
However, under normal conditions, the cytochrome sys-
tem, in transferring electrons and generating ATP within the
safety of the specialized mitochondrial membranes, is able
to keep the great majority of the radicals away from other
vital cytoplasmic structures.

Additional metabolic sources of free radicals include
the oxidant enzymes such as cyclooxygenase (involved in
the synthesis of prostaglandins from arachidonic acid) and
the auto-oxidation of the catecholamines. In addition to
their formation under these normal circumstances,
increased free radical production accompanies certain patho-
logic processes such as the activation of phagocytic cells and
thereperfusionof ischemic tissue.89

Important exogenous sources of free radicals are ioniz-
ing radiation (a direct source of hydroxyl radicals), sunlight
(which generates singlet oxygen), cigarette smoke, alcohol,
air pollutants and certain anti-cancer drugs.

CELLULAR COMPONENTS AT RISK
While all major organic constituents of the cell are at risk for
oxidative damage from free radicals, two of the most impor-
tant are lipid membrane peroxidation and damage to DNA.

TABLE II - CELLULAR COMPONENTS DAMAGED
BY FREE RADICALS

LIPIDS: PEROXIDATION OF POLYUNSATURATED FATTY
ACIDS IN ORGANELLES, PLASMA MEMBRANES

PROTEINS: OXIDATION OF SULFHYDRYL-CONTAINING
ENZYMES - > INACTIVATION OF ENZYMES

CARBOHYDRATES: POLYSACCHARIDE DEPOLYMERIZATION
NUCLEIC ACIDS: BASE HYDROXYLATION, "NICKING,"

CROSS-LINKAGE, SCISSION OF DNA STRANDS
(CAUSING MUTATION AND INHIBITION OF PRO-
TEIN, NUCLEOTIDE, AND FATTY ACID
SYNTHESIS)

Reprinted from Southorn PA, Powis G. Free radicals in medicine I. Chemical nature and
biologic reactions. Mayo Clin Proc. 1988;63:386, with permission of author and publisher.

The lipid bilayers that compose the cellular membranes
and those of the intracellular organelles are subject to a par-
ticularly damaging peroxidative insult. The initial
interaction with a free radical sets off a chain reaction in the
membrane which can lead to extensive cellular damage. The
lipid peroxides that form can inhibit many enzymes,10 cause
a loss in membrane fluidity and receptor site alignment11

and lead to the lysis of organelles and eventually the cell
itself.8

DNA can be damaged at either the sugar (resulting in
strand breaks) or the purine or pyrimidine base (resulting in
an altered base).12 Both of these kinds of DNA damage can be
repaired by nuclear enzymes.

NATURAL DEFENSES AGAINST
FREE RADICALS
Although cytochrome oxidase is not a specific defense
against free radicals, in sequestering the great majority of
consumed oxygen it prevents most of the O2 from forming
the free radicals in vulnerable areas.13 However, small
amounts of free radicals may reach the cytoplasm from the
mitochondria through a "univalent leak"2 in addition to the
other endogenous and exogenous sources noted above. Thus,
cells have an array of both genetically programmed and

nutritionally derived substances which are needed in both
their aqueous and lipid compartments for protection from
free radicals, whatever their source.

Two distinct types of superoxide dismutase exist in cells
to intercept the superoxide radical before it can react with
other compounds. The mitochondria have a manganese-based
SOD, whereas the free cytoplasmic form of the enzyme uses
copper and zinc at the active sites. The amino acid sequences
of the two SODs are distinct, supporting a convergent evolu-
tionary pathway for these proteins and emphasizing the
importance of this defense for aerobic organisms. SOD con-
verts O2~ to H2O2, a non-radical, but a powerful oxidizing
agent which the cell needs to dispose of.

Small amounts of H2O2 can be handled by reduced glu-
tathione peroxidase, but once higher levels accumulate, the
enzyme catalase becomes more important.13 Water and O2
are formed in this key step in cellular defense, otherwise the
hydrogen peroxide generated from the superoxide radical in
the presence of ferrous or cupric ions, would lead to the for-
mation of the hydroxyl radical.

Another aqueous-based scavenger of free radicals is
ascorbic acid (vitamin C), which may be especially impor-
tant in extracellular fluids where the above-mentioned
enzymes are essentially absent.

Evidence supports vitamin C's role in reacting directly
with aqueous lipid peroxides, the superoxide radical and sin-
glet oxygen.14 A recent study suggests that ascorbate in
human plasma is the most important first line of defense
against peroxy radical-mediated damage to lipids.15

In the lipid phase of the cell, the most important anti-
oxidant appears to be alpha-tocopherol, or vitamin E.16

Here, the lipid-soluble vitamin E is capable of break-
ing the self-propagating chain reaction of lipid peroxidation,
thus preventing damage to the plasma membrane.10 It is
interesting to note that vitamin C helps restore the anti-
oxidant properties of vitamin E itself after the latter reacts
with a free radical.M

Beta-carotene (pro-vitamin A), is acknowledged as one
of the most effective quenchers of singlet oxygen.17 In addi-
tion to this function, it appears that beta-carotene is also an
effective anti-oxidant with unusual properties: it is most
effective at lower oxygen tensions, a situation that exists at
the organelle level.17

Future papers in this series will discuss the possible role
of free radicals in the pathogenesis of various diseases and
strategies which may offer protection from their effects.
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NUTRITIONAL ASPECTS OF
AMBULATORY CARE

OXYGEN RADICALS
AND DISEASE-NO, I

The first organisms which evolved in the early anoxic
atmosphere utilized fermentative processes in order to gen-
erate energy; i.e., they broke down existing chemical
compounds and captured the energy released.1-2 Later, solar
energy was employed through the photosynthetic process
yielding free oxygen. As atmospheric oxygen levels increased
slowly over eons, selective pressure on the existing biota
gave rise to organisms which could merely tolerate molecu-
lar oxygen; eventually new forms appeared which had the
ability to use oxygen through respiration for a higher energy
yield.1 However, the shuffling of electrons which is intrinsic
to the process of respiration placed these organisms at a new
risk: damage from oxygen-derived free radicals.

Free radicals are defined as molecules which have an
unpaired or odd number of electrons in their outer orbital.
Since the chemical reactivity of a molecule is dependent
upon this outer orbital conformation (with its reactivity
directly proportional to the ease with which it can accept or
donate one or more electrons), the unpaired electron makes
the radical highly reactive as it seeks to acquire or give up a
single electron to achieve stability. Because of the extreme
level of reactive potential possessed by most free radicals, it
is theorized that they played a seminal role in the origin of
life from simple components of the primitive atmosphere.3

Aerobic organisms thus developed defenses against these
substances, but oxygen remains lethal for modern obligate
anaerobic bacteria lacking these neutralizing systems.4

Molecular oxygen (O2) has two unpaired electrons in its
outer orbitals and is technically a free (bi) radical. It would
thus appear to easily accept a pair of electrons from another
compound, reducing oxygen and oxidizing the other com-
pound. However, because oxygen's two outer electrons are
orbiting with a parallel spin, the direct reduction of molecu-
lar oxygen with the addition of two electrons would result in
two electrons spinning in the same direction in the same
orbit: an impossibility according to quantum theory. There-
fore, reduction of oxygen in biologic systems requires
electrons to be added one at a time. It is this process that
generates free oxygen radicals.

When a single electron is added to O2/ the superoxide
radical, O^ is generated. Adding another electron and two
hydrogen ions yields hydrogen peroxide (H2O2); combining
H2O2 with O2 results in the formation of the hydroxyl radi-
cal, OH'. The hydroxyl radical is the most active of all the
free radicals in biologic systems, reacting as soon as it is
formed with any nearby compound. It is a high priority of all
aerobic cells to avoid the generation of this radical.

Another reactive species of oxygen, singlet oxygen,
while not technically a free radical, behaves as one. Singlet
oxygen has the same number of electrons present as molecu-
lar oxygen, but the spin restriction referred to above is
removed as the two outer electrons now spin in opposite
directions.

The importance of free radical reactions in the ran-
cidification of fats and oils was first appreciated in the
1940s.5 Their presence in biologic systems was debated for
years until an enzyme, superoxide dismutase (SOD), was

reported in 19696 providing evidence that cells had the
means to deal with the superoxide radical.

Although the fact that free radicals exist in biologic sys-
tems is now beyond debate, their importance in specific
disease states such as atherosclerosis, cancer, cataracts, isch-
emic injury, Parkinson's disease, rheumatoid arthritis and
the aging process itself as primary or secondary etiologic
agents is the subject of intense investigation, discussion and
debate. 5-7

Free radicals also have a positive role to play in the pha-
gocytic defense against microbial invaders. The respiratory
burst of neutrophils produces the superoxide and hydroxyl
radicals which kill the engulfed bacterium. It has also been
proposed that free radical damage may "tag" neoplastic cells
for removal by the immune system.5

SOURCES OF FREE RADICALS
On a quantitative basis, the most important source of free
oxygen radicals from normal metabolic processes takes place
within the mitochondria (see Table I).

TABLE I. SOURCES OF FREE RADICALS WITHIN CELLS

ENDOGENOUS SOURCES

MITOCHONDRIAL ELECTRON TRANSPORT CHAIN
MICROSOMAL ELECTRON TRANSPORT CHAIN
OXIDANT ENZYMES

XANTHINE OXIDASE
INDOLAMINE DIOXYGENASE
TRYPTOPHAN DIOXYGENASE
GALACTOSE OXIDASE
CYCLOOXYGENASE
LIPOXYGENASE
MONOAMINE OXIDASE

PHAGOCYTIC CELLS
NEUTROPHILS
MONOCYTES AND MACROPHAGES
EOSINOPHILS
ENDOTHELIAL CELLS

AUTO-OXIDATION REACTIONS (FOR EXAMPLE, FE++,
EPINEPHRINE)

EXOGENOUS SOURCES
REDOX-CYCLING SUBSTANCES (FOR EXAMPLE,

PARAQUAT, DIQUAT, ALLOXAN, DOXORUBICIN)
DRUG OXIDATION (FOR EXAMPLE, ACETAMINOPHEN,

CC14)
CIGARETTE SMOKE
IONIZING RADIATION
SUNLIGHT
HEAT SHOCK
SUBSTANCES THAT OXIDIZE GLUTATHIONE
NITROGEN DIOXIDE & OZONE (AIR POLLUTANTS)
NITROUS OXIDE

Adapted from Halliwell B. Free radicals: aging and disease. In: Cross CE, moderator. Oxy-
gen radicals and human disease. Ann Intern Med. 1987; 107:528, with permission of author
and publisher.


