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Liquid chromatography is one of 
the top tools for analyzing reactive
compounds in foods and health
products.

It would be a challenge to watch TV, or look through a grocery
store, and not find food or health products vividly proclaim-
ing that they contain antioxidants. These compounds, which

let themselves be oxidized so that other molecules remain undam-
aged, have been elevated to health panaceas, fighting aging, heart
disease, cancer, Alzheimer’s, and Parkinson’s. However, while clin-
ical evidence shows that these compounds can have an impact
on health, the details of how they work are just starting to be
brought to light. One of the most important tools for doing
this research is liquid chromatography. LC is helping to demon-
strate that, believe it or not, there is more to the antioxidant story
than redox chemistry.

Antioxidants, as their name implies, are compounds that
prevent oxidation, but more specifically, they are preferentially
oxidized so that other compounds remain safe. The reactions are
basic reduction–oxidation chemistry, but rather than occurring
in a laboratory flask, they take place in one of the most complex
parts of the cell, the mitochondria. Mitochondria are refineries
that transform sugars and lipids into compounds that the cell
can use, such as adenosine triphosphate (ATP). However, some
of the pathways that produce these energy-carrying compounds
also produce byproducts that have a high oxidation potential.

For example, oxidative phosphorylation can lead
to the formation of reactive oxygen species, includ-
ing hydrogen peroxide, superoxide anion, hydroxyl
radicals, and, potentially, compounds such as 4-hy-
droxynonenal, malondialdehyde, and peroxynitrite.

These reactive compounds can steal electrons from,
and thus oxidize, proteins, DNA, and lipids, thereby
disrupting cellular functions. Studies indicate that in the
mitochondria, oxidation can affect important proteins
such as NADH:CoQ oxidoreductase, succinate dehy-
drogenase, ATP synthase, pyruvate dehydrogenase, and the
citric acid cycle enzyme aconitase. In general, oxidation of
a protein can result in increased hydrophobicity, protein
turnover, cross-linking, and even aggregation, all of which
can interfere with protein structure and function.

Even today, our understanding of antioxidant reaction chem-
istry is still rudimentary. One study of antioxidant reactions,
conducted by Kevin Robards and colleagues at Charles Sturt
University and Macquarie University (both in Australia), used
two different oxidation systems to test compounds with only one
ring reacted with oxidizing compounds (1). Reaction products
were separated by HPLC and identified by MS (see Figure 1).
Several new trends were observed, including trends that could
be used to predict breakdown products (some of which may also
be antioxidants). An unexpected result was that the most chem-
ically reactive compounds were not the most effective antioxi-
dants, while some compounds with low reactivity were more
effective. This indicates that antioxidants’ interactions may be
more complicated than basic redox reactions.
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Body Oxidation
Because oxidizers are natural byproducts of reactions in the mito-
chondria, organisms have evolved various ways of handling these
compounds. Native antioxidant enzymes like superoxide dismu-
tase, catalase, and glutathione peroxidase mop up some oxidiz-
ers without sacrificing themselves. For several decades, there has
been growing evidence that unpleasant things happen when these
defenses cannot neutralize all the oxidizers produced.

For instance, many vitamins have been known to be essential
for health, but until recently many were not thought of as antiox-
idants, and chemists were among the first to publicize the connec-
tion. In the 1950s, for example, Denham Harman, an M.D. and
chemist at the University of California at Berkeley, first came up
with the idea that free radicals in the body might contribute to
aging. A decade later, a compound produced by the body and used
by antioxidation enzymes, coenzyme Q10, was found to be defi-
cient in the blood of cancer patients. By the early 1980s, famous
chemist Linus Pauling was advocating large doses of vitamin C to
combat cancer and extend our life span, and during the 1990s
researchers found correlations between oxidative stress and aging

(1993), cancer (1995), heart disease (1997),
Parkinson’s disease (1998), and Alzheimer’s
disease (2000).

More recently, specific information on
how antioxidants affect health has been
studied. A knockout mice strain was creat-
ed to lack the superoxide dismutase protein
(which is one of the mitochondria’s enzy-
matic defenses against oxidizers) and there-
fore be less able to prevent the superoxide
ion from damaging other proteins. The
mitochondria showed signs of oxidative
stress, and essential proteins in the mice,
such as aconitase and reduced nicotinamide

adenine dinucleotide oxidoreductase, showed decreased activities,
presumably because they were damaged by oxidation. In anoth-
er study, Caenorhabditis elegans (a commonly studied nematode)
were fed superoxide dismutase–catalase mimetics, which increased
their life span. This suggests that antioxidants from outside the
body can indeed reduce oxidation damage.

Antioxidants not produced in the body are usually absorbed
from food, but little is known about how they are absorbed; and
how the body absorbs antioxidants is critical for optimizing
them to improve health. Janet Novotny and colleagues at the U.S.
Department of Agriculture (USDA) in Beltsville, MD, mea-
sured the bioavailability of nutrients from kale by growing the
kale in an atmosphere with carbon-13 and then feeding the kale
to a human volunteer (2). Then lutein, beta-carotene, retinal A
(vitamin A), and phylloquinone were separated from the blood
and quantified by atmospheric plasma chemical ionization MS.
The end result was human blood plasma concentration profiles
of these compounds in the body, which may help in understanding
the bioavailability of antioxidants; and this process may be used
to show how antioxidants from other vegetables enter the body.
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Biologists and medical professionals are not the only ones interested in
antioxidants; they have been used for decades in the food and polymer
industries. If you look at the ingredients of processed foods in your kitchen,
you will likely come across the ingredients BHT or BHA. These antioxi-
dants, butylated hydroxytoluene (BHT) and butylated hydroxyanisole
(BHA), are commonly used as preservatives to sweep up compounds that
could oxidize lipids. When lipids oxidize, the food often becomes rancid
or brown. This is actually one of the most studied antioxidants, because
there are concerns that its breakdown products may cause cancer. Some
artificial antioxidants condense with each other and form larger mole-
cules that are potential carcinogens, which has led to a backlash against
preservatives (hence “no preservatives” marketing).

In addition to foods becoming rancid, a special food concern is the
shelf life of turkey products. The irradiation of meat, espically turkey
meat, can produce off odors, some even characterized as a “wet dog”
smell (6). Ionizing irradiation produces an increase in volatile sulfur
compounds, and it has been found that adding antioxidants can decrease
the reactions that produce these smelly sulfur compounds.

Antioxidants in foods and drinks also affect color and taste. George
Skouroumounis and colleagues at the Research Centre for Viticulture

(Australia) and Unité Mixte de Recherche Sciences pour l’Oenologie (France)
are exploring how grape anthocyanins, which are antioxidants, react
with different compounds in wine to affect wine’s color and,possibly, taste
(7 ). They have developed a fractionation method using multilayer coil
countercurrent chromatography to quickly fractionate different antho-
cyanins. The planetary motion of the coil forces one of the solvents to
remain stationary, while the other solvent (which is immiscible in the
first) flows through the coil. By using this unique chromatography method,
gram quantities of anthocyanins can be obtained for further studies.

In polymers, oxidation was first discovered as the cause of making
rubber harden or become brittle. Adding nitrogen compounds was the
first solution, and today, adding antioxidants to polymers is common
practice. Antioxidants not only protect polymers from aging like natu-
ral rubber, but also prevent polymers from becoming damaged by heat
and reactive compounds formed by UV light and catalysts like copper.

For some plastics, antioxidants are needed during formation to
prevent oxidants from interfering with the curing process. As polymers
are used more frequently for applications in the health and food indus-
tries, manufacturers are beginning to use antioxidants that are safer to
humans. Some are using vitamin E and BHT as polymer antioxidants.

Food and Polymer Antioxidants
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Figure 1. The reaction of an antioxidant, ferulic acid, creates several breakdown products, which qualita-
tively include a dimer of ferulic acid and vanillin. (Adapted with permission from Robards, K.; et al., J. Agric.
Food Chem. 2004, 52, 962–971.)
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Eating and Cooking
Although many vitamins are antioxidants, recent investigations
have found other antioxidants in a range of foods. These
compounds are mostly polyphenols, and several different classes
of them occur in different foods. Flavones
are found in celery; isoflavones in soy;
flavanones in citrus fruits; flavanols in tea,
apple, and wine; flavonols in onion, tea, and
wine; and anthocyanins in wine and blue-
berries. In June 2004, the USDA complet-
ed a survey of the antioxidant activity in
over 100 common foods in U.S. stores.
Ronald Prior and colleagues at USDA
research laboratories in Arkansas and Mary-
land used an assay that measures the antiox-
idant capacity of both hydrophilic and
lipophilic (hydrophobic) antioxidants to
give the first record of the total antioxidant
capacity of common foods (3).

Measuring the total antioxidant capac-
ity of hundreds of foods can provide a basis
for future studies, but a complete under-
standing of the role of antioxidants will
require isolation and characterization of
specific antioxidant compounds, followed
by chemical and metabolic testing.
Researchers have begun to isolate pheno-
lic compounds from plant samples to both
characterize and test antioxidants and their
mechanisms. For instance, LC-MS has been used to determine
the presence of cis- and trans-resveratrol in wine, grape prod-
ucts, and cranberries. Makoto Ichikawa and colleagues at
Wakunaga Pharmaceutical Co. and The State University of
New Jersey used HPLC with a photodiode array detector to isolate
and partially characterize compounds from garlic skin. Garlic
skin is usually discarded when the garlic is processed; however,
this study suggests that it may be a source of several antioxidants.
The isolated samples were thought to be phenylpropanoids
because of their absorbance, which was confirmed by MS (4).

Finding sources of antioxidants is one area of study, but
researchers readily admit that finding a food high in antioxidants

does not mean that it will provide the antioxidants when eaten.
In addition to how we absorb antioxidants, how the food is
processed can affect the concentration of antioxidants. Richard
van Breeman and colleagues at the University of Illinois and Cali-
fornia State University, Long Beach, used LC-MS/MS to deter-
mine if baking affects the amount of trans-resveratrol in blueber-
ries and bilberries (5). The technique showed that resveratrol is
present in blueberries and bilberries, but at lower concentrations
than in grapes and cranberries. In addition, heating blueberries
and bilberries reduces the quantity of resveratrol detected.

The Future
Reports of new antioxidants will continue to stream in, but more
questions will likely be raised with each new comment and
study. For instance, one report indicated that flavonoid activity
was higher in canned blueberries than in fresh or frozen blueber-
ries. How does this result fit in with the decline in resveratrol in
baked blueberries? All these results don’t help if the consumer,
much less the scientist, has to wonder, “What happens when I
bake my canned blueberries?”

A key issue in antioxidant analysis is now being addressed: the
standardization of methods. Because
antioxidants have been researched in a vari-
ety of disciplines, from clinical to polymer
science, the methods and results are diffi-
cult to compare and learn from. In June
2004, the First International Congress on
Antioxidant Methods was held, and one
of the major discussions was the need for
standardization of methods; the Journal
of Agricultural and Food Chemistry indi-
cated it would require contributors to use
standardized methods in reporting new
antioxidants.

Aside from setting standards, the enor-
mous work ahead making antioxidant
research into usable dietary guidelines will
ensure that this remains a vibrant field of
study. In addition, the simple fact that
every climate region and culture has its
own food sources adds to the possible
research topics. In studying these foods,
researchers will continue to develop the
necessary LC methods to isolate and char-
acterize the antioxidants and their break-
down products.
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Figure 2. An HPLC chromatogram (at 320 nm) of suspected antioxidants from
garlic skin. (Adapted with permission from Ref. 4.)

Figure 3. Structures of antioxidant compounds
separated by HPLC from garlic skin. (Adapted with
permission from Ref. 4.)


