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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



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



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 Oz, with superoxide radical (O2°—) being the most common. Other ex-
amples of ROS include hydrogen peroxide (H202), 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
(N203). 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 1s another well-known RNS formed by the reaction of hydrogen peroxide and nitric oxide.



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 NO» (16).

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

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.

Superoxide lon

Hydroxyl Radical, OH, is the neutral form of the Hydroxide Ion. The
Hydroxyl Radical Hydroxyl Radical is important in atmospheric reactions, and is also
formed via the reduction of O in the electron transport chain.

Singlet O refers to the metastable states of molecular Oz 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.

Singlet Oxygen

Hydrogen peroxide is an important reactive oxygen species because it is
Hydrogen Peroxide involved in the production of many other types of ROS. Cells contain
catalases that decompose H20: to Oz and H2O.

Nitric acid forms peroxynitrite by reacting with the superoxide ion.

Reactive Nitrogen Species 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 lovine 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).



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



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 a-carotene, trans-B-carotene, B-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



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(0OH)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.
Vitamuns 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-



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.



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.



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

10



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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1.

CHAPTER I: ANTIOXIDANT ASSAY COMPARISON
EQUIPMENT
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).

. 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.

. 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.

REAGENTS

ORAC Assay

1.

12

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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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.

2. Flourescein Sodium Salt (Figure 1.2): A modified ORAC that used fluorescein instead of f-
phycoerythrin was developed after the original ORAC assay was validated. Fluorescein was
preferred because of its several advantages: it is less expensive than B-phycoerythrin, it does

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

ONa
O
O
NaQ O O

Figure 1.2: Structure of Fluorescein Sodium Salt (C20H10Na2Os).
Fluorescein is used as the fluorescent molecule in the ORAC assay.

3. Trolox (Figure 1.3): Trolox ((x)-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 pmol Trolox equivalents/mg or TE.
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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.

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 (a-keto-y-(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).

0 0
Il
CH,SCH,CH,~C—~C—ONa

Figure 1.4: Structure of KMBA (a-keto-y-
(methylthio)butyric acid sodium salt). KMBA is oxidized in
the TOSC assay to produce cthylene 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 pmol 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.

METHODS
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 pL of the first fluorescein stock solution
to 10 mL of phosphate buffer. Finally, 320 puL 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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. 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.

. 400 pL of fluorescein and 40 pL 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 uM) is used as

a standard.

. 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 pL. of AAPH into the respective wells. Sixty

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

. 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 2% - 3 hours (1% hours actual run time

in gas chromatograph). Additional time should be expected for comprehensive data analysis.
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1. Reagent Preparation. A 200 mM concentration of AAPH is prepared by adding 434 mg

AAPH and ddH20 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



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.

. Vial Preparation: In 10 mL glass vials, 100 uL. PBS (Phosphate Buffered Saline) is added
to the bottom of each. Next, 690 uL ddH:20 is added to the sample vials. Vials are then
vortexed. After vortexing, 100 uL 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 pL sam-
ple is then added to each sample vial, and the vials are again capped.

. 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 pL
AAPH is added into the vials to initiate the reaction (AAPH should be vortexed before
each injection).

. 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.

. 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.

DATA ANALYSIS

Trolox Equivalents

The most important aspect of the ORAC and TOSC assays is calculating Trolox equiva-
lents, or TE. As mentioned, Trolox equivalents represent pmol Trolox equivalents/mg sample.

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

AUC=0S5+fi/fi+ L/ i+ 5/ fi+...+ i/ fi)) xCT

Where f) = initial fluorescence reading at cycle 1, f, = 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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Figure 1.5: Sample ORAC Decay Curves
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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 umol Trolox Equivalents per liter (TE/L), which are then converted to the preferred

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

RESULTS

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) a-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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Figure 1.6: ORAC and TOSC Values (as percentage of relative maximum value)

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
a-Lipoic acid 3381 23235
Green tea polyphenols 3377 100658
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ORAC/TOSC CORRELATION

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 umol Trolox equivalents/mg; the average of several replicates is shown.

Figure 1.7: Assay Correlation - All Samples Included
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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, a-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.

Figure 1.8: Assay Correlation - Three Outliers Excluded
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Table 3: Statistical Summary of ORAC-TOSC Correlation Data

ALL OUTLIERS

SAMPLES EXCLUDED
PMCC 0.74 0.97
Coeflicient of Determination 0.54 0.94

CONCLUSION

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

INTRODUCTION

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.

27



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.

MATERIALS AND METHODS

ORAC ASSsAY

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 pM concentrations during every run. Costar 96-well clear bottom plates
were loaded with 200uL fluorescein (0.1uM), 20uL AAPH (4uM), and 20uL 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 pmol Trolox Equiva-
lents per milligram sample (TE), consistent with previously published analytical methods (12).

Data were analyzed using Apple Numbers.

AMINO ACIDS
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 200uM, and diluted 1:25 before being ali-

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

RATIONALE FOR CORRELATION STATISTICS
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 ) and coefficient of determination (R?), 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.

STRUCTURAL GROUP CATEGORIES
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 sp’-hybridized carbons, sp’-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=0O groups when adja-

cent to at least one other double bond, but does not include C=0O 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).

sp?-
Hybridized Number of Longest
sp?- Carbon/  Conjugated Conj. # of
E/C C/E Hybridized Total Car- Double DB Phenol- Benzene Carboxylic E/CA C/CA
#of C #of E Ratio Ratio Carbons bon Ratio Bonds Chain OH Rings R-OH Acids Ratio Ratio Nitrogens
Alanine 3 10 3.33 0.30 1 0.33 0 0 0 0 0 1 10 3 2.0
Arginine 6 14 233 043 2 0.33 0 0 0 0 0 1 14 6 4.0
Asparagine 4 16 4.00 0.25 2 0.50 0 0 0 0 0 1 16 4 2.0
Aspartic Acid 4 18 450 0.22 2 0.50 0 0 0 0 0 2 9 2 1.0
Cysteine 3 14 467 021 1 0.33 0 0 0 0 0 1 14 3 1.0
Glutamic Acid 5 18 3.60 0.28 2 0.40 0 0 0 0 0 2 9 25 1.0
Glutamine 5 14 280 0.36 2 0.40 0 0 0 0 0 1 14 5 2.0
Glycine 2 10 5.00 0.20 1 0.50 0 0 0 0 0 1 10 2 1.0
Histidine 6 16 2.67 0.38 4 0.67 2 2 0 0 0 1 16 6 3.0
Hydroxyproline 5 14 280 0.36 1 0.20 0 0 0 0 1 1 14 5 1.0
Isoleucine 6 10 1.67 0.60 1 0.17 0 0 0 0 0 1 10 6 1.0
Leucine 6 10 1.67 0.60 1 0.17 0 0 0 0 0 1 10 6 1.0
Lysine 6 12 2.00 0.50 1 0.17 0 0 0 0 0 1 12 6 2.0
Methionine 5 14 280 0.36 1 0.20 0 0 0 0 0 1 14 5 1.0
Phenylalanine 9 16 1.78 0.56 7 0.78 3 3 0 1 0 1 16 9 1.0
Serine 3 14 467 021 1 0.33 0 0 0 0 1 1 14 3 1.0
Threonine 4 14 350 0.29 1 0.25 0 0 0 0 1 1 14 4 1.0
Tryptophan 11 20 1.82 0.55 9 0.82 4 4 0 1 0 1 20 11 2.0
Tyrosine 9 20 222 045 7 0.78 3 3 1 1 0 1 20 9 1.0
Valine 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  and coefficients of determination were calculated to

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

example, » and R? 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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RESULTS AND DISCUSSION

AMINO ACID RESULTS AND LINEAR CORRELATION ANALYSIS
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 Sample
(TE/mg) Size (n)
Tryptophan 735.24 48
Tyrosine 47743 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 uM concentrations, and sub-
sequently diluted 1:25 prior to analysis in the ORAC assay. Results are presented as umol 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 =0.41. The highest overall PMCC was observed for the ORAC-valence elec-
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tron to carboxylic acid ratio category (»=0.75), and the second highest was for the ORAC-
number of sp>-hybridized carbons category (»=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.

sp?-
Hybridized
Carbon/  Number of Longest
sp2- Total Conjugated Conj. # of
E/C C/E Hybridized Carbon Double DB Phenol Benzene Carboxylic E/CA C/CA
#0of C #ofE Ratio Ratio Carbons Ratio Bonds Chain -OH Rings R-OH Acids Ratio Ratio Nitrogens
PMCC (r) | 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
R? 0.47 043 0.09 007 051 0.27 0.49 049 021 044 004 002 056 045 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 sp-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.
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Number of
Outliers
Initial r Modified r Excluded Outliers Excluded
ORAC-number of carbons 0.68 0.90 4 Php nylalamne', Methionine, Aspar-
agine, Threonine
ORAC-number of electrons 0.66 0.90 5 Gl.uta.mlc Acid, Aspartlc A.Cld’ Me-
thionine, Isoleucine, Leucine
ORAC-number of sp*>-hybridized carbons 0.71 0.95 2 Methionine, Phenylalanine
ORAC-number of conjugated double Methionine, Phenylalanine, Histi-
0.70 0.96 3 .
bonds dine
ORAC-longest conjugated double bond Methionine, Phenylalanine, Histi-
. 0.70 0.96 3 .
chain 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 sp?-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 sp?-hybridized carbons it contains.
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NON-LINEAR CORRELATION ANALYSIS
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 sp?-hybridized carbons, number of sp?-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 R? 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 R? 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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an 3rd 4th 5th 6th
Order Order Order Order Order

Number of Carbons 0.70 0.71 0.78 0.81 0.81
Number of Electrons 0.58 0.58 0.58 0.63 0.64
E/C ratio 0.12 0.16 0.36 0.36 0.38
C/E ratio 0.12 0.16 0.30 0.31 0.31
Number of sp*>-hybridized carbons 0.92 0.92 0.92 0.93 0.93
sp?-hybridized carbon/total carbon ratio 0.56 0.64 0.73 0.73 0.73
E/CA ratio 0.70 0.71 0.73 0.74 0.74

Figure 2.5: R? 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 sp?-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 sp?-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 sp’-
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.
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Figure 2.6: Polynomial regression data and curve relating the number of sp>-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).
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Figure 2.7: Polynomial regression data and curve relating the number of sp?-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 sp?-hybridized car-
bons in an antioxidant molecule may be non-linear.
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APPLICATION OF RESULTS TO OTHER COMPOUNDS
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 sp?-hybridized carbons suggested highest predictability, so
sp?>-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
a-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 sp>-hybridized carbons, regression equations yielded
results that correlated well with actual values (+=0.88). Moreover, when outlier acetylsalicylic
acid was removed, PMCC data and coefficient of determination data improved greatly (»=0.97;
R?=0.98 for 2" order polynomial; figure 2.9).

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

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

(R=0.95; R?=0.999 for 2" order polynomial; figure 2.10).

R2 = 0.9828

Predicted Antioxidant Activity (TE/mg)

-750
-375 0 375 750 1125 1500

Measured Antioxidant Activity (TE/mg)

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 sp*>-hybridized carbons in

the new compounds. This graph includes data for ascorbic acid, citric acid, glutathione, a-lipoic acid, resveratrol,
and retinoic acid.

Together, these data suggest that the two categories (number of sp-hybridized carbons
and sp?-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 sp’-hybridized carbon to total carbon
ratios from the new compounds. This graph includes data for acetylsalicylic acid, ascorbic acid, citric acid, glu-
tathione, a-lipoic acid, and resveratrol.

APPLICATION OF RESULTS TO PREVIOUSLY-PUBLISHED DATA
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

40



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) 7.70
3-Methoxyhelichrysetin (6) 6.00
2',3,4,4" -Tetrahydroxy-3'-(3"-hydroxy-methylbutyl)-6'- methoxychalcone, 3- 3.90
hydroxyxanthohumol H (14) '
2'4,4"-Tetrahydroxy-3'-(3"-hydroxy-methylbutyl)-3,6'- dimethoxychalcone, 3- 3.00
methoxyxanthohumol H (15) '
3-Methoxyxanthohumol (9) 2.60
Xanthohumol 2.30
2°,3,4-Trihydroxy-6' -methoxy-2",2" -dimethyl- pyrano[2",3" :3' 4" [-chalcone, 3- 510
hydroxyxanthohumol C (11)

2',4-Dihydroxy-3,6"-dimethoxy-2",2" -dimethyl- pyrano[2",3" :3',4' ]-chalcone, 3- 500
methoxyxanthohumol C (12)

2’4" -Dihydroxy-4,6' -dimethoxy-3' -prenylchalcone, 4-O- methylxanthohumol (1) 1.60
4-Acetoxy-2',4'-dihydroxy-6'-methoxy-3"-prenylchalcone, 4-O-acetylxanthohumol (2) 0.60

Nitrones (Samadi, Soriano et al. 2011)

(Z)-a-N-(5-Methoxy-1-methyl-1H-2-indolyl)-N-tert- butylnitrone (21) 798
(Z)-a-(20-Bromo-50-hydroxy-40-methoxyphenyl)-N- benzylnitrone (10) 736
(Z)-a-(20-Bromo-40-hydroxy-5-methoxyphenyl)-N- benzylnitrone (15) 640
(Z)-a-(20-Bromo-50-hydroxy-40-methoxyphenyl)-N-tert- butylnitrone (9) 558
(Z)-a-(1H-3-Indolyl)-N-tert-butylnitrone (23) 369
(Z)-a-(40-Hydroxy-30-methoxyphenyl)-N-methylnitrone (13) 335
(Z)-a-(40-Hydroxy-30-methoxyphenyl)-N-benzylnitrone (14) 293
(Z)-a-(2-Bromo-4, 5-dimethoxyphenyl)-N-tert-butylnitrone (11) 3.0
(Z)-a-(20-Bromo-40,50-dimethoxyphenyl)-N-benzylnitrone (12) 3.0
(Z)-a-Phenyl-N-benzylnitrone (8) 1.0
(Z)-a-(20-Bromo-3-pyridyl)-N-tert-butylnitrone (18) 1.0
(Z)-a-(20-Chloro-3-pyridyl)-N-t-butylnitrone (19) 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 sp?-hybridized carbons. While initial
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PMCC linear regression analysis revealed a weak-to-moderate correlation between the sp’-
hybridized carbon to total carbon ratio and antioxidant activity in the compounds tested (»=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 (»=0.90). Furthermore, polynomial regression analysis
of this category revealed high R? data (R?=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).
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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 (+=0.70). Removing the three largest outliers in this category (com-

pounds 1, 2, and 3), however, greatly improved the linear correlation data (=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 (»=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 (R>=1.00). Polynomial regres-
sion data of the same compounds in the ORAC-number of sp?-hybridized carbon category also
revealed high coefficient of determination data (R?>=0.77 (5" order), R*=1.00 (6™ 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.
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Figure 2.13: Graphical representation of sixth-order polynomial regression analysis of the correlation between an-
tioxidant activity and the number of sp?-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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DISCUSSION AND CONCLUSION

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 sp?-
hybridized carbons the molecule contains (»=0.95), the number of conjugated double bonds a
molecule contains (+=0.96), and the length of conjugated double bond chains (=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 sp?>-hybridized carbon group (R?>=0.94). The sigmoid shape of this curve was
even more clearly observed when the outlier histidine was removed from the group (R*=0.96).
The shape of this curve, supported by coefficient of determination data, suggested that number of
sp>-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 sp?>-hybridized carbon ratios in the molecules. We observed that the
model predicted antioxidant activity well in both categories (+=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 sp?-hybridized carbon to total carbon ratio correlated well
with antioxidant activity in polynomial regression analysis (R>=0.95) as well as the valence
electron-to-carbon ratio (#=0.92) in the chalcone data. Nitrone polynomial regression data also
yielded high coefficient of determination data in the number of carbons group (R?=1.00) and the
number of sp?-hybridized carbon group (R?>=1.00).

Overall, we observed that the sp?-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 sp>-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 sp?-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.), umol Trolox Equivalents per milligram (TE/mg) is used (as opposed to
TE/umol); for bulk volume samples (such as liquid or juice samples), umol Trolox Equivalents

per liter (TE/L); and finally, for raw fruit or vegetable samples, we recommend that pmol 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

MATERIALS AND METHODS

BLUEBERRIES
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 DDH>0. Seed and skin samples were prepared by homogenizing
a 100mg sample and dissolving it in to 10mL DDH>O. Juice samples were prepared by homoge-
nizing 100mg of the entire fruit and dissolving it into 10mL DDH>O. Samples were placed in

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

APPLES
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 Be, 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 DDH>O to pre-
pare stock samples.

Table 4: Weights Used for Apple Sample Preparation.

Skin Weights Flesh Weights
. Grome |
Convantlonal Honey Crisp 0.130 Conventionsal Honey Crisp 1.001
Organic Honey Crisp 0.159 Organic Honey Crisp 1.001
Conventlonal Granny Smith 0.522 Conventional Granny Smith 1.001
Crganic Granny Smith 0.180 Qrganle Granny Smith 1.001
Conventionnl Gala 0.158 Canvantional Gala 1.201
Organic Gala 0.154 Orgunic Gala 1.001
Canventional Full 0.143 Conventional Fujl 1.001
Organic Fuff 0172 Organic Full 0.8571
Convantional Red Delicious 0.166 Conventional Red Deliclous 1.005
Organic Red Delicious 0.1656 Organic Red Daliclous 1.044
Conventional Goldan Deliclous 0.152 Conventional Gelden Delicious 1.018
Crganic Golden Daliclous 0.1586 Qrgnnie Goldan Delicious 1.040

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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RESULTS

BLUEBERRIES
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).
Figure 3.1: Solid Blueberry Components: Organic vs Conventional
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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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Figure 3.2: Total Antioxidant Activity
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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).
Figure 3.3: Liquid Components: Organic v Conventional
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APPLES
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.

Figure 3.4: Organic v Conventional Apple Varieties (Skin)
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Figure 3.5: Organic v Conventional Apple Varieties (Flesh)
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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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Figure 3.6: Total Antioxidant Activity of Six Apple Varieties (Organic v Conventional)
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Table 5: t-Test Data Comparing Organic and Conventional Results for Each Category.

t-Test Data P

Total Organic v Total Conventional 0.3018
Organic Skin v Conventional Skin 0.3115
Organic Flesh v Conventional Flesh 0.3240
Total Skin v Total Flesh 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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Figure 3.7: t-Test Matrix Comparing Differences Among Apple Groups (p values)

Fujl Red Deliclous Golden Honey Crisp Gala Granny Smith
! A Delicious
Fujl | 1.000 | .
Red Delicious 0.358| 1.000
Golden Delicious . 0.089| 0.088 1.000 .
Honey Crisp | 0.052 | 0.205 | 0.195 1,000 |
Gaia 0.298| 0.226 | 0.004 | 0.185| 1.000]
Granny Srnith 0.017 0.130| 0.285 0.146 0.064 1.000

CONCLUSION

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.
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CHAPTER IV: ORAC/TOSC PAPER

Measuring Antioxidant Capacity Using the ORAC and TOSC Assays
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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
discases 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
(a-keto-y-(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 Il, 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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1.1. Oxygen Radical
Absorbance Capacity
Assay

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.
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1.2. Total Oxyradical
Scavenging Capacity
Assay

Measuring Antioxidant Capacity Using the ORAC and TOSC Assays 253

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