 0.73 0.74 0.74

Figure 2.5:  R2 data from polynomial regression analysis.  These data represent analysis of amino acid groups that 
did not contain methionine or phenylalanine.

 The group which revealed the highest coefficient of determination data in the polynomial 

regression analysis was the ORAC-number of sp2-hybridized carbon group.  Interestingly, 

graphical analysis of the polynomial regression line revealed a sigmoid-like shape, suggesting 

that there may be a threshold number of required sp2-hybridized carbons to cause a rapid in-

crease in antioxidant activity (see figure 2.6).  Moreover, upon removal of the third outlier, histi-

dine, the sigmoidal shape becomes increasingly apparent (figure 2.7).  This suggests that  sp2-

hybridized carbons may have a compounding effect  on antioxidant activity  within a certain 

range.  The exact details of this range, however, can only be further described with the analysis 

of additional compounds for antioxidant activity.

36



Figure 2.6:  Polynomial regression data and curve relating the number of sp2-hybridized carbons and antioxidant 
activity in the amino acid model.  Only methionine and phenylalanine are excluded.  Partial sigmoidal shape was 
observed here, and is more apparent with the exclusion of histidine (see figure 2.7).

Figure 2.7:  Polynomial regression data and curve relating the number of sp2-hybridized carbons and antioxidant 
activity in the amino acid model.  Methionine, phenylalanine, and histidine are excluded.  Coefficient of determina-
tion data suggest that the relationship between antioxidant activity and the overall number of sp2-hybridized car-
bons in an antioxidant molecule may be non-linear.
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A P P L I C A T I O N  O F  R E S U L T S  T O  O T H E R  C O M P O U N D S
 We next wanted to extend these results to other compounds, to test the predictive power 

of these new data.  To do this, seven additional compounds were analyzed for their antioxidant 

activities using the ORAC assay.  The compounds and their resulting ORAC data are summa-

rized in figure 2.8.  In order to assess the predictive power of the amino acid results, regression 

equations would need to be used to generate predicted ORAC values for comparison.  From 

amino acid analysis, data regarding sp2-hybridized carbons suggested highest predictability, so 

sp2-hybridized data of the new compounds was entered into the amino acid polynomial regres-

sion equations in order to generate predicted ORAC values.

Antioxidant Activity 
(TE/mg)

Acetylsalicylic Acid 831.00
Ascorbic Acid 50.31
Citric Acid -112.78
Glutathione 146.27
α-Lipoic Acid -251.24
Resveratrol 1279.00
Retinoic Acid 672.00

Figure 2.8:  Additional compounds analyzed using the ORAC assay.  These compounds were prepared and analyzed 
at the same concentrations as the amino acids to ensure greatest continuity.  Data represent means of several repli-
cates.

 First, regarding overall number of sp2-hybridized carbons, regression equations yielded 

results that correlated well with actual values (r=0.88).  Moreover, when outlier acetylsalicylic 

acid was removed, PMCC data and coefficient  of determination data improved greatly (r=0.97; 

R2=0.98 for 2nd order polynomial; figure 2.9).

 Regression equation prediction also yielded data that correlated well with observed sp2-

hybridized carbon to total carbon ratio data among the new compounds (r=0.85).  Likewise, re-
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moval of outlier retinoic acid greatly improved PMCC and coefficient of determination data 

(R=0.95; R2=0.999 for 2nd order polynomial; figure 2.10).

 

Figure 2.9:  Regression analysis between actual measured ORAC values and predicted ORAC values that were gen-
erated using polynomial regression data from the amino acid model and total number of sp2-hybridized carbons in 
the new compounds.  This graph includes data for ascorbic acid, citric acid, glutathione, α-lipoic acid, resveratrol, 
and retinoic acid.

 Together, these data suggest that the two categories (number of sp2-hybridized carbons 

and sp2-hybridized carbon to total carbon ratio) can be used to predict antioxidant activity from 

the polynomial regression equation generated from our amino acid data.  Furthermore, the data 

from the new compounds tested support the observations from the amino acid model, which sug-

gest that actual trends in antioxidant activity may resemble a more non-linear relationship than 

linear.
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Figure 2.10:  Regression analysis between actual measured ORAC values and predicted ORAC values that were 
generated using polynomial regression data from the amino acid model and sp2-hybridized carbon to total carbon 
ratios from the new compounds.  This graph includes data for acetylsalicylic acid, ascorbic acid, citric acid, glu-
tathione, α-lipoic acid, and resveratrol.

A P P L I C A T I O N  O F  R E S U L T S  T O  P R E V I O U S L Y - P U B L I S H E D  D A T A
 With this information, we then wanted to explore the applicability of these trends in other 

compound classes.  In order to do this, we found published papers that have included similar an-

tioxidant structure-function data in their work on chalcones (52), and nitrones (55).  Figure 2.11 

contains a table displaying each compound used, the work the data were taken from, and each 

compounds’ antioxidant activity.  We examined the antioxidant activity data from these papers in 

the context of our findings here to see if the trends we had observed in our amino acid model had 

applicability to other models.

 First, linear regression analysis was performed between the antioxidant activities reported 

and each of the structural categories investigated in our study, with the addition of six new cate-

gories: number of allylic carbons, % of total conjugated double bonds in longest double bond 

chain, carbon to benzene ring ratio, valence electron to benzene ring ratio, valence electron to 
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phenol-OH ratio, and carbon to phenol-OH ratio.  We felt these additional categories may be 

more helpful as they are more reflective of the structural characteristics of these compounds.

Reported 
Antioxidant 

Activity

Chalcones (Vogel, Barbic et al. 2010)
3'-Coumaroyl-2',4,4'-trihydroxy-6'-methoxychalcone (3)
3-Methoxyhelichrysetin (6)
2',3,4,4' -Tetrahydroxy-3'-(3''-hydroxy-methylbutyl)-6'- methoxychalcone, 3-
hydroxyxanthohumol H (14)
2',4,4'-Tetrahydroxy-3'-(3''-hydroxy-methylbutyl)-3,6'- dimethoxychalcone, 3-
methoxyxanthohumol H (15)
3-Methoxyxanthohumol (9)
Xanthohumol
2’ ,3,4-Trihydroxy-6' -methoxy-2'',2'' -dimethyl- pyrano[2'',3'' :3',4' ]-chalcone, 3-
hydroxyxanthohumol C (11)
2',4-Dihydroxy-3,6'-dimethoxy-2'',2'' -dimethyl- pyrano[2'',3'' :3',4' ]-chalcone, 3-
methoxyxanthohumol C (12)
2’,4' -Dihydroxy-4,6' -dimethoxy-3' -prenylchalcone, 4-O- methylxanthohumol (1)
4-Acetoxy-2',4'-dihydroxy-6'-methoxy-3'-prenylchalcone, 4-O-acetylxanthohumol (2)

Nitrones (Samadi, Soriano et al. 2011)
(Z)-a-N-(5-Methoxy-1-methyl-1H-2-indolyl)-N-tert- butylnitrone (21)
(Z)-a-(20-Bromo-50-hydroxy-40-methoxyphenyl)-N- benzylnitrone (10)
(Z)-a-(20-Bromo-40-hydroxy-5-methoxyphenyl)-N- benzylnitrone (15)
(Z)-a-(20-Bromo-50-hydroxy-40-methoxyphenyl)-N-tert- butylnitrone (9)
(Z)-a-(1H-3-Indolyl)-N-tert-butylnitrone (23)
(Z)-a-(40-Hydroxy-30-methoxyphenyl)-N-methylnitrone (13)
(Z)-a-(40-Hydroxy-30-methoxyphenyl)-N-benzylnitrone (14)
(Z)-a-(2-Bromo-4,5-dimethoxyphenyl)-N-tert-butylnitrone (11)
(Z)-a-(20-Bromo-40,50-dimethoxyphenyl)-N-benzylnitrone (12)
(Z)-a-Phenyl-N-benzylnitrone (8)
(Z)-a-(20-Bromo-3-pyridyl)-N-tert-butylnitrone (18)
(Z)-a-(20-Chloro-3-pyridyl)-N-t-butylnitrone (19)

7.70
6.00

3.90

3.00

2.60
2.30

2.10

2.00

1.60
0.60

798
736
640
558
369
335
293
3.0
3.0
1.0
1.0
1.0

Figure 2.11:  Table displaying the compounds used for additional analysis and their sources.  The table is arranged 
in order of descending antioxidant activity within each group.  Chalcone data were reported as “Trolox Equiva-
lents”, while Nitrone data were reported as micromol trolox/micromol compound.

 Interestingly, similar trends were observed between our simplest-case amino acid model 

and the chalcone compounds, especially  with respect to sp2-hybridized carbons.  While initial 
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PMCC linear regression analysis revealed a weak-to-moderate correlation between the sp2-

hybridized carbon to total carbon ratio and antioxidant activity in the compounds tested (r=0.59),

removing the three largest outliers in this category  (compound #s 1, 15, and 14) greatly improved 

the linear correlation data in this category (r=0.90).  Furthermore, polynomial regression analysis 

of this category revealed high R2 data (R2=0.95), suggesting that this structural characteristic 

may also be beneficial in estimating antioxidant activity in chalcones as well as in amino acids 

(figure 2.12).

Figure 2.12:  Graphical representation of fourth-order polynomial regression analysis of the correlation between 
antioxidant activity and the sp2-hybridized carbon to total carbon ratio in seven chalcones.  Outlier compounds 1, 
14, and 15 were excluded.

 In the chalcone group, the highest PMCC value was found in the ORAC-valence electron 

to carbon ratio category (r=0.70).  Removing the three largest outliers in this category  (com-

pounds 1, 2, and 3), however, greatly  improved the linear correlation data (r=0.92).  This sug-
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gests that using valence electron to carbon ratio may be another helpful tool in predicting anti-

oxidant activity.

 While the highest PMCC in the nitrone group was much lower (r=0.57, observed in the 

ORAC-number of carbons category), removal of the five largest  outliers (compounds 8, 11, 12, 

18, and 19) resulted in very precise polynomial regression data (R2=1.00).  Polynomial regres-

sion data of the same compounds in the ORAC-number of sp2-hybridized carbon category  also 

revealed high coefficient of determination data (R2=0.77 (5th order), R2=1.00 (6th order); see fig-

ure 2.13).  Together, these data support  the previous observations that the number and hybridiza-

tion of carbons in an antioxidant molecule may be powerful tools in assessing the relative anti-

oxidant activity of that molecule.

Figure 2.13:  Graphical representation of sixth-order polynomial regression analysis of the correlation between an-
tioxidant activity and the number of sp2-hybridized carbons in seven nitrones.  Outlier compounds 8, 11, 12, 18, and 
19 are excluded here, as their individual antioxidant activities were much lower than the rest of the nitrones.
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D I S C U S S I O N  A N D  C O N C L U S I O N

 Current studies into structure-function relationships in antioxidant molecules have been 

limited to comparisons between compounds of the same compound classes (52-54).  While these 

studies have been helpful in further understanding the compound classes studied, there remains a 

dearth of investigations into structural characteristics that could be used to estimate antioxidant 

activity for any  compound.  The present study endeavored to elucidate which structural features 

of chemical compounds, if any, would be most effective for estimating antioxidant activity of 

chemical compounds.  We used a simplest-case amino acid model to gather data from which pre-

dictions could be made regarding the antioxidant activity of non-amino acid compounds; we also 

tested our findings on chalcone and nitrone data from the current literature.

 Overall, PMCC regression analysis suggested that there is be a linear relationship be-

tween antioxidant activity and the following structural characteristics: the overall number of sp2-

hybridized carbons the molecule contains (r=0.95), the number of conjugated double bonds a 

molecule contains (r=0.96), and the length of conjugated double bond chains (r=0.96).  Through 

a post hoc analysis of outlying data, we observed that  phenylalanine and methionine were consis-

tently atypical compared to the trends of the rest of the group.  Indeed, removal of these two 

compounds from analysis greatly  improved coefficient of determination data in all groups 

(p<0.00001).  This is undoubtedly  due to the unique chemical features of these two groups (ie, 

benzene ring in phenylalanine and thiol group in methionine).  Further study is needed to more 

extensively understand the antioxidative mechanisms of these two unique compounds.
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 Polynomial regression analysis revealed high coefficient  of determination data in the 

ORAC-number of sp2-hybridized carbon group (R2=0.94).  The sigmoid shape of this curve was 

even more clearly observed when the outlier histidine was removed from the group (R2=0.96).  

The shape of this curve, supported by coefficient  of determination data, suggested that number of 

sp2-hybridized carbons in a molecule may be a valuable tool for predicting antioxidant activity.  

Using these data, we predicted the antioxidant activity  of 6 new compounds from the number 

sp2-hybridized carbons and sp2-hybridized carbon ratios in the molecules.  We observed that the 

model predicted antioxidant activity well in both categories (r=0.97 and r=0.95, respectively).  

Polynomial regression analysis further supported these claims.

 To further explore the applicability  of these models on other compounds, data were ana-

lyzed from two current works on chalcones (52) and nitrones (55) to evaluate the robustness of 

our findings.  Again, we found that sp2-hybridized carbon to total carbon ratio correlated well 

with antioxidant activity in polynomial regression analysis (R2=0.95) as well as the valence 

electron-to-carbon ratio (r=0.92) in the chalcone data.  Nitrone polynomial regression data also 

yielded high coefficient of determination data in the number of carbons group (R2=1.00) and the 

number of sp2-hybridized carbon group (R2=1.00).

 Overall, we observed that  the sp2-hybridized carbons the molecule contained was the 

most consistent predictor of antioxidant activity in all groups, which includes both the number of  

sp2-hybridized carbons and the ratio of sp2-hybridized carbons to total carbons.  Valence electron 

to carbon ratio also emerged as an important structural characteristic, as well as the length of 

conjugated double bond groups a molecule contains.  These structural characteristics undoubt-
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edly  act directly in quenching oxygen radicals by donating free electrons, but further study is 

needed to completely understand these unique structural components.

 It is also interesting to note that while high coefficient of determination data were ob-

served in both the chalcones and amino acids with regards to sp2-hybridized carbon characteris-

tics, the shape of the regression curve was not sigmoidal in the chalcone model, as observed in 

the amino acid model.  Further testing of these compounds may help to elucidate more accurate 

trends, as well as nonlinear relationships in these data.

 We recognize that there are limitations to this study.  First, although the study contained a 

modest sample size (48 total compounds were analyzed), future studies should further extend the 

number of compounds included in correlation analysis.  Only large-scale studies (as opposed to 

studies analyzing less than 10 compounds, for example), will be helpful in discovering trends 

that provide broad applicability.  Second, while using amino acids as a simplest-case model 

proved helpful in this study, future studies should use combinations of water-soluble and lipid-

soluble compounds for their simplest-case models.  This will provide an enhanced degree of ac-

curacy for observing antioxidant structure-function relationships in future work.

 A limitation in the current literature is the variety  of units in which researchers report 

data.  Examination of external data to use in the validation of our model proved difficult, as in-

consistencies among researchers were observed in the reporting of antioxidant data. We therefore 

recommend that, when reporting antioxidant  data for raw chemicals (such as flavonoids, vita-

mins, amino acids, etc.), µmol Trolox Equivalents per milligram (TE/mg) is used (as opposed to 

TE/µmol); for bulk volume samples (such as liquid or juice samples), µmol Trolox Equivalents 

per liter (TE/L); and finally, for raw fruit or vegetable samples, we recommend that µmol Trolox 
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Equivalents per 100 grams (TE/100g) is used (57).  Consistency in reporting data will undoubt-

edly result in more effective communication and comparative analyses among researchers.

 Further research should also include more thorough analyses of the cellular roles of 

amino acids and other vitamins in quenching oxygen radicals.  We believe that further use and 

application of the concepts outlined in this work will help in the increased understanding of anti-

oxidant structure-function relationships, as well as provide useful tools for pharmaceuticals, in-

dustry, and academia alike. 
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CHAPTER III:  FOOD PRODUCT ANALYSIS

M A T E R I A L S  A N D  M E T H O D S

B L U E B E R R I E S
Background

 In today’s marketplace organic foods have become a very popular topic of discussion.  In 

recent years, while popularity  of organically-grown fruits and vegetables have grown, concerns 

have been raised over these fruits’ problems with nutrient supply, as well as problems with soil-

borne pests and diseases (73).  While studies have begun to examine the differences between or-

ganic and conventional fruits in terms of nutrient content and antioxidant content, mixed results 

have been observed (74, 75).

 Blueberries are known to possess antioxidant activity, contain high amounts of flavonoid 

antioxidants (57, 75, 76), and have also been shown to increase plasma antioxidant capacity  in 

humans through increasing uric acid levels (77).  In this study, antioxidant levels of organic 

blueberries and conventional blueberries were analyzed and compared in skin, seed, and juice 

components using the ORAC assay.

Oxygen Radical Absorbance Capacity (ORAC) Assay

 All samples were analyzed using a modified ORAC assay  based on published methods.  

Readings were taken every 2 minutes for 90 minutes.  Measurements were taken using the PE 

Packard Fusion Universal Microplate Reader.  All readings were taken at 37° C; 485 nm excita-

tion and 590 nm emission filters were used.  Data were analyzed using Apple Numbers.  Skin 

and seed data are represented as Trolox Equivalents/100 mg sample (57).   Juice is reported as 

Trolox Equivalents/L.
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Blueberry Samples

 Conventional and organic samples were randomly  chosen for analysis from bulk samples 

obtained from local grocers. Bulk samples were purchased several times on different days, and 

from those bulk samples blueberries were selected randomly for analysis.  Samples were ana-

lyzed according to their antioxidant  capacity in skin, seed and juice after samples were separated, 

homogenized and diluted using DDH2O.  Seed and skin samples were prepared by homogenizing 

a 100mg sample and dissolving it in to 10mL DDH2O.  Juice samples were prepared by homoge-

nizing 100mg of the entire fruit and dissolving it into 10mL DDH2O.  Samples were placed in  

aliquots of 2.5mL and stored at -20°C immediately following sample preparation.

A P P L E S
Background

 Apples have also been included in debates regarding the overall benefits of organic versus 

conventional fruits.  Apples are known for their high concentration of vitamin C, as well as vita-

min B6, calcium, and flavonoids (57, 76, 78).  Studies comparing organic and conventionally-

grown apples are scarce, and have returned results finding no significant differences between the 

two groups (79, 80).  In this study, antioxidant levels in six varieties of organic and conventional 

apples were analyzed and compared in skin and flesh components using the ORAC assay.

ORAC Assay

 All samples were analyzed using the ORAC assay as previously described.  Readings 

were taken every 2 minutes for 120 minutes.  Measurements were taken using the PE Packard 

Fusion Universal Microplate Reader.  All readings were taken at 37° C; 485 nm excitation and 
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590 nm emission filters were used.  Data were analyzed using Apple Numbers.  Skin and flesh 

data are represented as Trolox Equivalents/100 mg sample (57).

Apple Samples

 Six common apple varieties were selected for inclusion in the study: Red Delicious, 

Golden Delicious, Fuji, Granny Smith, Gala, and Honey Crisp.  Bulk samples consisting of or-

ganic and conventional apples from each group were purchased several times on different days 

from local grocers, and from those bulk samples apples were selected randomly for analysis.  Ta-

ble 4 below shows the weights that were homogenized and dissolved into 10mLs DDH2O to pre-

pare stock samples.  

Table 4: Weights Used for Apple Sample Preparation.

 Once prepared, flesh stock samples were diluted 1:25 and skin samples diluted 1:60 prior 

to analysis in the ORAC assay.  Stock samples were sealed and stored at 4°C.
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R E S U L T S

B L U E B E R R I E S
 For solid blueberry components (ie, skin and seed), conventional skin was measured to 

have the highest overall antioxidant activity  (7892 TE/100g), followed by conventional seed 

(1015 TE/100g).  Organic skin (4623 TE/100g) and organic seed antioxidant  activity (636 TE/

100g) values were consistently lower.  Student’s t-test showed that the differences between the 

samples were statistically significant (p=0.0013 for skin samples; p=0.012 for seed samples; fig-

ure 3.1).

 Together, the overall solid blueberry components resulted in a higher overall antioxidant 

activity in the conventional blueberries (8906 TE/100g) when compared to the organic blueber-

ries (5258 TE/100g).  This difference was statistically significant (p=0.0018).  Figure 3.2 shows 

the total antioxidant activity of the conventional solid components compared to the total antioxi-

dant activity of the organic solid components.
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 For liquid components, similar trends were observed: conventional juice (576166 TE/L) 

showed higher antioxidant capacity than organic juice (380452 TE/L).  Student’s t-test also re-

vealed that the difference between the two groups was statistically significant (p=0.0012; figure 

3.3).
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A P P L E S
 In all six apple varieties, skin components revealed higher antioxidant activities than 

flesh components, consistent with previous research (57), and were statistically significant, as 

measured by Student’s t-test  (p=0.0003).  Overall, the highest measured antioxidant activity was 

found in the skin of the conventional Red Delicious variety (23653 TE/100g), and the lowest was 

found in the flesh of the organic Red Delicious variety (-127 TE/100g).  The lowest of the skin 

group was  the conventional Granny Smith samples (1345 TE/100g), which was equal to the 

highest of the flesh group, which was the organic Fuji group (1345 TE/100g).

 Figure 3.4 shows a graph comparing organic and conventional skin samples, and figure 

3.5 shows a graph comparing organic and conventional flesh samples.
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 The data above represent  averages of several replicates of each sample.  The fewest num-

ber of replicates was done on the Organic Honey Crisp  flesh group (n=33), and the greatest 

number of replicates was done on the Organic Fuji flesh group (n=105).  On average, each group 

contained n=50 replicates.

 Figure 3.6 summarizes the total antioxidant activities of each apple variety  (including 

skin and flesh), comparing organic and conventional samples.  Overall, the data revealed that 

there were statistically significant differences among the different types of apples, but, interest-

ingly, differences between organic and conventional samples were not statistically significant 

overall.  The only statistically significant difference was observed between skin and flesh means 

(see table 5).
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Table 5: t-Test Data Comparing Organic and Conventional Results for Each Category.

t - T e s t  D a t a p

Total Organic v Total Conventional

Organic Skin v Conventional Skin

Organic Flesh v Conventional Flesh

Total Skin v Total Flesh

0.3018
0.3115
0.3240
0.0003

 Figure 3.7 below shows a matrix of t-test data comparing each apple group to the other 

apple groups (p values shown).  As mentioned, there were statistically significant differences be-

tween the total antioxidant activities of each group.
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C O N C L U S I O N

 Data in the current  literature regarding differences in antioxidant activity between organic 

and conventionally grown fruit are both limited and inconclusive (73, 75, 79, 80).  While papers 

have suggested that organically grown fruit may  contain more antioxidant activity than their 

conventional counterparts (75), others have shown the opposite (74), and still others have ob-

served non-significant differences (79, 80).  Interestingly, data presented here both support and 

refute the current literature.

 Blueberry data revealed highly  significant differences between organic and conventional 

samples in skin (p=0.0013), seed (p=0.012), and juice (p=0.0012) components.  Moreover, there 

were also statistically significant  differences observed between overall antioxidant activities of 

organic and conventional blueberries (p=0.0018).  These results suggest that  there are significant 

differences between organic and conventional blueberries, with conventionally-grown samples 

possessing much higher antioxidant activity.  Although the data are contrary to previously-

published results, we are confident that the data are reliable because of the large sample sizes and 

the methods employed in producing fresh samples for each run.  Future studies may  further ex-

plore the flavonoid content of these samples to test for both their bioavailability and concentra-
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tions in both organic and conventionally-grown blueberries.  Studies on the effects of pesticide 

use on the antioxidant activities of organic and conventionally grown food products may also be 

beneficial.

 In contrast, apple data revealed no statistically significant differences between organic 

and conventionally  grown samples.  While sample sizes were reliably  large, no significant differ-

ences were observed between skin samples (p=0.312), flesh samples (p=0.324), or total antioxi-

dant activity  (p=0.302).  The only  significant differences that were observed were not between 

organic and conventional samples, but between skin and flesh samples in all apple varieties 

(p=0.0003); this trend was expected, as it has been observed in apples previously (57).  Also, 

there were statistically significant differences between certain apple types (see figure 3.7); fur-

ther analysis of these apple types may provide insights regarding these differences.  Overall, 

these data support previously published data on apples (79), and add to the overall body of 

knowledge concluding that there are no significant differences between organic and conventional 

culture methods with respect to antioxidant activity.

 Notwithstanding, these results are important contributions to the body  of knowledge that 

constitutes this new and rapidly-growing area of research.  As additional data are accumulated, 

true relationships between conventional and organically-grown blueberries may be elucidated.  

Further study is needed to more adequately examine the nutrient content in these products, to 

provide understanding regarding the observed differences among the groups.  Further study will 

provide increased understanding of the effects of organic and conventional growth systems on 

antioxidant capacity, vitamin and mineral content, and overall food quality.

 57



CHAPTER IV: ORAC/TOSC PAPER

Measuring Antioxidant Capacity Using the ORAC and TOSC Assays

251

Chapter 17

Measuring Antioxidant Capacity Using the ORAC  
and TOSC Assays

Andrew R. Garrett, Byron K. Murray, Richard A. Robison,  
and Kim L. O’Neill

Abstract

Recent epidemiological studies have shown that there may be a link between oxidative stress and the 
development of several types of chronic diseases. Studies have also shown that diets rich in fruits and 
vegetables may decrease the incidence of cancer and other chronic diseases. The antioxidant activity of 
the phytochemicals these foods contain may be partially responsible for the decreased incidence of these 
diseases in people who regularly consume them. While there are several assays currently used to assess the 
antioxidant activity of phytochemicals and other antioxidant compounds, two are reviewed here in detail. 
The first is the oxygen radical absorbance capacity (ORAC) assay, which measures the decrease in 
fluorescence decay caused by antioxidants, and the second is the total oxyradical scavenging capacity 
(TOSC) assay, which measures the decrease in ethylene gas production caused by the inhibition of the 
thermal hydrolysis of ABAP (2,2 -Azobis(2-methyl-(propionamidine) dihydrochloride) by KMBA 
( -keto- -(methylthio)butyric acid sodium salt) in the presence of antioxidant compounds. These two 
assays are discussed here, with an in depth review of their methodology and correlation.

Key words: ORAC, Oxygen radical absorbance capacity assay, TOSC, Total oxyradical scavenging 
capacity assay, Antioxidant, Phytochemical, Oxidative stress, Fluorescein, Trolox equivalents

1. Introduction

It has been theorized that the development and progression of 
several chronic degenerative diseases may be caused or augmented 
by oxidative stress (1-11). Much of this oxidative stress is 
generated as a by-product of fundamental metabolic processes 
that occur constantly. It is known that reactive oxygen species 
(ROS) react readily with biological substances, and can destroy or 
damage such molecules as nucleic acids, proteins, and lipids (12). 
This damage, in turn, can lead to a variety of degenerative 
diseases, including cancer, heart disease, Alzheimer’s Disease, 

D. Armstrong (ed.), Advanced Protocols in Oxidative Stress II, Methods in Molecular Biology, vol. 594 
DOI 10.1007/978-1-60761-411-1_17, © Humana Press, a part of Springer Science + Business Media, LLC 2010
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and Parkinson’s Disease (1). While many of these biological 
systems are somewhat equipped to cope with this oxidative stress, 
oxidative damage may still occur.

Several different assays have been specifically designed to 
accurately describe the antioxidant activity of various phytochem-
icals, vitamins, and other compounds. Some assays measure the 
inhibition of a test reaction by various antioxidant compounds 
(22, 23). These include the TEAC (Trolox Equivalent Antioxidant 
Capacity), Radox TEAC, FRAP (Ferric Reducing/Antioxidant 
Power), HORAC (Hydroxyl Radical Averting Capacity), FOX 
(Ferrous Oxide-Xylenol Orange), and TRAP (Total Radical 
Antioxidant Potential) assays. Other assays involve electron spin 
resonance (ESR) spectroscopy and use techniques such as time-
resolved pulse radiolysis and spin trapping. Many others are also 
used (8, 14-16, 18, 19, 22-31).

However, these existing assays are not without limitation 
(1, 8, 24, 25). First, not all of these assays give the same trends for 
antioxidant activity. For example, poor correlation has been 
observed between the FRAP and TEAC, the ORAC and the 
FRAP, and the ORAC and TEAC assays (1, 8). Second, some of 
the data taken in vitro are difficult to extrapolate to an in vivo 
model because some of these assays are not run at physiological 
pH. Third, some of these assays do not measure the bioavailabil-
ity of antioxidant metabolites in vivo. Thus, multiple assays should 
be investigated and validated continuously to resolve questions 
about the true antioxidant capacity of a given sample. The use of 
multiple assays will undoubtedly lead to the most accurate depic-
tion of antioxidant capacity.

Two important assays, the TOSC and the ORAC, will be 
examined here, including an in depth look at methodology and 
correlation.

The ORAC assay is a widely accepted tool for measuring the 
antioxidant activity of various vitamins, phytochemicals, and other 
organic and inorganic compounds (18). The ORAC assay 
measures the oxidative degradation of a fluorescent molecule 
(usually fluorescein sodium salt or beta-phycoerythrin) after being 
mixed with an oxygen radical initiator (14, 16). Fluorescence 
intensity decreases as oxidative degradation increases, with 
fluorescence typically recorded over 100 min from the addition of 
the oxygen radical initiator. When an antioxidant compound is 
mixed with the fluorescent molecule and the oxygen radical 
initiator, however, it can protect the fluorescent molecule from 
degradation, and the fluorescence intensity is thus maintained 
over time. Thus, the longer the fluorescent molecule maintains its 
intensity, the less it is being degraded by the oxygen radicals 
present, or the more it is being protected by the antioxidant 
compound that is present.

1.1. Oxygen Radical 
Absorbance Capacity 
Assay

 59



253 Measuring Antioxidant Capacity Using the ORAC and TOSC Assays  

A phycoerythrin fluorescence-based assay for ROS was 
originally developed (20) and was later modified (21) to create 
the ORAC assay. Since then, the ORAC assay has become 
the current food industry standard for assessing antioxidant 
capacity of food additives, whole foods, juices, and raw vitamins 
(15, 16, 19).

The ORAC assay has several advantages, including reliability, 
high sensitivity, and the ability to measure the antioxidant activity 
of chain-breaking antioxidants (8, 18, 19). Also, the ORAC assay 
can accurately measure both the inhibition time and the inhibi-
tion degree of antioxidants to provide an accurate measurement 
of antioxidant activity (18).

Some problems with the early ORAC assays, however, were 
their sensitivity to temperature variations (a problem solved by 
preheating well plates) and their inability to measure a complete 
range of biologically relevant radicals, since they can only measure 
peroxyl radicals (18, 19, 27). In addition, it is important that the 
pH of the fluorescein be maintained above 7, as it is pH sensitive. 
Despite these small obstacles, the ORAC remains among the 
most preferred assays for measuring antioxidant capacity, and has 
even been suggested to be the most useful for ranking antioxi-
dants. It is recommended that the ORAC be used to quantify 
peroxyl radical scavenging capacity (14).

The Total Oxyradical Scavenging Capacity (TOSC) assay is 
another effective assay used to assess antioxidant activity. In con-
trast to the ORAC, the TOSC measures the decrease of ethylene 
production caused by antioxidants (32). Moreover, its advantages 
include its ability to measure the antioxidant capacity of biologi-
cal tissues and to measure both lipid and water soluble antioxi-
dants, similar to the ORAC. Unlike the ORAC, however, the 
TOSC has the capability of distinguishing between faster acting 
and slower acting antioxidants, as it is a kinetically based assay 
(28, 29).

2. Materials

 1. HP5890A gas chromatograph along with the Hp ChemStation 
GC 5890 online program

 2. Fluorescence Microplate Reader used with a COBAS FARA 
II spectroflourometric analyzer (Roche Diagnostic Systems), 
or BMG FLUOstar Optima fluorescence microplate reader 
(see Note 1).

 3. Clear-bottom well plates: The plate size should be selected 
based on the instrument capabilities

1.2. Total Oxyradical 
Scavenging Capacity 
Assay

2.1. Equipment
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 1. AAPH: For the ORAC assay, AAPH (2,2 -azobis(2-amidino-
propane) dihydrochloride) is used as the free-radical initiator 
because it forms free radicals at a constant rate (26). 
Antioxidants quench the oxygen radicals generated by AAPH, 
thereby inhibiting fluorescence decay (14, 27).

 2. Flourescein Sodium Salt: A modified ORAC that used fluores-
cein instead of -phycoerythrin was developed after the origi-
nal ORAC assay was validated (15). Fluorescein was preferred 
because of its several advantages: it is less expensive than 
-phycoerythrin, does not interact with other compounds, 

and does not photobleach (15).
 3. Trolox: Trolox (±)-6-Hydroxy-2,5,7,8-tetramethylchromane-

2-carboxylic acid, 97% is a widely recognized water soluble 
Vitamin E derivative used as a baseline against which relative 
antioxidant activity is measured. Thus, results for test samples 
(including chemical compounds and foods) are reported and 
published as mol Trolox equivalents/mg or TE.

 4. Sample: Samples that have been run in the ORAC assay include 
a variety of antioxidant compunds, such as retinols, phenols, 
carotenoids, tocopherols, vitamins, phytochemicals, and whole 
fruits, vegetables, seeds, spices, grains, and legumes (1, 18).

 1. ABAP: In the TOSC assay, the thermal homolysis of ABAP 
(2,2 -Azobis(2-methyl-propionamidine), dihydrochloride) gen-
erates peroxyl radicals.

  

 2. KMBA ( -keto- -(methylthio)butyric acid sodium salt): 
KMBA is oxidized by ABAP to produce ethylene gas, which 
is then measured by gas chromatography. When antioxidants 
are present, however, they quench the peroxyl radicals formed 
by ABAP, and, consequently, ethylene gas production is 
inhibited (31, 32).

  

 3. Trolox: Similar to the ORAC, Trolox is used as a standard for 
determining antioxidant activity in the TOSC assay. As with 
the ORAC assay, results from the TOSC are also reported as 

mol Trolox equivalents/mg. KMBA, ABAP, and Trolox 
can all be obtained from Sigma-Aldrich (St. Louis, MO) and 
other commercial chemical manufacturers and distributers.

 4. Sample: Many types of samples can be run in the TOSC assay, 
including vitamins, cellular enzymes, organic and inorganic 

2.2. Reagents

2.2.1. ORAC Assay

2.2.2. TOSC Assay
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compounds, fruit and vegetable juices, and other antioxidant 
compounds (32, 33). Recent studies have included TOSC 
analyses of Acai fruits, Hydrothermal Vent Mussels, and pyrene 
from marine invertebrates (34-36). TOSC samples must be 
water soluble or DMSO (dimethyl sulfoxide) soluble.

3. Methods

The ORAC assay is an important assay because of its practicality 
and ease of use. It can be confusing to some researchers, however, 
because many investigators have incorporated their own varia-
tions on the assay (15, 17, 18, 30, 32). Steps below are taken 
from Tomer, et al. (32) (see Note 2).
 1. AAPH is prepared at a concentration of 79.65 mmol/L by 

adding 216 mg to 10 mL phosphate buffer (75 mM, pH 
7.4). Caution must be used when handling AAPH, as it can 
cause apoptosis, and damage to the liver and kidney, as well 
as to capillaries and lymphocytes (26).

 2. Fluorescein is then prepared by dissolving 22.5 mg into 
50 mL PBS to make a first stock solution. A second stock 
solution is prepared by adding 50 L of the first fluorescein 
stock solution to 10 mL of phosphate buffer. Finally, 320 L 
of the second fluorescein stock solution is added to 20 mL of 
phosphate buffer.

 3. Experimental samples and control samples (including Trolox) 
are also prepared at this point. Special care should be taken 
to ensure that each sample is prepared and stored properly. 
Samples may be either water soluble or DMSO soluble.

 4. 400 L of fluorescein and 40 L of sample are first pipetted 
into each well. Phosphate buffer is used as a blank, and a 
Trolox dilution series (50, 25, 12.5, and 6.25 M) is used as 
a standard.

 5. When these aliquots are added to each well, fluorescence 
readings are taken for time 0. During cycle 4, the reaction is 
initiated by injecting 150 L of AAPH into the respective 
wells (3.5 min and 90 s time intervals can also be used). 
Fluorescence readings may be taken until the flourescence 
counts have decreased to negative control amounts. Previous 
studies have been performed using various cycle times and 
varying time intervals (15, 17, 32).

 6. Fluoresence readings are taken every 3.5 min, up to 35 cycles. 
Flourescence readings for each cycle are saved, as they will all 
be used to calculate areas under the curves and Trolox 
Equivalents.

3.1. ORAC Methods
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The time required for a complete run is between 2½ and 3 h 
(1½ h actual run time in gas chromatograph). Additional time 
should be expected for comprehensive data analysis.

 1. Reagent Preparation: A 200 mM concentration of ABAP is 
prepared by adding 434 mg ABAP and ddH2O up to 8 mL 
total volume. A 20 mM concentration of KMBA is prepared 
by adding 2.7 mg KMBA and ddH2O up to 8 mL total vol-
ume. Following their preparation, the respective vials of 
ABAP and KMBA should be maintained on ice. A 100 mM 
potassium phosphate buffer at pH 7.4 is also prepared (32). 
Experimental and control samples to be tested should also be 
prepared at the desired concentrations at this point.

 2. Vial Preparation: In 10 mL glass vials, 100 L PBS (Phosphate 
Buffered Saline) is added to the bottom of each. Next, 690 L 
ddH2O is added to the sample vials. Vials are then vortexed. 
After vortexing, 100 L KMBA are added to all vials. Next, 
vials are capped and vortexed a second time. After each sam-
ple is vortexed the second time, a 10 L sample is then added 
to each sample vial, and the vials are again capped.

 3. Incubation & ABAP Injection: The septa-sealed vials should 
next be incubated for 5 min in a 37°C water bath to equili-
brate. After the 5 min incubation period, 100 L ABAP is 
added into the vials to initiate the reaction (ABAP should be 
vortexed before each injection).

 4. Gas Chromatograph Preparation: GC temperatures are set as 
follows: 160°C for the injector port, 60°C for the oven, and 
220°C for the flame ionization detector (FID). It is recom-
mended that the injection port septa be changed before each 
run. The hydrogen/air balance at the detector exhaust should 
be set to 8–12%. Mobile phase helium can be used to push the 
other gases though the gas chromatograph at a flow rate of 
30 mL/min. Once lit, the baseline signal value is normally 
around 10. Slight variations may be due to the amount of air/
hydrogen intake. Once the GC injection syringe barrel is 
cleaned and the machine prepped, injections and measure-
ments may begin.

 5. Gas Chromatography: Twelve minutes after the first ABAP 
injection, a 1 mL aliquot of gas from each vial should be 
injected into the GC at staggered intervals. At time 10 min, 
data should be saved, as area under the curve for these data 
will later be calculated. At time 12 min, the 8 injections are 
repeated at the same time intervals 7 times, for a total of 8 
passes that make up a 96 min run. Data saved from every 
cycle will be used to calculate area under the curve.

The most important aspect of both of these assays is calculating 
Trolox equivalents, or TE. As mentioned, Trolox equivalents 
represent mol Trolox equivalents/mg sample.

3.2. TOSC Assay

3.3. Results

3.3.1. Trolox Equivalents
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The area under the flourescence kinetic curve (AUC) for each 
sample is calculated as

 AUC = (0.5 + f1/f1 + f2/f1 + f3/f1 + ... + fn/f1) × CT 

where f1 = initial fluorescence reading at cycle 1, fn = flourescence 
reading at cycle n, and CT = cycle time in min (15, 32).

In order to calculate Trolox equivalents, a Trolox standard 
curve must first be obtained. This is done by performing the 
ORAC or TOSC assay first on varying concentrations of Trolox 
(most preferably a serial dilution, which will make calculating a 
standard curve simpler and more accurate), and calculating the 
individual AUC values for each concentration using the method 
described above. Once the AUC values for the Trolox concenra-
tions have been calculated, the AUC for the blank well must also 
be calculated and then subtracted from the total AUC for each 
Trolox concentration. Subtracting the blank AUC from the 
Trolox (and later from each sample) AUC gives the net AUC, 
which accounts for the background readings given by the floures-
ence reader. This concept is shown in Fig. 17.1. The area between 
the two curves represents the net AUC:

 Net AUC = Sample AUC – Control AUC 

A Trolox standard curve is then created from the net AUC 
values for each concentration of Trolox used. The slope of the 
standard curve is then calculated and used to convert net area 
under the sample curve to Trolox Equivalents per liter (TE/L). 
TE/L are then converted to Trolox Equivalents per miligram 
sample for reporting.

To date, only a few studies have been performed that assess 
the correlations among the differing antioxidant assays (8, 32). 
Of these, Cao and Prior (8) have found weak but significant 

3.3.2. ORAC/TOSC 
Correlation

Fig. 17.1. Subtracting the blank AUC from the Trolox or sample AUC gives the net AUC.
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correlation between the ORAC assay and the FRAP assay, but no 
correlation between the ORAC and the TEAC assays.

One study has also been performed to assess the correlations 
between the ORAC and TOSC assays (32). While precise correla-
tion was not observed, the trends observed in each case were the 
same: Green Tea Polyphenols and MegaNatural Gold Grape seed 
extract yielded high TOSC values and high ORAC values; Lemon 
Fruit 12:1 and cirus bioflavonoids yielded low TOSC values and 
low ORAC values; and Grape skin extract, GSKE-40 grape seed 
extract, quercitin, pycogenol, and pine bark theraplant all yielded 
moderate TOSC values and moderate ORAC values.

Figure 17.2 contains some of the data from the study (32). 
This figure demonstrates the relative activity of the 11 phy-
tochemicals measured by the TOSC assay (light bars) and by the 
ORAC assay (dark bars). Minimum and maximum values for each 
assay were scaled to 0% and 100%, respectively, to faclilitate inter-
assay comparisons. The numbers represent the phytochemicals as 
follows: (1) lemon fruit, (2) citrus bioflavonoids, (3) pomegran-
ate, (4) grape seed extract, (5) pine bark theraplant, (6) quercitin, 
(7) pycnogenol, (8) grape seed extract, (9) rutin, (10) alpha lipoic 
acid, and (11) green tea polyphenols. Values reflect the mean and 
standard deviation.

Moderate correlation between average TOSC and average 
ORAC values was observed among the 11 phytochemicals 
(R2 = 0.60). TOSC and ORAC values are both in mol Trolox 
equivalents/mg and are the average of several replicates using 
both the TOSC and ORAC assays (Fig. 17.3).

Fig. 17.2. Correlation between the ORAC and TOSC assays across 11 compounds.
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When the outliers rutin, alpha lipoic acid, and green tea 
polyphenols were removed from the dataset, high correlation 
between the remaining TOSC and ORAC assay values was 
observed (R2 = 0.94). Again, TOSC and ORAC values are 
represented in mol Trolox equivalents/mg and are the average 
of several replicates using both the TOSC and ORAC assays 
(Fig. 17.4).

Included are tables that show the measured average TOSC 
and ORAC values obtained over several replicates (Fig. 17.5).

Comparing the two assays revealed that more variability in 
antioxidant activity could be seen for the TOSC assay than for 

Fig. 17.3. Correlation between the ORAC and TOSC assays acorss 11 compounds.

Fig. 17.4. Correlation between the ORAC and TOSC assays (7 outliers excluded).
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the ORAC assay. Such variability may have been due to slight 
procedural errors, including error in the injection process into 
the gas chromatograph. Establishing specific numbers for the 
antioxidant activity of certain phytochemical compounds also 
proved difficult because the conditions under which the fruit or 
vegetable samples were cultivated and stored varied greatly from 
sample to sample. Despite small variations in sampling, the anti-
oxidant activity ranking of these phytochemical compounds was 
similar among replicates (32).

Absolute values of the antioxidant counts for the ORAC and 
TOSC assays varied greatly in this study because different radical 
sources are used for the two assays (AAPH is used for the ORAC 
assay, while ABAP is used for the TOSC assay), and also because 
samples measured in the ORAC and TOSC assays were prepared 
at different concentrations because of the enhanced sensitivity of 
the ORAC assay.

While the measurement of any antioxidant compound in vitro 
is a valuable first step for identifying good antioxidants for further 
use in in vivo testing, it should not be assumed that the antioxi-
dant activity of a compound in vitro will necessarily reflect the 
antioxidant activity in vivo. As mentioned, studies have shown that 
consumption of fruits and vegetables results in elevated plasma 
ORAC values in humans (13), and synergy is often observed 
between multiple antioxidant compounds in vivo (7, 13).

The discrepancies (32) seen between the ORAC and TOSC 
assays suggest that in some cases, the results from both assays may 
be useful in determining an antioxidant’s true activity. As other 
antioxidant assays are also used and developed, discrepancies 
between these assays pertaining to the relative antioxidant activity 
of various samples will likely be greatly diminished. As more 
research is performed, the realm of predictive power will increase, 
and the ORAC and TOSC assays will continue to be useful tools 
for assessing antioxidant activities.

Phytochemical TOSCa ORAC

Lemon Fruit 103 3885
Citrus Bioflavonoids 446 7410
Pomegranate 1543 22530
Grape Seed Extract 2294 37125
Pine Bark Theraplant 2608 59483
Quercitin 3059 63750
Pycnogenol 3154 53970
Grape Skin Extract 3246 63668

 Rutin 2727 25440
 Alpha Lipoic acid 3381 23235
 Green tea polyphenols 3377 100658

Fig. 17.5. The measured average TOSC and ORAC values for 11 compounds.
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4. Notes

 1. Microplate readers may vary somewhat in their available exci-
tation and emission filters. Cao and Prior used an excitation 
wavelength of 540 nm and an emission wavelength of 565 nm 
(8); Tomer used an excitation wavelength of 485 nm and an 
emission wavelength of 520 nm (32). Ou used an excitation 
wavelength of 493 nm and an emission wavelength of 515 nm 
(15). The wavelengths available on the instruments must be 
set to be able to read fluorescein emissions in order for ORAC 
data to be collected and analyzed properly.

 2. There have been many different methods used in published 
research articles for the ORAC assay. Some alternative methods 
include, for example, the following: Ou used an AAPH 
concentration of 12.8 mM and a fluorescein concentration of 
48 nM. When putting aliquots into each well, Ou used 365 L 
Fluorescein, and 20 L sample (15). Huang (18) used a final 
AAPH concentration of 153 mM by dissolving 0.414 g AAPH 
into 10 mL of 75 mM phosphate buffer (pH 7.4). A floures-
cein stock solution of 4 × 10−3 mM was prepared in 75 mM 
phosphate buffer (pH 7.4), which was stored and wrapped in 
foil at 5°C. This stock solution was diluted 1:1,000 with 
75 mM phosphate buffer (ph 7.4) immediately prior to use.
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1. The Burden of Cancer
 Cancer is a leading cause of death worldwide.  In 2004, over 7.4 million people died of 

cancer, accounting for more than 13% of all deaths worldwide (WHO 2010).  In 2010, it is 

estimated that there will be over 1.5 million new cancer cases in the United States alone.  

Estimates for 2010  also project that close to 570,000 Americans will die from cancer, which 

translates into great than 1,500 cancer deaths per day (ACS 2010).  It is also projected that in 

2020, 15 million new cancer cases will be reported and 12 million cancer patients will die 

worldwide (Bray and Møller 2005).  However, despite numerous outreach, education, and 

research efforts, cancer mortality rates continue to increase.

 Notwithstanding its high mortality rate, cancer is largely a manageable condition if 

diagnosed and treated early.  The World Health Organization estimates that up to one-third of all 

cancers could be cured if detected early and treated adequately (WHO 2010).  Furthermore, 

cancer is often a preventable condition.  Recent estimates state that between 30% to 95% of all 

cancer cases could be prevented by modifying diet, lifestyle, and behavioral habits alone (Anand, 

Kunnumakara et al. 2008; ACS 2010; WHO 2010).  Cancer, as has been astutely observed, is a 

“preventable disease that requires major lifestyle changes” (Anand, Kunnumakara et al. 2008).
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 Such changes include modifying dietary and lifestyle habits.  Tobacco use is the single 

largest preventable cause of cancer in the world, yet millions use tobacco regularly; among the 

total projected cancer deaths in 2010, 171,000 (34%) are expected to be caused by tobacco use.  

Evidence also suggests that close to one-third of all projected cancer deaths in 2010 will be 

caused by overweight or obesity, physical inactivity, or poor nutrition (ACS 2010; WHO 2010).  

These conditions can be especially detrimental because prolonged inflammation in obese patients 

is thought to be critical for tumor initiation and progression (Schmid-Schonbein 2006).  Such 

conditions can be prevented through limiting consumption of energy-dense foods, avoiding 

sugary drinks and alcohol, limiting the frequent intake of red meats, and increasing consumption 

of foods of plant origin (AICR 2007).

 Many cancers caused by infectious agents can be prevented through the use of vaccines 

and antimicrobials, as well as lifestyle changes.  Many types of skin cancers can also be 

prevented by avoiding excessive exposure to UV radiation.  This can be accomplished by the 

implementation of sunscreen, the proper use of hats and clothing, and by the use of indoor 

tanning equipment.  The American Cancer Society also recommends regular screenings for many  

different types of cancer, and reports that at least half of all new cancer cases could be prevented 

if these conditions were detected early while still in their pre-cancerous states (ACS 2010).  It is 

clear that for serious improvements in cancer prevention to occur, significant lifestyle and 

behavioral changes must be made both in the United States and in the world at large.
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2. Bioactive Foods
2.1 What are Bioactive Foods?

 As mentioned, one of the most important ways to decrease risk of cancer development 

and progression is by modifying diet, which is best done through limiting intake of energy dense 

foods, reducing excessive salt intake, limiting alcohol consumption, and replacing these with 

foods that contain high levels of critical nutrients; specifically foods of plant origin, including 

fruits, vegetables, legumes, whole grains, nuts, and oils.  Such foods provide essential vitamin 

and minerals, while also providing healthy lipids, sugars and protein.  “Bioactive” foods are 

those which contain high levels of bioactive compounds, such as antioxidants, antithrombotics, 

and anti-inflammatory substances.  These compounds protect the body from inflammation, 

accumulation of low-density lipoprotein (LDL) cholesterol, and oxidative stress, thereby helping 

to prevent the development of cancer, as well as other conditions such as heart disease and other 

cardiovascular diseases (Kris-Etherton, Hecker et al. 2002).

2.2 Examples of Bioactive Foods

 Among the most widely studied bioactive compounds are lycopene, flavonoids, 

phytoestrogens, acetogenins, organosulfurs, resveratrol, L-ascorbic acid, and tocopherols.  These 

are found in a vast array of fruits and vegetables, and are important components in promoting a 

healthy metabolism and providing antioxidant, anti-tumor, and anti-thrombotic activities.  These 

compounds will each be discussed below.

 Lycopene is a carotenoid antioxidant found in tomatoes, gac, and pink grapefruit, which 

inhibits tumor cell growth and is thought to prevent prostate cancer.  Many types of cereals, nuts, 

oils, fruits, vegetables, and red wine contain phenols of many varieties, including flavonoids.  

Phytoestrogens may be beneficial in reducing the risk of cardiovascular disease, and are found in 
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flaxseed oil, vegetables, grains, and soy (Kris-Etherton, Hecker et al. 2002).  Acetogenins are 

polyketides that have demonstrated anti-inflammatory, anti-tumor and antioxidant activities, and 

are found in many types of fruits, including Annona cherimola, guanabana, and other 

magnoliales (Chang, Chen et al. 1998; Chen, Chang et al. 1999; Gupta-Elera, Garrett et al. 

2010).

 Organosulfur compounds, found in garlic and onions, have been shown to possess both 

cardioprotective and anticarcinogenic properties (Kris-Etherton, Hecker et al. 2002; Stan, Kar et 

al. 2008).  Resveratrol has recently become a well-known potent antioxidant, and is found in red 

grapes, blueberries, cranberries, and other types of Vaccinium berries (Rimando, Kalt et al. 

2004).  It is also known for its anti-thrombotic, anti-inflammatory, anticarcinogenic, and lifespan 

elongation effects, as well as its positive role in protection against insulin resistance (Kris-

Etherton, Hecker et al. 2002; Baur, Pearson et al. 2006; Lagouge, Argmann et al. 2006; Hung, 

Chen et al. 2010).

 L-Ascorbic acid (vitamin C) is an important essential nutrient found in a wide variety of 

fruit, vegetable, herb, and animal sources, including citrus fruits, berries, spices, leafy greens, 

cabbage, tomatoes, and potatoes.  Known for its role in producing mature collagen and its 

usefulness in fighting the common cold, vitamin C was also linked to cancer treatment by Dr. 

Linus Pauling, who observed improved outcomes in cancer patients that were given very high 

doses of the vitamin as a supplement to their treatments.  Since then, vitamin C has been the 

focus of many studies involving to supplementation, cancer prevention, and epidemiology 

(Block 1991; Packer and Colman 1999; Doyle, Kushi et al. 2006).  
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 Tocopherols and tocotrienols together make up the vitamin E class of compounds.  

Vitamin E is found in many types of raw oils, nuts, rice bran oil, barley, and leafy green 

vegetables, with !-tocopherol having the highest bioavailability (Brigelius-Flohe and Traber 

1999).  Vitamin E is an important bioactive food component, and is well-known for its protection 

against the harmful effects of UV light, its anti-inflammatory properties, its role in reducing the 

risk of prostate cancer, and its ability to inhibit cognitive decline (Reiter 1995; Packer and 

Colman 1999; Emerit, Edeas et al. 2004; Aggarwal and Shishodia 2006; Masaki 2010).

3. The Processes of Aging
3.1 Senescence

 The English senescence comes from the latin s!nex, meaning old or aged, and refers to 

the general biological processes that occur in an organism, following maturation, that eventually 

lead to the functional decline and death of the organism.  These processes include decreased 

efficiency, loss of function, and decreased immune function.

 These phenomena have been investigated at the cell, tissue, and organismic levels, and 

research has expanded in these areas in recent years.  On the vertebrate level, aging has been 

described in terms of decreasing levels of collagen, elastin, and bone mineral content, prostate 

pathologies, and neurodegenerative diseases.  On the cellular level, aging is the result of 

telomere shortening, accumulation of waste, genetic mutations, and general cellular wear and 

tear, all of which ultimately culminate in either apoptosis or necrosis (Bianchi-Frias, Vakar-

Lopez et al. 2010; Freeman 2010; Hung, Chen et al. 2010; Pena Ferreira, Costa et al. 2010).

 One of the first inquiries into the processes involved in cellular aging was performed in 

the early 1960s by Leonard Hayflick.  In his experiments, Hayflick demonstrated that a 
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population of normal human fetal cells, when grown in culture, normally divides between 40 and 

60 times before entering the senescence phase.  In this phase, telomeres shorten, cell division 

eventually ends, and apoptosis results (Hayflick 1965).  This observed limit of cell division came 

to be known as the “Hayflick limit”.  This limit of cell divisions was further investigated in terms 

of oxidative stress and aging, as incubation with alpha-tocopherol resulted in an extended 

lifespan of healthy human cells (WI-38 cells) to over 100 divisions (Packer and Smith 1974).  

These results support the free-radical theory of aging.

3.2 Free Radical Theory of Aging

 In his investigations regarding the “biological clock” of life, Denham Harman first 

proposed a free-radical theory of aging in 1956 (Harman 1956).  This theory of aging places 

oxidative stress as the main mechanism by which cells senesce, given that metabolic rate is 

linked to oxygen consumption.  Although the original theory focused on the effects of 

superoxide, it has grown to include investigating the effects of all types of free radicals, 

including reactive oxygen species and reactive nitrogen species.  Harman later expanded his 

theory to address mitochondrial production of reactive oxygen species (Harman 1972).

 Much of the research involving bioactive foods centers around the free radical theory of 

aging, and how the antioxidant compounds in these bioactive foods act to quench the radicals 

that damage cellular components and processes.  In order to understand these interactions more 

fully, it is important to understand free radical chemistry.

4. Free Radicals, Aging, and Cancer
4.1 What are Free Radicals?

 Radicals are unpaired valence electrons found in various types of biological and chemical 

molecules.  These compounds can either have one extra electron (giving them a slight negative 
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charge), or be one electron deficient (giving them a slight positive charge).  Either way, most 

compounds that have unpaired radicals are highly chemically reactive.

 There are two main classes of free-radical compounds: reactive oxygen species (ROS) 

and reactive nitrogen species (RNS).  The more common of the two groups is ROS, which are 

derivatives of O2, with superoxide radical (O2!—) being the most common.  Other examples of 

ROS include hydrogen peroxide, (H2O2), alkoxyl/peroxyl radical (RO!/ROO!), and peroxynitrite 

(ONOOH/ONOO—)(Liu, Chen et al. 2008).  Recently, ROS have been linked to a variety of 

chronic diseases, including Alzheimer’s disease, Parkinson’s disease, and cancer (Markesbery 

1997; Garrett, Murray et al. 2010).  ROS have also been linked to p53 function (Liu, Chen et al. 

2008), diabetes (Baynes and Thorpe 1999; Singh, Mahadi et al. 2009), neurodegenerative 

diseases (Emerit, Edeas et al. 2004), and cognitive decline (Reiter 1995; Pratico, Clark et al. 

2002).

 Reactive nitrogen species are species of free radical compounds derived from nitric oxide 

(NO!), and include peroxynitrite (ONOO—), nitrogen dioxide (•NO2), and dinitrogen trioxide 

(N2O3).  These and other RNS, similar to ROS, have been shown to cause damage to lipids, 

amino acids, nucleic acids, and other small molecules (O'Donnell, Eiserich et al. 1999).

 In a recent review, the signaling, cytotoxic, and pathogenic characteristics of nitric oxide 

and peroxynitrite were discussed in detail (Pacher, Beckman et al. 2007).  Nitric oxide is an 

important signaling molecule because of its unique chemical properties, which include its rapid 

cellular diffusion (its diffusion coefficient in water is slightly higher than oxygen and carbon 

dioxide), and its propensity to quickly produce oxygen radicals.  Peroxynitrite is another well-

known RNS formed by the reaction of hydrogen peroxide and nitric oxide.  Although 
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peroxynitrite itself does not contain free radicals, it is a powerful oxidant, and its decomposition 

in the phagosome results in the formation of H2O2 and NO2- (Pacher, Beckman et al. 2007).

  Similar to ROS, not all RNS are detrimental, as both are important components of the 

innate immune system.  A study performed by Iovine et al. demonstrated that murine 

macrophages significantly upregulated RNS production following exposure to Campylobacter 

jejuni, and were much more effective at eliminating it when compared to mutant macrophages 

unable to produce RNS (Iovine, Pursnani et al. 2008).  An earlier study by Neu et al. also 

demonstrated that prolonged inhibition of nitric oxide synthesis in human umbilical vein 

epithelial cells supports neutrophil adhesion, although it also lead to an increase in intracellular 

oxidative stress in those cells (Neu, Smith et al. 1994).

4.2 Intracellular Oxidative Stress

 The amount of oxidative stress formed within the cell is highly dependent on the rate at 

which O2!— and  H2O2 are made (Messner 2002; Imlay 2003).  During normal metabolic 

processes, baseline levels of free radicals are produced as by-products of several chemical 

reactions, including mitochondrial aerobic metabolism, but potential damage caused by these 

stresses are constantly prevented by constitutive antioxidant mechanisms. (Sastre 2003).

 As mentioned, both RNS and ROS are produced as part of the innate immune system to 

attack and kill pathogens.  These ROS and RNS are released nonspecifically, however, which can 

be harmful for surrounding tissues as chemical damage may result (Rice-Evans and Gopinathan 

1995).  For this reason, the consequences of oxidative stress have recently been investigated with 

regards to inflammation, disease, and cancer development (Schmid-Schonbein 2006).
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5. Cancer
5.1 Cancer Epidemiology

 Recent estimates state that as many as 90-95% of cancer cases are attributed to lifestyle 

factors, while the remaining 5-10% are due to genetics (Anand, Kunnumakara et al. 2008).  As 

previously mentioned, the main lifestyle-related risk factors are alcohol consumption, tobacco 

use, diet, obesity, infectious agents (as in the case with several viruses like human 

papillomavirus), radiation, and environmental pollutants (asbestos or benzene exposure in the 

workplace, for example).  From these data, cancer is a largely preventable condition if certain 

lifestyle behaviors are managed properly.

 Among men in the United States, prostate cancer is the most common cancer with an 

estimated 217,730 new cases in 2010, accounting for 28% of all new cancers among men.  Lung 

and colorectal cancer follow, accounting for 15% and 9% of all new cases, respectively.  Among 

women, breast cancer is most common, with an estimated 207,090 new cases in 2010 (28% of all 

new cases).  Similar to cancers in men, lung cancer and colorectal cancer are the next most 

prevalent, accounting for 14% and 10% of all new cases in women, respectively (Jemal, Siegel et 

al. 2010).

 Currently, cancer accounts for nearly 1 in 4 deaths in the United States.  Five-year 

relative survival rates from cancer have increased in recent years, up from 50% between 1975-77 

to 68% between 1999 and 2005.  While these rates vary greatly among cancer types, progression 

upon diagnosis, and demographic factors, the improvements seen in survival rates may be 

attributed largely to more effective diagnoses, earlier diagnoses, and more effective treatments 

once cancer is diagnosed.  The present paper focuses on the role of bioactive foods in cancer 

prevention and treatment; for a more exhaustive review of cancer epidemiology data and figures, 
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the reader is referred to literature which cover these topics in greater detail (Bray and Møller 

2005; Schmid-Schonbein 2006; AICR 2007; Anand, Kunnumakara et al. 2008; ACS 2010; 

Jemal, Siegel et al. 2010).

6. Bioactive Foods in Cancer Treatment
6.1 Premise of Antioxidant Therapy

 The principal treatments used for combating cancer today include surgery, radiation, and 

chemotherapy.  Surgery is required when the cancer exists as a solid tumor mass that can be 

physically removed.  Radiation is used to damage and/or kill cancer cells using a beam of high-

energy particles.  Both of these are local treatments because they affect only the site of treatment, 

where chemotherapeutic agents are systemic treatments because they can potentially affect many 

cells in the body.

 Most chemotherapeutics developed for cancer are antineoplastic agents, which inhibit the 

proliferation of rapidly-dividing cells.  While these agents target cancer cells, they may also 

affect several other tissues in the body that rely on constant cell turnover to function properly, 

including blood cells and cells of the digestive tract.  Consequently, chemotherapy can have 

undesirable side effects such as mucositis and myelosuppression, leading to immunosuppression 

due to low white blood cell count.  These side effects can lead to susceptibility to opportunistic 

infections, loss of appetite, and weight loss, all of which increase the difficulty of treatment and 

decrease the chance of recovery (Doyle, Kushi et al. 2006).  Such symptoms underscore make 

the need for correct balance in the die, which is but vital to sustaining health during cancer 

treatment.
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 One of the leading causes of complications associated with cancer treatments is 

malnutrition (Doyle, Kushi et al. 2006; Gupta, Lis et al. 2009).  Studies have shown that 

chemotherapy may cause a decrease in the amount of nutrients absorbed from food.  One study 

showed that rectal carcinoma patients treated with a combination of chemotherapy and radiation 

showed a decrease in serum levels of !-tocopherol (Dvo"ák, Melichar et al. 2009).  A second 

study demonstrated that plasma concentrations of the carotenoids lutein, !-carotene, and #-

carotene are decreased in patients being treated for head and neck squamous cell carcinomas 

when compared to healthy controls (Sakhi, Bohn et al. 2010).

 
6.2 Bioactive Food Components in Research

 Bioactive foods may have the potential to decrease both the initiation and progression of 

cancer due to their rich antioxidant and nutrient contents, as previously discussed, and evidence 

is growing that may help define the role of bioactive foods in the prevention of cancer 

development and progression. Multiple studies have found correlations between plasma levels of 

bioactive food components (i.e. caroteniods, tocopherols, etc.) and the likelihood of survival of 

patients undergoing chemotherapy (Garg, Yoo et al. 2009; McCann, Thompson et al. 2009; 

Sakhi, Bohn et al. 2010).  Research has also shown a positive correlation between the amount of 

plant material consumed and a patient’s chance of recovery.  Two studies in particular followed 

the dietary intake of women with breast cancer as they went through treatment.  These studies 

found an increased chance of survival in those women who had a high intake of plant-based 

foods and/or supplements containing bioactive food components when compared to those who 

consumed diets containing less of these components (Pierce, Faerber et al. 2002; McCann, 

Thompson et al. 2009).
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6.2.1 Resveratrol

 Resveratrol is a stilbene polyphenol that has recently garnered much attention for its anti-

inflammatory, antitumorigenic and antioxidant properties (Alarcón de la Lastra and Villegas 

2005; Ndiaye, Philippe et al. 2011).  Found in high concentrations in Vitis and Vaccinium fruits, 

studies showing that resveratrol extends lifespan in S. cerevisiae, C. elegans, Drosophila, and 

murine models (through  SIR2 activation) has given support to reports that regular consumption 

of red wine may increase longevity in humans (Alarcón de la Lastra and Villegas 2005; Bass, 

Weinkove et al. 2007; Miller, Harrison et al. 2010).  The results from these studies may not be so 

easily applied to human models, however, due to resveratrol’s low potency and poor 

bioavailabilty after metabolism (Hsieh, Huang et al. 2010).  Further research is needed to more 

fully elucidate the extent to which resveratrol may affect longevity and aging in humans.

 In addition to its potential health-promoting effects, resveratrol may directly influence the 

development and progression of cancer.  A recent report demonstrated that resveratrol-induced 

apoptosis in colorectal cancer cells is mediated by adaptive response gene ATF3 in vitro, 

supporting the idea that ATF3 may play an antitumorigenic role in colorectal tumorigenesis 

(Whitlock, Bahn et al. 2011).  Another recent report demonstrated the ability of resveratrol and 

resveratrol analogs to elicit blocks in the cell cycle of cultured human prostate cells, as well as 

the resulting increase in p53 and p21, providing further evidence of resveratrol’s antitumorigenic 

abilities (Hsieh, Huang et al. 2010).

6.2.2 Carotenoids

 Carotenoids, particularly lycopene, are known to be powerful antioxidants linked to 

oxidation-preventing mechanisms. In one case-control study, carotenoid plasma levels were 
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measured to compare 118 non-Hispanic Caucasian men suffering from non-metastatic prostate 

cancer with 52 healthy men in southeast Texas.  Results showed that the risk for men with high 

levels of !-carotene, trans-"-carotene, "-cryptoxanthin, and lutein and zeaxanthin in their plasma 

was less than half that of those with low levels of these compounds.  No correlation was found 

between carotenoid plasma levels and the stage of aggressive disease in these patients. This study 

suggests that high plasma levels of carotenoids may help reduce prostate cancer development, 

but not its progression (Chang, Erdman et al. 2005).

6.2.3 Vitamin D

 Another well-known bioactive food component is vitamin D. Although vitamin D 

deficiency is mainly associated with bone-related diseases, interest has risen in vitamin D 

deficiency as a risk factor for different cancer types, mainly colon, breast, ovarian and prostate 

cancer.  A case-control study concluded that patients with plasma levels of 25(OH)D (the main 

form of circulating vitamin D and main marker for vitamin D deficiency) below 30 ng/ml had 

about twice the risk of developing colon cancer (Feskanich, Ma et al. 2004), while another 

revealed a doubling of colon cancer incidence for patients with less than 20ng/ml of vitamin D 

(Tangrea, Helzlsour et al. 1997). The association of 25(OH)D levels in different stages of colon 

cancer was investigated, and results suggested that vitamin D metabolites may have protective 

effects in all the stages of colon carcinogenesis (Braun, Helzlsour et al. 1995).

 Low levels of vitamin D have also been associated with breast cancer risk. Studies 

suggested that women in the lowest quartile of serum 25(OH)D had a five times greater risk of 

breast cancer than those in the highest quartile (Janowsky, Lester et al. 1999), while other case 
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studies suggested that low 25(OH)D plasma levels were associated with a more rapid 

progression of metastatic breast cancer (Brenner, Russell et al. 1998). 

 In a study including 19,000 men with prostate cancer, those with 25(OH)D levels below 

16 ng/ml had a 70% higher incidence rate of prostate cancer than those with higher levels of 

vitamin D, and the incidence of prostate cancer for younger men was 3.5 times higher if their 

levels were below 16 ng/ml (Ahonen, Tenkanen et al. 2000). These studies suggest that vitamin D 

levels have significant effects on the initiation of colon and prostate cancer, and in the 

progression of metastatic breast cancer.

6.2.4 Vitamins A, E, and C

 Additional studies on vitamins A, C, and E have shown inverse correlations between the 

presence of these vitamins and cancer incidence.  In a study investigating the correlation of 

vitamin A, C and E in 5,454 colon cancer patients, results showed that the inverse correlation 

between vitamin intake and colon cancer incidence was statistically significant (Park, 

Spiegelman et al. 2010).  Also, a case-control study that examined the association of antioxidant 

vitamins A, C, and E and beta-carotene for 144 cervical cancer patients in South Korea, showed 

that total intakes of vitamins A, C and E and beta-carotene were inversely correlated with 

cervical cancer risk (Kim, Kim et al. 2010).

Vitamin E is a fat-soluble antioxidant known to quench oxygen radical species formed 

during fat oxidation, while vitamin A (retinol) is known for its role in vision and the production 

of retinoic acid.  Both of these vitamins are well-known components in bioactive foods.  A study 

involving 26 patients with gastroesophageal cancer examined vitamin A and E plasma levels 

compared to the plasma levels of healthy individuals in Eastern Anatolia. Contrastingly, these 
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results showed that the difference in the plasma levels of vitamin A and E between healthy and 

cancer patients was not statistically significant (Yilmaz, Dursun et al. 2010).

 In contrast to vitamin E, vitamin C is a water-soluble vitamin that acts as a powerful 

antioxidant and is highly concentrated in citrus fruits. To better understand the role of citrus fruit 

in cancer risk, 955 patients with oral and pharyngeal cancer, 395 with esophageal, 999 with 

stomach, 3,634 with large bowel, 527 with laryngeal, 2,900 with breast, 454 with endometrial, 

1,031 with ovarian, 1,294 with prostate, and 767 with renal cell cancer were studied in 

Switzerland and Italy.  Results showed that there was a statistically significant inverse correlation 

between citrus fruit consumption and the risk of cancer for the digestive tract and the larynx 

(Foschi, Pelucchi et al. 2010).

 Several additional studies have also demonstrated that the overall nutrient state of an 

individual is positively correlated with the probability of both surviving cancer treatment and 

experiencing remission (Doyle, Kushi et al. 2006; Garg, Yoo et al. 2009; Gupta, Lis et al. 2009).  

Obesity, which can be prevented through modifying diet and activity, has been linked to 

increased probability of recurrence and incidence of secondary cancers in cancer patients.  

Indeed, studies have shown the importance of alternative feeding routes to help sustain nutrition 

during treatment (Doyle, Kushi et al. 2006; Bower and Martin 2009; Garg, Yoo et al. 2009).

7. Conclusion
 It is becoming increasingly evident that lifestyle is a critical component of the prevention 

of many diseases, including cancer.  As discussed, evidence of the direct correlation between 

healthy lifestyle habits and the low incidence of cancer is ever-increasing.  As the breadth of 

scientific research continues to grow, additional light will be shed on the importance of these 
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behaviors in the prevention of cancer and other types of chronic diseases.  The consumption of 

bioactive foods plays an important role in these lifestyle habits.

 It is also becoming evident that patients with cancer who consume high amounts of 

bioactive foods during treatment have a higher chance of survival.  Additional research is needed 

to elucidate the precise mechanisms of this interesting interaction.  While some have speculated 

that the consumption of these foods may help boost the immune system, stemming off secondary 

infections, others have suggested that such a diet may help maintain proper nutritional levels, 

making the patient stronger overall.  Whatever the case may be, the evidence is clear: eating a 

diet rich in bioactive foods helps prevent cancer and maintains more favorable health conditions 

through cancer treatment, thereby reducing the risk of secondary cancers and secondary 

infections (Doyle, Kushi et al. 2006).

 As additional research discoveries are made connecting healthy behavioral habits and 

cancer prevention, the onus of responsibility shifts toward the proper dissemination of this 

knowledge through educational outreach.  Researchers, educators, government agencies, and 

non-governmental organizations alike have the increasing responsibility of providing accurate, 

useful information to people of the world so that the formidable burden of cancer may be 

lessened for each successive generation.
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Annona cherimola is an exotic fruit from the genus Annona, native to the Andean highlands in western South
America. The cherimoya skin, flesh and juice were isolated and analyzed for antioxidant content using the
oxygen radical absorbance capacity (ORAC) assay. The juice showed the highest antioxidant activity, while the
flesh exhibited the lowest. The cherimoya skin, flesh and juice extracts were also incubated with Raji
(Burkitt's Lymphoma) and HT-29 (colon cancer) cell lines, and the antioxidant uptake of cells was measured.
Both cell lines, when subjected to cherimoya juice, showed the highest antioxidant uptake. The cells were
then exposed to AAPH, a radical initiator, to simulate the conditions of cells under oxidative stress, and then
subjected to cherimoya skin, flesh and juice extracts. Both cell lines absorbed more antioxidants after being
pre-exposed to AAPH, indicating that cells under stress have the ability to import antioxidants.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Annona cherimola, commonly known as cherimoya, is a species of
fruit found in different subtropical areas around the world, mainly in
northern Peru and southern Ecuador. Cherimoya is known to have been
cultivated during the times of the Incan Empire, dating back to 1200 BC.
Anthropological evidence suggests that the cherimoya fruit was an
active ingredient in the Incan diet (Bonavia, Ochoa, Tovar, & Palomino,
2004). The cherimoya fruit is known for its exceptional taste, its use in
traditional medicine as an antimicrobial and insecticide, and as an
effective treatment for digestive disorders such as stomachache and
pancreatic ulcers (Amoo, Emenike, & Akpambang, 2008).

Considerable evidence suggests that oxidative stress leads to the
development of conditions such as cancer and heart disease the two
leading causes of death in the United States (Tribble & Frank, 1994; Xu,
Kochanek, Murphy, & Tejada-Vera, 2010). Oxidative stress occurs when
the production of reactive oxygen species (ROS) exceeds antioxidant
capacity, which leads to oxidative damage. Partially reduced forms of
oxygen, such as superoxide and hydrogen peroxide, that are produced
during aerobic metabolism have the potential of causing oxidative
injury to macromolecules such as nucleic acids, proteins and lipids.
Oxygen radicals are capable of initiating radical chain-reactions that
propagate oxidative injury (O'Neill, Standage, Hughes, &Murray, 2001).
DNAdamage is an early event in carcinogenesis, and oxidation is known

to induce 2′-4′-oxidative DNA damagewhichmay lead to the formation
of DNA–protein cross-links, alterations in the carbohydrate-phosphate
backbone, or direct modification of purine and pyrimidine bases.
Tumors may develop if alterations in DNA lead to the activation of
oncogenes or the inactivation of tumor suppressor genes.

Dietary antioxidants found in bioactive food components exert
regulatory effects on cell proliferation and cytotoxicity. Antioxidants
such as vitamin C, vitamin E, soy sterols, and polyphenols help protect
the cell against oxidant-induced proliferation, lipid peroxidation,
glutathione peroxidase activation (Garcia-Alonso, Ros, & Periago, 2006;
Ou, Huang, Hampsch-Woodill, Flanagan, & Deemer, 2002), and also
contribute to thyroid regulation and glucose homeostasis (Panda, Kar, &
Patil, 2009). Evidence indicates that A. cherimola is rich in antioxidants
such as vitamins A and C, making it a beneficial health supplement
(Garcia, Zepeda-Vallejo, Gallegos, Gonzales, & Madrigal, 2008).

Interest in this fruit has also risen due to its high concentration of
acetogenins, which are polyketides that act as secondary metabolites in
plants. Research has accredited beneficial effects to acetogenins,
including the induction of cytotoxic, anti-inflammatory and anti-
tumorous activities, particularly in mammary, pancreatic, prostatic,
and colon cancer cells (Chen, Chang, Chiu,Wu, &Wu, 1999). Analysis of
twelve acetogenins in Annona cornifolia, a fruit related to A. cherimola,
revealed through DPPH radical-scavenging activity that acetogenins
contain antioxidant capacity, comparable to that of ascorbic acid (Santos
Lima, Pimenta, & Boaventura, 2010). Acetogenins are thought to exert
their effects through the inhibition of the ubiquinone oxido-reductase
complex in the mitochondrial electron transport chain and the
inhibition of NADH oxidase in the plasma membrane. Acetogenins
contained in the stems of A. cherimola (Chen et al., 1999) and the seeds
of Annona reticulata (Chen, Chang, Chiu, Wu, & Wu, 1998) have been
isolated and identified, however, antioxidant properties of these
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acetogenins have yet to be assessed in order to evaluate their potential
for use in dietary supplements.

This project explores the potential health benefits of cherimoya
consumption by examining the antioxidant activity of its individual
components, including skin, flesh and juice using the oxygen radical
absorbance capacity (ORAC) assay. The cherimoya extracts were also
incubated with Raji (Burkitt's Lymphoma) cells and HT-29 (colon
cancer) cells to measure antioxidant uptake. Incubations with cheri-
moya juice extract exhibited the highest antioxidant uptake in both cell
lines. Cells were stressed by exposure to 2,2′-azobis(2-aminidopro-
pane) dihydrochloride (AAPH) and then exposed to cherimoya extracts
to measure their antioxidant uptake. Results showed that cells under
oxidative stress import more antioxidants when incubated with
cherimoya skin, flesh, and juice extract, thus suggesting the potential
benefits of consuming antioxidants following exercise.

2. Materials and methods

2.1. Chemicals

2,2′-azobis(2-aminidopropane) dihydrochloride (AAPH) was pur-
chased from Wako Chemicals USA, Inc. (Richmond, VA). RPMI 1640
medium was purchased from Hyclone (Logan, UT). Cosmic Calf Serum
was purchased from Hyclone (Logan, UT). L-glutamine was obtained
from Fisher Scientific (Pittsburgh. PA). Fluorescein-sodium salt was
obtained from Sigma-Aldrich, Inc. (Milwaukee, WI). Hank's Balanced
Solution was purchased from Hyclone (Logan, UT). Trolox (6-hydroxy-
2,5,7,8-tetramethyl-2-carboxylic acid) was purchased from Enzo Life
Sciences, Inc. (Plymouth, PA). Phosphate buffered saline (PBS) was
purchased from Sigma-Aldrich, Inc. (Milwaukee, WI).

2.2. Materials

Costar 96- and 24-well clear culture plates were purchased from
Corning Inc. (Lowell, MA). Raji cells (Burkitt's Lymphoma cell line) and
colon cancer cells (HT-29) were obtained from the American Type
Culture Collection (ATCC).

2.3. Equipment

All fluorescence readings were taken using the BMG FLUOstar
Optima (BMG Laboratories) microplate reader (serial #413-0225). All
data were analyzed using Microsoft Excel and Apple Numbers.

2.4. Burkitt's Lymphoma cell culture

2.4.1. Growth medium
RPMI 1640Mediumwas supplementedwith 10% Fetal Bovine Serum

and 2 mM of L-glutamine. Cells were kept in an incubator with 5%
carbon dioxide at 37 °C.

2.4.2. Changing media
Cells were placed in a conical vial and centrifuged at 450 g for

15 min. Spent media was discarded and new RPMI media was
introduced. The conical vial containing new media was vortexed
and placed in incubation plates. Cell count and viability were
determined via trypan blue staining using a hemocytometer. Cell
viability was maintained above 90% and cell counts were maintained
between 900,000 and 1,100,000 cells/mL.

2.5. HT-29 (colon) cancer cell culture

2.5.1. Growth medium
McCoy Medium was supplemented with 10% Fetal Bovine Serum

and 1.5 mM L-glutamine. Cells were kept in an incubator with 5%
carbon dioxide at 37 °C.

2.5.2. Changing media
Used media was discarded and cells were washed with 5 mL of

Hank's solution. One mL of 0.05% trypsin-EDTA at 37 °C was added to
the flask and evenly dispersed over the surface. The flask was placed
in the 37 °C incubator and observed until the cells were detached from
the walls of the flask. After centrifugation at 450 g for 15 min, the
trypsin was discarded, the pellet of cells was resuspended in 5 mL of
McCoy media, re-seeded in a flask. The new media introduced was
used to rinse the surface of the flask and was pipetted up and down to
dissociate cell clumps. A cell count and viability test was performed
via trypan blue using a hemocytometer. Cell viability was maintained
above 90% and cell counts were maintained between 900,000 and
1,100,000 cells/mL.

2.6. Fruit sample

All the cherimoya fruits were purchased at a local grocery store in
Orem, UT, and were stored in a refrigerator at 3 °C.

2.7. Sample preparation

Cherimoya skin and flesh were excised from the fruit and
homogenized by weighing 0.4 g of sample and diluting it in 10 mL
of distilled water. Juice was extracted through the compression of the
cherimoya flesh. Juice was then homogenized to reduce possible
interference from fruit constituents, according to recent methodo-
logical recommendations (Perez-Jimenez et al., 2008). Samples were
centrifuged at 450 g for 15 min, filter-sterilized and kept in a freezer at
−20 °C until used.

2.8. Oxygen radical absorbance capacity (ORAC) assay

All samples were analyzed using a modified ORAC assay based on
published methods (Garrett, Murray, Robison, & O'Neill, 2010). The
ORAC assay measures oxidative degradation of a fluorescent com-
pound (fluorescein sodium salt) after being exposed to an oxygen
radical initiator, AAPH (2,2′-azobis(2-aminidopropane) dihydrochlor-
ide). All readings were taken in Cole-Parmer black bottom 96-well
plates, with 133 μL Fluorescein (0.1 μM), 50 μL AAPH (4 μM), and
13 μL of antioxidant sample or PBS in each well. Readings were taken
every 2 min for 1 h, followed by readings every 15 min for 3 h.
Measurements were taken by the BMG FLUOstar Microplate reader at
37 °C; 485 nm excitation and 590 nm emission filters were used for
fluorescence readings. All fluorescent measurements were expressed
relative to the initial reading. The area under the curve (AUC) was
calculated by using the difference of area under the fluorescein decay
curves between the sample curve and the fluorescein+AAPH curve.
The AUC measures the total antioxidant activity in the sample minus
the fluorescein+AAPH antioxidant curve.

2.9. Standard curve data

Trolox, a water-soluble analogue of vitamin E, was used as a
control standard. Trolox standards were run at concentrations of
50 μM, 25 μM, 12.5 μM, and 6.25 μM to obtain standard curves for each
trial. Data from each standard curvewere used to convert raw net area
under the sample curve (net AUC) values to Trolox Equivalents per
liter (TE/L). Subsequent calculations converted TE/L to TE/100 g.

2.10. Antioxidant concentration of samples only

Fifty μL of PBS was inserted in the first and last columns of the 96-
well plate and 133 μL of fluorescein was inserted into rows 2–11. The
cherimoya skin, flesh and juice extract were placed in a 37 °C water
bath for 10 min. 13 μL of skin sample was added to rows 2–4, 13 μL of
flesh sample was added to rows 5–7 and 13 μL of juice sample was

2 G. Gupta-Elera et al. / Food Research International xxx (2010) xxx–xxx

Please cite this article as: Gupta-Elera, G., et al., The antioxidant properties of the cherimoya (Annona cherimola) fruit, Food Research
International (2010), doi:10.1016/j.foodres.2010.10.038

 91



added to rows 8–9. Mixtures were pipetted up and down to ensure
homogeneity of the mixture. After the fluorescein was measured
twice in a two minute interval using the FLUOstar Optima fluores-
cence microplate reader, 50 μL of AAPH was placed in rows 2–10.
Fluorescein levels were recorded in 2 minute intervals for 1 h,
followed by 15 minute intervals for 3 h.

2.11. Antioxidant uptake cellular model

OnemLof cellswas placed in eachwell of the 24-well plate, and each
column of the plate was mixed with 100 μL of cherimoya skin, flesh or
juice extract. One mL of cells with 100 μL of PBS served as the control.
The incubation plate was placed in the incubator for 20 min. The
samples fromeachwellwere thenplaced in labeled eppendorf vials that
were centrifuged for 15 min at 450 g. The supernatantwasdiscarded. To
perform the wash, 1 mL of sterilized PBS was added to each eppendorf
vial and vortexed until the cells were suspended in solution. The
eppendorf vials were subjected to a 37 °Cwater bath for 3 min and then
to a liquid nitrogen bath for 3 min. The freeze/thaw process was
repeated three times. The eppendorf vials were centrifuged for 30 min
at 3000 g. The supernatant (cell lysate) was then placed in a 96-well
plate to perform the ORAC assay to determine antioxidant uptake in the
cells.

2.12. Simulation of oxidative stress: an alternate cellular model

One mL of cells with 100 μL of a 1:16 dilution of AAPH:sterile PBS
was placed in each well of the 24-well plate. The incubation plate was
placed in the incubator for 10 min. The cells were then placed in
eppendorf vials and centrifuged for 15 min at 450 g. The supernatant
was discarded and 1 mL of PBS was added to each eppendorf vial and
vortexed so the cells were re-suspended. Vials were again centrifuged
for 15 min at 450 g. The supernatant was discarded and 1 mL of cell
media was added to the eppendorf vials and vortexed until cells were
re-suspended. The cells with the media were placed in each well of
the 24-well incubation plate, and an additional 100 μL of cherimoya
skin, flesh or juice extract was added. The plate was placed in the
incubator for 20 min and same procedure outlined earlier was
followed to measure the antioxidant uptake of the cells.

2.13. Cytotoxicity

To eliminate the possibility that the cells were exhibiting higher
antioxidant uptake because the cell membrane was being damaged by
AAPH exposure, Raji cells, with a cell count between 900,000 and
1,100,000 cells/mL and a viability above 90%, were treated with 1:1,
1:2, 1:4, 1:8 and 1:16 dilutions of AAPH in sterile PBS in a 24-well
plate. After being exposed to the different concentrations of AAPH,
cells were placed in the incubator for 24 h. The cell count and viability
for each well containing the different dilutions of AAPH were
determined via trypan blue staining using a hemocytometer. The
1:16 dilution of AAPH sterile PBS maintained cell viability and the cell
count had increased, showing that the AAPH treatment had not
substantially damaged the cell membrane, as to affect the cell
integrity.

3. Results

3.1. Raw cherimoya extract

Antioxidant analyses of several cherimoya skin, flesh and juice
extracts yielded the following data: The highest measured antioxidant
activity was found in the cherimoya juice at 98,085 TE/100 g
(stdev=12,017, N=48). The next highest activity was in the
cherimoya skin at 74,714 TE/100 g (stdev=6614, N=48), and the
lowest activity was found in the cherimoya flesh at 6004 TE/100 g

(stdev=1257, N=48). Measurements on each extract were repeated
four times, with 12 replicates for each sample, giving a total of 48
measurements per sample. Data represent mean values for each.

3.2. Raji incubations

Initial assessment of antioxidant activity in a Raji cell lysate
following incubationwith PBS revealed a final Trolox Equivalent value
of 2147 TE/100 mg sample per 1,100,000 cells (N=36). All of the
following data are reported in TE/100 g sample per 1,100,000 cells.
Incubations with cherimoya skin, flesh, and juice extracts revealed
higher TE values for each sample when compared to PBS controls
(4136 for cherimoya skin, N=36; 2580 for cherimoya flesh, N=36;
5830 for cherimoya juice, N=36). Assessments taken from each
sample following pre-exposure to AAPH revealed increased antiox-
idant activity in each sample, including the PBS control (4097,
N=36). Sample data revealed a mean value of 5895 (N=36) for the
cherimoya skin extract, 6939 (N=36) for the cherimoya flesh extract,
and 7527 (N=36) for the cherimoya juice extract (see Fig. 1).

3.3. HT-29 incubations

Assessment of HT-29 cell lysate antioxidant activity revealed
trends similar to those found in the Raji lysates (Fig. 2). Initial
measurement of PBS control-incubated HT-29 cell lysate revealed a
mean TE value of 1521 (N=24). Data for cherimoya-incubated HT-29
samples revealed a mean value of 2904 (N=24) for the cherimoya
skin extract, 1760 (N=24) for the cherimoya flesh extract, and 5644
(N=24) for the cherimoya juice extract. Pre-exposure to AAPH
resulted in higher antioxidant assessments for each sample, including
PBS controls: 7769 (N=24) for PBS control, 10,343 (N=24) for
cherimoya skin extract, 10,433 (N=24) for cherimoya flesh extract,
and 11,929 (N=24) for cherimoya juice extract. The same trend
observed in the Raji cell model was observed in the HT-29 cells, in that
the highest overall values were seen in the juice-incubated cell lysate.
In contrast to data for Raji cells, however, the flesh and skin-incubated
cell lysates were almost equal, where the values for the skin-
incubated cell lysates were larger than the flesh-incubated cell lysate
in the Raji model.

4. Discussion

4.1. Analysis of raw cherimoya extracts

The current study's antioxidant analyses of raw cherimoya
extracts, to our knowledge, represent the first attempt at such
quantification using the ORAC assay, although 1,1-Diphenyl-2-
picrylhydrazyl radical (DPPH) assay analyses have been previously
preformed (Vasco, Ruales, & Kamal-Eldin, 2008). When each
individual cherimoya component was analyzed for antioxidant
activity, the juice exhibited the highest antioxidant activity while
the skin contained the lowest. This may be due to the higher
concentrations of vitamins A and C found in the fruit flesh (16.63 μg/
100 g of vitamin A and 42.38 mg/100 g of vitamin C) (Amoo et al.,
2008). Further analysis and testing of the skin and fruit composition
are needed to provide additional insight into the compounds present
in each part of the fruit that contribute to their overall antioxidant
capacities.

4.2. Incubation analysis

Raji cells and HT-29 cells were exposed to cherimoya skin, flesh
and juice extracts and the antioxidant capacity of the cell lysates were
measured. Antioxidant values in the cellularmodels were significantly
different from the raw antioxidant extract levels themselves. This is
likely due to the dynamic cellular processes that allow antioxidant
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compounds from the medium to cross the cellular membrane into the
cellular interior. Individual cells are also equipped with their own
processes to cope with oxidative stress, resulting in increased
antioxidant protection. Both Raji and HT-29 cells exposed to
cherimoya juice exhibited higher antioxidant activity in their cell
lysates (when compared to those exposed to skin or flesh extract),
while cells exposed to cherimoya skin extract had the lowest
antioxidant activity of the group. This suggests that the antioxidant
compounds in the cherimoya juice are both readily accessible and
beneficial to the cells for uptake. By contrast, the cherimoya flesh, for
example, either does not contain usable antioxidant compounds or is
lacking in antioxidant content.

Student's t-tests performed on data also revealed statistically
significant increases in antioxidant capacity in both Raji (one-tailed
p=0.016) and HT-29 (one-tailed p=0.0006) models. This suggests
that both cell lines are equipped to respond to the oxidative stresses
with which they are presented, and encourages further study of more
broad and diverse cell lines.

Overall, it was observed that HT-29 cells produced a much greater
percent increase in their antioxidant activities following exposure to
oxidative stress. The average percent increase for all Raji runswas 82.9%
(max=169%, min=29.1%, stdev=62.2), while the average percent
increase for all HT-29 runs was 318% (max=493%, min=111%,
stdev=169). Student's t-test analysis revealed that the difference in
HT-29 cellular response compared to that of the Raji cells was
statistically significant (p=0.013). These results suggest that the HT-
29 cell line may be more robust in its ability to respond to oxidative
stress and react to protect itself against these stresses. Further testing of
this and other cell lines may be beneficial in determining common
cellular responses in various cell types. Such analyses may also help to
elucidate themechanisms responsible for responding to oxidative stress
in varying cell types. It appears from the datamentioned earlier that the
cell lines tested have the ability to sense oxidative damage and
correspondingly increase their uptake of available antioxidants. Further

research regarding different levels of oxidative stress exposure, as well
as experiments with different classes of antioxidants, may prove
beneficial in understanding the mechanisms involved in cellular
responses to oxidative stress.

From the PBS results (Figs. 1 and 2), it can be seen that cells
exposed to oxidants internally increase their antioxidant capacity.
However, cells exposed to fruit extracts substantially increase their
intracellular antioxidant levels and these increases are higher than the
basal antioxidant levels in the cells, indicating that cells have the
ability to import available antioxidants when experiencing oxidative
stress. It is interesting to note that while the cherimoya juice is the
most potent antioxidant under conditions of oxidative stress, there is
a much higher percentage increase in antioxidant activity when
exposed to skin and flesh. This is significant because it suggests
benefits from the consumption of all components of Cherimoya fruit,
including skin, flesh and juice.

5. Conclusion

The first objective of this research was to analyze the antioxidant
capacities of the A. cherimola fruit, specifically examining its skin,
flesh, and juice. Initial analyses suggested that A. cherimola contains
high antioxidative properties, and that the highest antioxidative
potential is found first in the plant's juice, and next in its skin. Further
chemical analyses of A. cherimola are needed to more fully understand
its chemical composition and the antioxidant compounds it contains.
Future research may also include studying the plant's stem, leaves,
and flowers for antioxidant activity and chemical composition.
Regular consumption of A. cherimola may contribute to increased
antioxidant capacity of human serum, and may thereby help to
prevent the development and progression of cardiovascular disease,
neurodegenerative diseases, cancer, and other diseases thought to be
linked to oxidative stress. Further studies are needed to add insight
into the potential role of A. cherimola in the prevention of these

Fig. 1. Changes in antioxidant activity in Raji cell lysates before and after incubation with AAPH. All values were reported as TE/100 g sample per 1,100,000 cells.

Fig. 2. Changes in antioxidant activity in HT-29 cell lysates before and after incubation with AAPH. All values were reported as TE/100 g sample per 1,100,000 cells.
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conditions. Additional studies are needed to further elucidate the
intracellular mechanisms that may be contributing to the increased
antioxidant capacity in these and other cell lines. Further study may
also provide insights on the effects of changes of baseline oxidative
stress in humans and how these changes affect tolerance to oxidative
stress in future stressful environments. Additional insights may be
gained into the effects of exercise on oxidative stress and the body's
ability to protect its tissues during future stressful events. These
insights may also aid in the future study of the development and
progression of oxidative stress-induced degenerative conditions, and
how oxidative-antioxidant equilibria may increase prevention against
such conditions.

As a second focus of this paper, the effects of pre-exposure to
oxidative stress on cellular antioxidant uptake were examined, using
A. cherimola extracts as the source of antioxidants. The data indicate that
pre-exposure to oxidative stress may contribute to increased antioxi-
dant uptake in bothRaji andHT-29 cell lines. In both cell lines, cell lysate
antioxidant capacity was significantly higher when cells were exposed
to oxidative stress, suggesting that the presence of oxidative stress
contributed to the uptake of antioxidants as part of a cellular response
mechanism. These data correlate with similar studies on the effect of
pre-exposure to inflammation-inducing environments on tissues
(Schmid-Schonbein, 2006), and suggest that the mechanisms that
influence these responses should be studied further on the cellular level.

Results show that while cherimoya juice is a potent antioxidant,
flesh and skin consumption, along with the juice, will allow a higher
antioxidant uptake when cells are placed under oxidative stress.
Therefore, when consuming cherimoya, it is beneficial to include all
parts of the fruit. Further research may shed light on the use of
A. cherimola as a useful dietary supplement.

References

Amoo, I. A., Emenike, A. E., & Akpambang, V. O. E. (2008). Compositional evaluation of
Annona cherimoya (custard apple) fruit. Trends in Applied Sciences Research, 2,
216−220.

Bonavia, D., Ochoa, C., Tovar, O., & Palomino, R. (2004). Archaeological evidence of
cherimoya (Annona cherimolia mill.) and guanabana (Annona muricata L.) in
ancient Peru. Economic Botany, 58, 509−522.

Chen, C., Chang, F., Chiu, H., Wu, M., &Wu, Y. (1998). Acetogenins from seeds of Annona
reticulata. Phytochemistry, 47, 1057−1061.

Chen, C., Chang, F., Chiu, H., Wu, M., & Wu, Y. (1999). Aromin-a, an Annonaceous
acetogenin from Annona cherimola. Phytochemistry, 51, 177−182.

Garcia, K., Zepeda-Vallejo, L., Gallegos, E., Gonzales, I., & Madrigal, L. (2008). Genotoxic
and cytotoxic effects produced by acetogenins obtained from Annona cherimola.
Biological and Pharmaceutical Bulletin, 31, 2346−2349.

Garcia-Alonso, J., Ros, G., & Periago, M. (2006). Antiproliferative and cytoprotective
activities of a phenolic-rich juice in HepG2 cells. Food Research International, 39,
982−991.

Garrett, A., Murray, B., Robison, R., & O'Neill, K. (2010). Measuring antioxidant capacity
using the ORAC and TOSC assays. In D. Armstrong (Ed.), Advanced protocols in
oxidative stress II (pp. 251−262). New York: Humana Press.

O'Neill, K., Standage, S., Hughes, B., & Murray, B. (2001). Fruits and vegetables and the
prevention of oxidative DNA damage. Vegetables, Fruits, and Herbs in Health
Promotion (pp. 135−146).

Ou, B., Huang, D., Hampsch-Woodill, M., Flanagan, J., & Deemer, E. (2002). Analysis of
antioxidant activities of common vegetables employing oxygen radical absorbance
capacity (ORAC) and ferric reducing antioxidant power (FRAP) assays: A
comparative study. Journal of Agricultural and Food Chemistry, 50, 3122−3128.

Panda, S., Kar, A., & Patil, S. (2009). Soy sterols in the regulation of thyroid functions,
glucose homeostasis and hepatic lipid peroxidation in mice. Food Research
International, 42, 1087−1092.

Perez-Jimenez, J., Arranz, S., Tabernero, M., Diaz-Rubio, M., Serrano, J., Goñi, I., & Saura-
Calixto, F. (2008). Updatedmethodology to determine antioxidant capacity in plant
foods, oils and beverages: Extraction, measurement and expression of results. Food
Research International, 41, 274−285.

Santos Lima, L., Pimenta, L., & Boaventura, M. (2010). Acetogenins from Annona
cornifolia and their antioxidant capacity. Food Chemistry, 122, 1129−1138.

Schmid-Schonbein, G. (2006). Analysis of inflammation. Annual Review of Biomedical
Engineering, 8, 93−151.

Tribble, D., & Frank, E. (1994). Dietary antioxidants, cancer, and atherosclerotic heart
disease. The Western Journal of Medicine, 161, 605−612.

Vasco, C., Ruales, J., & Kamal-Eldin, A. (2008). Total phenolic compounds and
antioxidant capacities of major fruits from Ecuador. Food Chemistry, 111, 816−823.

Xu, J., Kochanek, K., Murphy, S., & Tejada-Vera, B. (2010). Deaths: Final data for 2007.
National Vital Statistics Reports, 19, 1–136. Hyattsville, MD: National Center for
Health Statistics.

5G. Gupta-Elera et al. / Food Research International xxx (2010) xxx–xxx

Please cite this article as: Gupta-Elera, G., et al., The antioxidant properties of the cherimoya (Annona cherimola) fruit, Food Research
International (2010), doi:10.1016/j.foodres.2010.10.038

94



APPENDIX: PRESENTATIONS AND PUBLICATIONS

PUBLICATIONS
The Role of Oxidative Stress in Prostate Cancer.  Gaytri Gupta-Elera, Andrew R. Garrett, Richard A. Robison, 
and Kim L. O’Neill.  Submitted to Cancer Prevention Research March 8,2011.

Bioactive Foods in Aging: Role in Cancer Prevention and Treatment.  Andrew R. Garrett, Gaytri Gupta-Elera, 
Mary E. Keller, Richard A. Robison, and Kim L. O’Neill.  2011.  Submitted for publication to El Sevier on 
March 1, 2011.

The antioxidant properties of the cherimoya (Annona cherimola) fruit. (2010) Gaytri Gupta-Elera, Andrew R. 
Garrett, Andrés D. Martinez, Richard A. Robison, and Kim L. O’Neill.   Food Research International, 
doi:10.1016/j.foodres.2010.10.038

Developing a Framework for Predicting Relative Antioxidant Capacity Based on Molecular Structure.  An-
drew R. Garrett, Jeffrey W. Collins, Jennifer M. Handy, Jorge A. Chauca, Richard A. Robison, Byron K. Mur-
ray and Kim L. O’Neill.  Manuscript submitted for publication to the Journal of Functional Foods May 3, 
2010.

Measuring Antioxidant Capacity Using the ORAC and TOSC Assays.  Andrew R. Garrett, Byron K. Murray, 
Richard A. Robison, and Kim L. O’Neill.  Advanced Protocols in Oxidative Stress II in Methods in Molecular 
Biology (series).  Humana Press, 2010, ed. by Donald J. Armstrong. Vol 594, pp. 251-262.

PRESENTATIONS
Antioxidant Levels in Blueberries: Are Organic Better Than Conventional?  Ryan D. Kraus, Jacob R. Jensen, 
Andrew R. Garrett, Richard A. Robison, and Kim L. O’Neill.  Presented as an oral presentation at the Ameri-
can Society for Microbiology Intermountain Branch Meeting, Ogden Utah, April 9, 2011.  Presentation won 
first-place award at the conference.

Power juices: The role of exotic, anti-oxidant fruit juices in preventing cancer.  Timothy C. Michaelis, Andrés 
D. Martínez, Andrew R. Garrett,  José M. Peña, Richard A. Robison, and Kim L. O’Neill.  Presented as an 
oral presentation at the American Society for Microbiology Intermountain Branch Meeting, Ogden Utah, 
April 9, 2011.

Cancer Patients Possess Lower Serum Antioxidant Levels than Age Matched Healthy Subjects.  Adam J 
Grooms, Trevor S. Bluemel, Michael Q. Sanderson, Jacob R Jensen, Andrew R. Garrett, Richard A. Robison, 
and Kim L. O’Neill.  Presented as an oral presentation at the American Society for Microbiology Intermoun-
tain Branch Meeting, Ogden Utah, April 9, 2011.

The Organic Panic.  Jacob R. Jensen, Andrew R. Garrett, Ryan D. Kraus, Kylie Measom, Matthew Gillam, 
Richard A. Robison, and Kim L. O’Neill.  Presented as a poster presentation at the American Association for 
Cancer Research (AACR) meeting April 5, 2011 in Orlando, Florida.

Serum Levels of Antioxidants in college aged, elderly, and cancer patients.  Trevor S. Bluemel, Michael Q. 
Sanderson, Jacob R. Jensen, Andrew R. Garrett, Melissa M. Alegre, Richard A. Robison, and Kim L. O’Neill.  
Presented as a poster presentation at the American Association for Cancer Research (AACR) meeting April 4, 
2011 in Orlando, Florida.

 95



Raji antioxidant uptake of exotic fruit juices increases following pre-exposure to oxidative stress.  Andrés D. 
Martinez, Andrew R. Garrett, Timothy C. Michaelis, José M. Peña, Richard A. Robison, and Kim L. O’Neill.  
Presented as a poster presentation at the American Association for Cancer Research (AACR) meeting April 2, 
2011 in Orlando, Florida.

The Organic Panic.  Jacob R. Jensen, Andrew R. Garrett, Ryan D. Kraus, Kylie Measom, Matthew Gillam, 
Richard A. Robison, and Kim L. O’Neill.  Presented as a poster presentation at the Undergraduate Caucus of 
the American Association for Cancer Research (AACR) meeting April 2, 2011 in Orlando, Florida.

Serum Levels of Antioxidants in college aged, elderly, and cancer patients.  Trevor S. Bluemel, Michael Q. 
Sanderson, Jacob R. Jensen, Andrew R. Garrett, Melissa M. Alegre, Richard A. Robison, and Kim L. O’Neill.  
Presented as a poster presentation at the Undergraduate Caucus of the American Association for Cancer Re-
search (AACR) meeting April 2, 2011 in Orlando, Florida.

Oxidative Stress Promotes Increased Antioxidant Uptake in a Cellular Model.  Jorge A. Chauca, Andrew R. 
Garrett, Andres D. Martinez, Evita Giraldez, Jason Loong, Jon Whitaker, José M. Peña, Richard A. Robison, 
and Kim L. O’Neill.  Presented as a poster presentation on April 10, 2010 at the American Society for Micro-
biology Intermountain Branch Meeting in Provo Utah.

A novel method for assessing antioxidant capacity based on structural characteristics.  Andrew R. Garrett, 
Jennifer M. Handy, Jorge A. Chauca, Jeffrey W. Collins, Richard A. Robison, Byron K. Murray, Kim L. O'Neill.  
Presented as a poster presentation at the American Association for Cancer Research (AACR) meeting April 
21, 2009 in Denver Colorado.

Grapes of Wrath: A Fight Against Oxidizers.  Jennifer M. Handy, Andrew R. Garrett, Jorge A. Chauca, Jeffery 
W. Collins, Richard A. Robison, Bryon K. Murray, Kim L. O'Neill.  Presented as a poster presentation at the 
American Association for Cancer Research (AACR) meeting April 19, 2009 in Denver Colorado.

Green Tea Health Benefits and Costs--Its About Finding Balance.  Jordan G. McDonald, J. McBride, A. Gar-
rett, J. Handy, R. Enz, B. K. Murray, R. A. Robison, K. L. O'Neill.  Presented at the American Association for 
Cancer Research (AACR) meeting as an oral presentation April 20, 2009 in Denver Colorado.

A Model for Predicting Antioxidant Capacity From a Chemist’s Point of View.  J. W. Collins, A. R. Garrett, J. 
M. Handy, J. A. Chauca, R.A. Robison, and K. L. O’Neill.  Presented as an oral presentation on March 21, 
2009 at the American Society for Microbiology Intermountain Branch meeting, Salt Lake City UT.

Using a Monoclonal Antibody to TK1 to Specifically Identify Malignant Tissue. Andrew Garrett, Robert Fuller, 
Kristie Aamodt, Robert Staples, Byron Murray and Kim O’Neill.  Oral presentation at the American Society 
for Microbiology Intermountain Branch meeting, Grand Junction Colorado, April 21, 2007.

96



BIBLIOGRAPHY
1. Singh PP, Mahadi F, Roy A, Sharma P. Reactive oxygen species, reactive nitrogen species 

and antioxidants in etiopathogenesis of diabetes mellitus type-2. Indian Journal of Clini-
cal Biochemistry. 2009;24:324-42.

2. Markesbery WR. Oxidative Stress Hypothesis in Alzheimer's Disease. Free Radical Biol-
ogy and Medicine. 1997;23:134-47.

3. Liu B, Chen Y, St. Clair DK. ROS and p53: A versatile partnership. Free Radical Biology 
and Medicine. 2008;44:1529-35.

4. Emerit J, Edeas M, Bricaire F. Neurodegenerative diseases and oxidative stress. Biome-
decine & Pharmacotherapy. 2004;58:39-46.

5. Pratico D, Clark CM, Liun F, Lee VYM, Trojanowski JQ. Increase of Brain Oxidative 
Stress in Mild Cognitive Impairment. Archives of Neurology. 2002;59:972-6.

6. WHO. 10 Facts About Cancer. 2010  [cited November 2, 2010]; Available from: 
http://www.who.int/features/factfiles/cancer/en/index.html

7. ACS. Cancer Facts and Figures 2010. Atlanta: American Cancer Society; 2010.
8. Bray F, Møller B. Predicting the future burden of cancer. Nature Reviews Cancer. 

2005;6:63-74.
9. Anand P, Kunnumakara AB, Sundaram C, Harikumar KB, Tharakan ST, Lai OS, et al. 

Cancer is a Preventable Disease that Requires Major Lifestyle Changes. Pharmaceutical 
Research. 2008;25:2097-116.

10. Schmid-Schonbein. Analysis of Inflammation. Annual Review of Biomedical Engineer-
ing. 2006;8:93-151.

11. AICR. Food, Nutrition, Physical Activity, and the Prevention of Cancer: A Global Per-
spective. Washington DC: World Cancer Research Fund/American Institute for Cancer 
Research; 2007.

12. Garrett AR, Murray BK, Robison RA, O'Neill KL. Measuring antioxidant capacity using 
the ORAC and TOSC assays. Methods Mol Biol. 2010;594:251-62.

13. Baynes JW, Thorpe SR. Role of Oxidative Stress in Diabetic Complications. Diabetes. 
1999;48:1-9.

14. Reiter RJ. Oxidative Processes and Antioxidative Defense Mechanisms in the Aging 
Brain. Federation of American Societies for Experimental Biology. 1995;9:526-33.

15. O'Donnell VB, Eiserich JP, Chumley PH, Jablonsky MJ, Krishna NR, Kirk M, et al. Ni-
tration of Unsaturated Fatty Acids by Nitric Oxide-Derived Reactive Nitrogen Species 
Peroxynitrite, Nitrous Acid, Nitrogen Dioxide, and Nitronium Ion. Chemical Research in 
Toxicology. 1999;12.

16. Pacher P, Beckman JS, Liudet L. Nitric Oxide and Peroxynitrite in Health and Disease. 
Physiological Reviews. 2007;87:315-424.

 97



17. Iovine NM, Pursnani S, Voldman A, Wasserman G, Blaser MJ, Weinrauch Y. Reactive 
Nitrogen Species Contribute to Innate Host Defense against Campylobacter jejuni. Infec-
tion and Immunity. 2008;76:986-93.

18. Neu X, Smith CW, Kubes P. Intracellular Oxidative Stress Induced by Nitric Oxide Syn-
thesis Inhibition Increases Endothelial Cell Adhesion to Neutrophils. Circulation Re-
search. 1994;74:1133-40.

19. Shindo Y, Witt E, Han D, Epstein W, Packer L. Enzymic and non-enzymic antioxidants in 
epidermis and dermis of human skin. Journal of Investigative Dermatology. 
1994;102:122-4.

20. O'Neill KL, Murray BK. Power Plants. New York: Woodland Publishing; 2002.
21. Maxwell SRJ, Thomason H, Sandler D, Leguen C, Baxter MA, Thorpe GHG, et al. Anti-

oxidant status in patients with uncomplicated insulin-dependent and non-insulin-
dependent diabetes mellitus. European Journal of Clinical Investigation. 1997;27:484-90.

22. McCann SE, Thompson LU, Nie J, Dorn J, Trevisan M, Shields PG, et al. Dietary lignan 
intakes in relation to survival among women with breast cancer: the Western New York 
Exposures and Breast Cancer (WEB) Study. Breast Cancer Research and Treatment. 
2009;122:229-35.

23. Sakhi AK, Bohn SK, Smeland S, Thoresen M, Smedshaug GB, Tausjo J, et al. Postradio-
therapy plasma lutein, α-carotene, and β-carotene are positively associated with survival 
in patients with head and neck squamous cell carcinoma. Nutrition and Cancer. 
2010;62:322-8.

24. Garg S, Yoo J, Winquist E. Nutritional support for head and neck cancer patients receiv-
ing radiotherapy: a systematic review. Supportive Care in Cancer. 2009;18:667-77.

25. Pierce JP, Faerber S, Wright FA, Rock CL, Newman V, Flatt SW, et al. A randomized trial 
of the effect of a plant-based dietary pattern on additional breast cancer events and sur-
vival: the Women’s Healthy Eating and Living (WHEL) Study. Controlled Clinical Trials. 
2002;23:728-56.

26. Alarcón de la Lastra C, Villegas I. Resveratrol as an anti-inflammatory and anti-aging 
agent: Mechanisms and clinical implications. Molecular Nutrition & Food Research. 
2005;49:405-30.

27. Ndiaye M, Philippe C, Mukhtar H, Ahmad N. The grape antioxidant resveratrol for skin 
disorders: Promise, prospects, and challenges. Archives of Biochemistry and Biophysics. 
2011.

28. Bass T, Weinkove D, Houthoofd K, Gems D, Partridge L. Effects of resveratrol on life-
span in Drosophila melanogaster and Caenorhabditis elegans. Mechanisms of Ageing and 
Development. 2007;128:546-52.

29. Miller RA, Harrison DE, Astle CM, Baur JA, Boyd AR, de Cabo R, et al. Rapamycin, 
But Not Resveratrol or Simvastatin, Extends Life Span of Genetically Heterogeneous 
Mice. The Journals of Gerontology Series A: Biological Sciences and Medical Sciences. 
2010;66A:191-201.

98



30. Hsieh Tc, Huang Yc, Wu JM. Control of prostate cell growth, DNA damage and repair 
and gene expression by resveratrol analogues, in vitro. Carcinogenesis. 2010;32:93-101.

31. Whitlock NC, Bahn JH, Lee SH, Eling TE, Baek SJ. Resveratrol-Induced Apoptosis Is 
Mediated by Early Growth Response-1, Kruppel-Like Factor 4, and Activating Transcrip-
tion Factor 3. Cancer Prevention Research. 2011;4:116-27.

32. Chang S, Erdman JW, Clinton SK, Vadiveloo M, Strom SS, Yamamura Y, et al. Relation-
ship between plasma carotenoids and prostate cancer. Nutrition and Cancer. 
2005;53:127-34.

33. Feskanich D, Ma J, Fuchs CS, Kirkner GJ, Hankinson SE, Hollis BW, et al. Plasma vita-
min D metabolites and risk of colorectal cancer in women. Cancer Epidemiology, Bio-
markers, & Prevention. 2004;13:1502-8.

34. Tangrea J, Helzlsour K, Pietinen P, Taylor P, Hollis B, Virtamo J, et al. Serum levels of 
vitamin D metabolites and the subsequent risk of colon and rectal cancer in Finnish men. 
Cancer Causes & Control. 1997;8:615-25.

35. Braun MM, Helzlsour KJ, Hollis BW, Comstock GW. Colon cancer and serum vitamin D 
metabolite levels 10-17 years prior to diagnosis. American Journal of Epidemiology. 
1995;142:608-11.

36. Janowsky EC, Lester GE, Weinberg CR, Millikan RC, Schildkraut JM, Garrett PA, et al. 
Association between low levels of 1,25-dihydroxyvitamin D and breast cancer risk. Pub-
lic Health Nutrition. 1999;2:283-91.

37. Brenner BM, Russell N, Albrecht S, Davies RJ. The effect of dietary vitamin D3 on the 
intracellular calcium gradient in mammalian colonic crypts. Cancer Letters. 
1998;127:43-53.

38. Ahonen MH, Tenkanen L, Teppo L, Hakama M, Tuohimaa P. Prostate cancer risk and 
prediagnostic serum 25-hydroxyvitamin D levels (Finland). Cancer Causes & Control. 
2000;11:847-52.

39. Park Y, Spiegelman D, Hunter DJ, Albanes D, Bergkvist L, Buring JE, et al. Intakes of 
vitamins A, C, and E and use of multiple vitamin supplements and risk of colon cancer: a 
pooled analysis of prospective cohort studies. Cancer Causes & Control. 
2010;21:1745-57.

40. Kim J, Kim MK, Lee JK, Kim JH, Son SK, Song ES, et al. Intakes of vitamin A, C, and 
E, and beta-carotene are associated with risk of cervical cancer: a case-control study in 
Korea. Nutrition and Cancer. 2010;62:181-9.

41. Yilmaz O, Dursun H, Keles S, Yilmaz A, Okcu N. Plasma vitamin A and E levels in pa-
tients with gastroesophageal cancer in Eastern Anatolia. Turkish Journal of Medical Sci-
ences. 2010;40:115-9.

42. Foschi R, Pelucchi C, Dal Maso L, Rossi M, Levi F, Talamini R, et al. Citrus fruit and 
cancer risk in a network of case-control studies. Cancer Causes & Control. 
2010;21:237-41.

 99



43. Doyle C, Kushi LH, Byers T, Courneya KS, Demark-Wahnefried W, Grant B, et al. Nutri-
tion and physical activity during and after cancer treatment: An american cancer society 
guide for informed choices. CA: A Cancer Journal for Clinicians. 2006;56:323-53.

44. Gupta D, Lis CG, Vashi PG, Lammersfeld CA. Impact of improved nutritional status on 
survival in ovarian cancer. Supportive Care in Cancer. 2009;18:373-81.

45. Pellegrini N, Del Rio D, Colombi B, Bianchi M, Brighenti F. Application of the 2,2'-
azinobis (3-ethylbenzothiazoline-6-sulfonic acid) radial cation assay to a flow injection 
system for the evaluation of antioxdant activity of some pure compounds and beverages. 
Journal of Agricultural and Food Chemistry. 2003;51:260-4.

46. Pulido R, Bravo L, Suara-Calixto F. Antioxidant activity of dietary polyphenols as deter-
mined by a modified ferric reducing/antioxidant power assay. Journal of Agricultural and 
Food Chemistry. 2000;48:3396-402.

47. Cao G, Prior RL. Comparison of different analytical methods for assessing total antioxi-
dant capacity of human serum. Clinical Chemistry. 1998;44:1309-15.

48. Tomer DP, McLeman LD, Ohmine S, Scherer PM, Murray BK, O'Neill KL. Comparison 
of the Total Oxyradical Scavenging Capacity and Oxygen Radical Absorbance Capacity 
Antioxidant Assays. Journal of Medicinal Food. 2007;10:337-44.

49. Wolfe KL, Liu RH. Structure-activity relationships of flavonoids in the cellualr antioxi-
dant activity assay. Journal of Agricultural and Food Chemistry. 2008;56:8404-11.

50. Montoro P, Braca A, Pizza C, Detommasi N. Structure-antioxidant activity relationships 
of flavonoids isolated from different plant species. Food Chemistry. 2005;92:349-55.

51. Bao L, Ma X, Song X, Wang M, Liu H. Two new resveratrol tetramers isolated from Cay-
ratia japonica (Thunb.) Gagn. with strong inhibitory activity on fatty acid synthase and 
antioxidant activity. Chemistry & Biodiversity. 2010;7:2931-40.

52. Vogel S, Barbic M, Jürgenliemk G, Heilmann J. Synthesis, cytotoxicity, anti-oxidative 
and anti-inflammatory activity of chalcones and influence of A-ring modifications on the 
pharmacological effect. European Journal of Medicinal Chemistry. 2010;45:2206-13.

53. Vogel S, Ohmayer S, Brunner G, Heilmann J. Natural and non-natural prenylated chal-
cones: Synthesis, cytotoxicity and anti-oxidative activity. Bioorganic & Medicinal Chem-
istry. 2008;16:4286-93.

54. Gacche R, Khsirsagar M, Kamble S, Bandgar B, Dhole N, Shisode K, et al. Antioxidant 
and anti-inflammatory related activities of selected synthetic chalcones: structure–activity 
relationship studies using computational tools. 56. 2008;7.

55. Samadi A, Soriano E, Revuelta J, Valderas C, Chioua M, Garrido I, et al. Synthesis, struc-
ture, theoretical and experimental in vitro antioxidant/pharmacological properties of α-
aryl, N-alkyl nitrones, as potential agents for the treatment of cerebral ischemia. Bioor-
ganic & Medicinal Chemistry. 2011;19:951-60.

100



56. Seeram NP, Nair MG. Inhibition of Lipid Peroxidation and Structure−Activity-Related 
Studies of the Dietary Constituents Anthocyanins, Anthocyanidins, and Catechins. Jour-
nal of Agricultural and Food Chemistry. 2002;50:5308-12.

57. USDA. ORAC of Selected Foods 2010. Agricultural Research Service. 2010:1-48.
58. Company R, Serafim A, Cosson R, Camus L, Shillito B, Fiala-Medioni A, et al. The ef-

fect of cadmium on antioxidant responses and the susceptibility to oxidative stress in the 
hydrothermal vent mussel Bathymodiolus azoricus. Marine Biology. 2006;148:817-25.

59. Huang D, Ou B, Prior RL. The chemistry begind antioxidant capacity assays. Journal of 
Agricultural and Food Chemistry. 2005;53:1841-56.

60. Regioli F, Winston GW. Quantification of total oxidant scavenging capacity of antioxi-
dants for peroxynitrite, peroxyl radicals, and hydroxyl radicals. Toxicology and Applied 
Pharmacology. 1999;156:96-105.

61. Dugas AJ, Castaneda-Acosta J, Bonin GC, Price KL, Fischer NH, Winston GW. Evalua-
tion of the total peroxyl radical-scavenging capacity of flavonoids: structure-activity rela-
tionships. Journal of Natural Products. 2000;63:327-31.

62. Lichtenthaler R, Rodrigues RB, Maia JGS, Papagiannopoulos M, Fabricius H, Marx F. 
Total oxidant scavenging capacities of Euterpe oleracea Mart. (Açaí) fruits. International 
Journal of Food Sciences and Nutrition. 2005;56:53-64.

63. Giessing AMB, Mayer LM. Oxidative coupling during gut passage in marine deposit-
feeding invertebrates. Limnology and Oceanography. 2004;49:716-26.

64. Gupta-Elera G, Garrett AR, Martinez A, Robison RA, O'Neill KL. The antioxidant prop-
erties of the cherimoya (Annona cherimola) fruit. Food Research International. 2010.

65. Cao G, Booth SL, Sadowski JA, Prior RL. Increases in human plasma antioxidant capac-
ity after consumption of controlled diets high in fruits and vegetables. American Journal 
of Clinical Nutrition. 1998;68:1081-7.

66. Packer L, Colman C. The Antioxidant Miracle. New York: John Wiley & Sons, Inc.; 
1999.

67. Aslan M, Cosar N, Celik H, Aksoy N, Dulger AC, Begenik H, et al. Evaluation of oxida-
tive status in patients with hyperthyroidism. Endocrine. 2011;Epub.

68. Sastre J. The role of mitochondrial oxidative stress in aging. Free Radical Biology and 
Medicine. 2003;35:1-8.

69. Majo D, Giammanco M, Guardia M, Tripoli E, Giammanco S, Finotti E. Flavanones in 
Citrus Fruit: Structure–antioxidant activity relationships. Food Research International. 
2005;38:1161-6.

70. Kris-Etherton PM, Hecker KD, Bonanome A, Coval SM, Binkoski AE, Hilpert KF, et al. 
Bioactive Compounds in Foods and Their Role in the Prevention of Cardiovascular Dis-
ease and Cancer. The American Journal of Medicine. 2002;113:71S-88S.

 101



71. Nechuta S, Lu W, Chen Z, Zheng Y, Gu K, Cai H, et al. Vitamin Supplement Use During 
Breast Cancer Treatment and Survival: A Prospective Cohort Study. Cancer Epidemiol-
ogy Biomarkers & Prevention. 2010;20:262-71.

72. Yokozawa T, Cho E, Hara Y, Kitani K. Antioxidative activity of green tea treated with 
radical initiator 2, 2’-azobis(2-amidinopropane) dihydrochloride. Journal of Agricultural 
and Food Chemistry. 2000;48:5068-73.

73. Thybo A, Edelenbos M, Christensen L, Sorensen J, Thorupkristensen K. Effect of organic 
growing systems on sensory quality and chemical composition of tomatoes. LWT - Food 
Science and Technology. 2006;39:835-43.

74. Caris-Veyrat C, Amiot MJ, Tyssandier V, Grasselly D, Buret M, Mikolajczak M, et al. 
Influence of organic versus conventional agricultural practice on the antioxidant micro-
constituent content of tomatoes and derived purees; consequences on antioxidant plasma 
status in humans. Journal of Agricultural and Food Chemistry. 2004;52:6503-9.

75. Wang SY, Chen CT, Sciarappa W, Wang CY, Camp MJ. Fruit quality, antioxidant capac-
ity, and flavonoid content of organically and conventionally grown blueberries. Journal of 
Agricultural and Food Chemistry. 2008;56:5788-94.

76. USDA. USDA Database for the Flavonoid Content of Selected Foods. Agricultural Re-
search Service. 2007:1-128.

77. Lotito SB. Consumption of flavonoid-rich foods and increased plasma antioxidant capac-
ity in humans: cause, consequence, or epiphenomenon? Free Radical Biology and Medi-
cine. 2006;41:1727-46.

78. USDA. Nutrient Data Laboratory. Agricultural Research Service. 
2011:http://www.nal.usda.gov/fnic/foodcomp/search/.

79. Stracke BA, Rufer CE, Bub A, Seifert S, Weibel FP, Kunz C, et al. No effect of the farm-
ing system (organic/conventional) on the bioavailability of apple (Malus domestica 
Bork., cultivar Golden Delicious) polyphenols in healthy men: a comparative study. 
European Journal of Nutrition. 2010;49:301-10.

80. Briviba K, Stracke BA, Rufer CE, Watzl B, Weibel FP, Bub A. Effect of consumption of 
organically and conventionally produced apples on antioxidant activity and DNA damage 
in humans. Journal of Agricultural and Food Chemistry. 2007;55:7716-21.

102


