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To determine if 6 weeks prior supplementation with vitamins E and C
could alleviate exercise-induced DNA damage, prevent lipid peroxidation and
inflammation, slow the rate of vitamin E utilization and/or attenuate muscle
damage, 22 subjects (11 females: 11 males) were studied during a 50 km (32
mile) ultramarathon. Subjects were randomly assigned to treatment groups:
placebos (PL) or antioxidants (AO, vitamin E (300 mg RRR;oc-tocopheryI
acetate) and 1000 mg vitamin C (500 mg twice per day)). Subjects consumed
deuterium-labeled vitamin E (75 mg de- RRR -o-tocopheryl acetate) 48 h prior
to race start. Multiple blood samples were obtained for measurements of DNA
damage, unlabeled and labeled o-tocopherols and their metabolites, ascorbic
acid, markers of lipid peroxidation (plasma Fy-isoprostanes (F2-1soPs)),
inflammation and muscle damage. Maximal voluntary contraction (MVC) of
the knee flexors/extensors was assessed. Plasma o-tocopherol and ascorbic
acid increased in the AO but not the PL group following 6 weeks of
supplementation. All subjects completed the race; average run time 7.1 + 0.1
h. The run induced non-persistent DNA damage; % DNA damage increased at

mid-race (p<0.02), but returned to baseline by 2 h post-race. One day post-




race, AO women had 62% less DNA damage than PL women (p<0.0008).
Although F2-IsoP levels were similar between groups at baseline, F.-IsoPs
increased during the run only in the PL group (from 28 + 2 to 41 + 3 pg/m).
Markers of inflammation increased in response to the run regardless of
treatment. o-Tocopherol disappeared faster during exercise compared with
rest, in women compared with men and in AO supplemented compared with
PL subjects. Substantial MVC force deficits and increases in muscle damage
markers post-race were similar between treatment groups. The ultramarathon
run elicited oxidative stress, muscle damage and inflammation.
Supplementation with vitamins E and C completely inhibited exercise-induced
lipid peroxidation and appeared to benefit women with respect to DNA
damage during recovery, but had no effect on exercise-induced inflammation,
or muscle damage markers. Thus, vitamin E and C supplements are
beneficial in preventing lipid peroxidation, but not the other adverse

consequences of extreme exercise.
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Inhibition of Exercise-Induced Oxidative Stress, Inflammation and Muscle
Damage by Prior Supplementation with the Antioxidant Vitamins E and C

CHAPTER 1: INTRODUCTION

Despite the many known health benefits of exercise including

cardiovascular fitness, blood glucose control, maintenance of lean body mass,
and positive effects on the lipid profile, there is a wide body of evidence
suggesting that exercise results in oxidative stress. Vigorous exercise causes
oxidative stress resulting in lipid peroxidation (1-13) and DNA damage (14-19).
Evidence of protein oxidation resulting from exercise-induced oxidative stress
is less definitive (20-22). It is generally accepted that at rest the body
continuously produces reactive oxygen species (ROS), yet in healthy
individuals at rest, these ROS are produced at levels well within the capacity
of the body’s antioxidant defense system. In response to endurance exercise,
oxygen (Oz) consumption increases 10 to 20-fold systemically and as much as
100 to 200-fold at the level of the skeletal muscle resulting in substantially
increased mitochondrial electron flux (6). Leakage of electrons from the
mitochondrial electron transport chain is considered a main source of reactive
oxygen species (ROS) during exercise (23). Other potential sources of ROS
during exercise include enhanced purine oxidation, damage to iron-containing
proteins, disruption of Ca®* homeostasis (24) and neutrophil activation (8).
Exercise elicits oxidative stress as production of ROS outpaces antioxidant
defenses (23). Furthermore, the acute phase inflammatory response elicited
by exercise-induced muscle damage can be modulated by ROS (25).
Previously, we demonstrated that lipid peroxidation increases in
response to endurance exercise (1). A nearly two-fold increase in Fo-

isoprostanes (Fz-IsoPs), a sensitive marker of lipid peroxidation, was observed




immediately following a 50 km ultramarathon. In addition, the
disappearance of deuterium labeled a-tocopherol was accelerated in response
to the run offering further evidence for exercise-induced oxidative damage in
excess of antioxidant defenses.

a-Tocopherol acts to protect polyunsaturated fatty acids (PUFA) in
biological membranes against lipid peroxidation as it is the antioxidant
primarily responsible for scavenging peroxyl radicals (26). Therefore, vitamin
E supplementation might alleviate exercise-induced lipid peroxidation.
Ascorbic acid is considered to be the most effective antioxidant in human
plasma (27) as it is the only antioxidant that can prevent initiation of lipid
peroxidation induced by aqueous peroxyl radicals (28). Ascorbate also spares
other antioxidants including a-tocopherol and urate (27). The potent effects of
ascorbic acid against ROS and its ability to spare o-tocopherol make it

another logical source of protection against exercise-induced oxidative stress.

Hypothetically, supplementation with vitamins E and C could alleviate
exercise-induced oxidative stress. Results from studies investigating the
protective effects of supplementation with vitamins E and C alone or in
combination against exercise-induced lipid peroxidation have been
inconclusive. There have been reports of inhibition of lipid peroxidation (29-
35), no effect (36-40) and even increased lipid peroxidation (32, 41) in
response to supplementation. Possible reasons for the inconsistent findings
include: differences in modes, duration, and intensity of exercise as well as
variation in the methodologies used to assess lipid peroxidation. Other
confounders include discrepancies in the types, amounts and bioavailability of
antioxidant supplements provided, and in the duration of supplementation. A

lack of consensus regarding the effectiveness of antioxidants to inhibit



exercise-induced lipid peroxidation and the popularity of antioxidant
supplements in the physically active community make this an important area

for research (42).

HYPOTHESES AND SPECIFIC AIMS

The generation of oxidative stress by exercise in humans and the
potential for its amelioration by antioxidants is the basis for this research. We
have demonstrated that endurance exercise causes an increase in oxidative
stress (1). This level of exercise apparently produces oxidative damage in
excess of antioxidant defenses. Furthermore, damage to skeletal muscle cell
membranes by ROS can impair cell viability leading to necrosis and an acute
phase inflammatory response (25, 43). Therefore, the hypothesis tested is
that prior supplementation with the antioxidant vitamins E and C protects
against the oxidative damage, inflammation and muscle damage generated

during endurance exercise.

Specific Aim 1. Can endurance exercise-induced oxidative stress be

prevented by prior antioxidant supplementation?

A primary purpose of the present study was to determine whether

supplementation with vitamins E and C could prevent exercise-induced
oxidative stress. Oxidative damage was assessed by changes in lipid
peroxidation (F.-IsoPs) and DNA damage (Comet assay) in response to

endurance exercise.



Specific Aim 2. If supplementation with vitamins E and C attenuate

exercise-induced oxidative stress, is vitamin E turnover reduced?
\I\

A second goal of this study was to evaluate whether decreasing oxidative

stress by prior supplementation with the antioxidants (vitamins E and C) could
moderate the rate of disappearance of deuterium labeled o-tocopherol

(vitamin E turnover).

Specific Aim 3. Can prior supplementation with vitamins E and C

modulate the inflammatory response to endurance exercise?

Due to a proposed relationship between oxidative stress and inflammation,

another aim of the present study was to determine whether exercise-induced
inflammation and lipid peroxidation would be attenuated to a similar extent by

antioxidant supplementation.

Specific Aim 4. Can prior supplementation with vitamins E and C
attenuate muscle damage and/or accelerate recovery?

Finally, this study was designed to help us elucidate whether specific markers
of muscle damage and repair, such as plasma concentrations of creatine
kinase and lactate dehydrogenase, as well as measures of muscle fatigue
(force recovery) are modulated in response to antioxidant supplementation.

We believe that the idea that oxidative stress is generated in vivo and
can be ameliorated by antioxidant supplementation is an important area for
research. Beneficial effects of antioxidants in an oxidative stress model such
as endurance exercise could be the basis for future studies exploring other
human conditions that are associated with oxidative stress such as

cardiovascular disease, stroke and diabetes.



LITERATURE REVIEW
ADAPTATIONS TO ENDURANCE TRAINING

Endurance exercise has been studied in depth and a number of
physiological adaptations to training have been identified. Systemic
adaptations include decreased utilization of muscle glycogen as a fuel source,
“glycogen sparing” and therefore delayed time to fatigue (44). Enhanced
ability to use fat as a fuel through increased free fatty acid transport and
metabolism (B oxidation) (45) contributes to the glycogen sparing effect
observed in endurance-trained individuals. The glycogen sparing effect of
training decreases lactic acid production and thus hydrogen ion (HY
production. Muscle fatigue results primarily from decreases in cell pH (44).
As the trained individual catabolizes less glycogen, there is a reduced flux
through the glycolytic pathway and therefore less lactic acid and associated H*
is produced (45). Fatigue is thus delayed, primarily through effects on cell pH
(44).

Changes in the isomer of lactate dehydrogenase enzyme (LDH), the
enzyme responsible for the conversion of pyruvate to lactate (45) also
contributes to a decrease in production of H* with training and subsequent
resistance to fatigue. Prior to training, the muscle isomer, LDHm, is
predominant, but with endurance training, this enzyme is converted to the
cardiac isomer, LDHc, increasing the reaction in the direction of lactate + H*
— pyruvate, enhancing pyruvate uptake into the mitochondria (45), decreasing
H* production and delaying time to fatigue.

A number of other adaptations to endurance training have been
identified. Maximal oxygen consumption (VOanmax) can be increased with

training; however, steady state oxygen consumption (VO,) during submaximal



work is not generally affected (45). Endurance training an increase in the

size and number of skeletal muscle mitochondria (46), resulting in increased
mitochondrial respiratory control, potentially decreasing electron leakage and
ROS production. Increased capillary density in the trained muscle allows more
nutrients to be delivered to the tissues and increased waste removal (45).
Increased capillary density also contributes to decreased blood pressure in the
active muscle, facilitating increased O, delivery and extraction of waste

products.

There is growing evidence that another adaptation to endurance
exercise is an up-regulation of the body’s antioxidant defense systems.
Elevated basal levels of the antioxidant enzymes, superoxide dismutase,
glutathione peroxidase, catalase (11) and inducible heme oxygenase (47)
have been reported in endurance trained individuals compared with untrained
controls. In addition, plasma levels of antioxidant molecules such as vitamin E
(13), vitamin C (7, 48) and uric acid (6, 35, 49) are increased in response to
exercise. Some investigations have revealed that endurance trained
individuals are also more likely to have increased free radical scavenging
capacity (6, 49). Despite the number of studies supporting an increased
antioxidant defense system, an equal number of studies have disputed this
idea and thus more research on this point is warranted.

Finally, training appears to increase resistance to muscle damage, as
evidenced by a reduction in the serum creatine kinase response (marker of
muscle damage) following exercise training (46). Taken together, these
adaptations to endurance exercise contribute to a delayed time to fatigue, a

reduction in muscle damage and an increased endurance capacity.



OXIDATIVE STRESS IN HUMANS

Oxidative stress has been defined as an imbalance between reactive
oxygen/reactive nitrogen species production and antioxidant defenses (23).
This imbalance can be caused by an increased rate of reactive species
production and/or decreased antioxidant protection (50). Damage associated
with oxidative stress (e.g. lipid peroxidation, DNA and protein oxidation) is
generally referred to as oxidative damage. The generation of oxidative stress
in humans, and its reversal by antioxidants has been difficult to demonstrate.
However, in the past few years, the use of F,-IsoPs, a by-product of free
radical-mediated arachidonic acid oxidation and thus a marker of in vivo lipid
peroxidation, has grown in acceptance. Importantly, studies have shown that
supplementation with antioxidants can decrease F.-isoprostane levels (51).
Our laboratory has been investigating the relationship between oxidative
stress and human vitamin E requirements. If vitamin E acts as an antioxidant
and is destroyed as a result of lipid peroxidation, then vitamin E requirements
should increase in response to oxidative stress.
ENDURANCE EXERCISE INCREASES OXIDATIVE STRESS

Despite the many known health benefits of exercise (52) including
cardiovascular fitness, maintenance of lean body mass, blood glucose control,
positive effects on the lipid profile, and an increased antioxidant defense
system, there is a wide body of evidence suggesting that exercise results in
oxidative stress. This phenomenon is often referred to as the “paradox of
exercise”. Vigorous exercise results in increased lipid peroxidation (1), DNA
damage (14) and protein oxidation (53). Reactive oxygen species (ROS)
leaking from the mitochondria during exercise are considered a main source of

oxidative stress (23). Other potential sources of sources of ROS during




exercise include enhanced purine oxidation, damage to iron-containing

proteins, disruption of Ca** homeostasis (24), neutrophil activation (8) and
autoxidation of catecholamines (3).

During endurance exercise, runners have higher indices of lipid
peroxidation compared to their resting values (1). They also have a faster
plasma disappearance rate of vitamin E during exercise (1), suggesting that
the runners are under oxidative stress.

OXIDANT PRODUCTION AND THE MITOCHONDRIA

During the resting state, the human body produces ROS including
superoxide, hydrogen peroxide and hydroxyl radicals, but at levels well within
the capacity of the body’s antioxidant defense system. The most important
source of superoxide anions in humans may be the electron transport chain of
the mitochondria (23). Under normal conditions, approximately 1-3% of
electrons escape from the mitochondria, resulting in formation of superoxide
(23). During endurance exercise there is a 10 to 20-fold increase in whole
body oxygen consumption and oxygen uptake in the active skeletal muscle
increases 100 to 200-fold (23). It is, therefore, not surprising that increased
oxygen utilization during exercise results in increased ROS production (43).
MITOCHONDRIAL ELECTRON TRANSPORT CHAIN

The mitochondrial electron transport chain is not entirely efficient as
there is an approximate 1-3% leakage of electrons from the electron transport
chain (23). The mitochondrion is unique in two ways: it has two cell
membranes rather than one and it has its own DNA and some of its own
proteins (54). The electron transport chain is embedded within the inner
membrane of the mitochondria. Itis the primary cellular energy source as it is

the site of oxidative phosphorylation and ATP production.



The electron transport chain is composed of four protein
complexes; complexes |, lll and IV are proton pump locations. In complex I,
NADH is oxidized to NAD™, coenzyme Q (CoQ, also known as ubiquinone), is
the electron (e’) acceptor. CoQ is reduced to the semiquinone radical, which
can in turn be reduced by a second e to form ubiquinol (CoQH,) (23).
Complex Il involves the oxidation of FADH; to FAD and also uses coenzyme
Q as its " acceptor. Ubiquinol delivers e to complex 11l and finally, " are
transferred to complex IV by cytochrome C. Complex IV (also known as
cytochrome oxidase) is the intended site for the transfer of two e (and two
protons) to molecular oxygen to form H,O. During any of these transfers, e
may inadvertently be transferred to molecular oxygen, rather than to their
intended receptor molecule (55). Semiquinone is the most likely to donate an
e to molecular oxygen (55). Regardless of the mechanism of transfer, when
an e’ is transferred to molecular oxygen, the superoxide anion (O,") is formed.
If O2" does not react with other molecules present, it rapidly dismutates to
hydrogen peroxide (H.Oy), a reaction that may occur non-enzymatically or
may be catalyzed by the enzyme superoxide dismutase (56). Although H,0,
is relatively non-reactive, it can be cytotoxic at high concentrations e.g. 10-100
1M range (23), as it can oxidize specific keto-acids such as pyruvate and can
inactivate certain enzymes such as glyceraldehyde-3-phosphate
dehydrogenase. More importantly, H,O. is non-polar and thus capable of
crossing plasma membranes and traveling to other parts of the cell, increasing
the likelihood that it will encounter free metals such as iron. In the presence of
free metals, H2O; reacts to form the highly reactive hydoxyl radical ('OH) (see
below). Thus, H2O: can lead to cell damage at a distance relatively far from

the original source of reactive oxygen species.
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METAL-CATALYZED REACTIVE OXYGEN SPECIES CHEMISTRY

Under normal physiological conditions iron is tightly regulated and most,
if not all iron, is bound to proteins such as transferrin or ferritin (57). Bound
iron is non-reactive, but there also exists a small pool of low molecular weight
iron that is thought to participate in redox cycling. Unbound iron can react with
hydrogen peroxide in the Fenton Reaction (23) to form a hydoxy! radical ('OH).

H.0: + Fe**— Fe (ll) + OH + 'OH k,=76 M' 5™

"OH is the most reactive ROS and has the potential to damage DNA,
lipid membranes and proteins (23).

Another reaction by which iron and hydrogen peroxide can form
hydroxyl radicals is the iron-catalyzed Haber-Weiss (58) reaction:

Fe (Il) + O, — Fe?* + 0,

Fe®* + H,0» — OH + "OH + Fe (Ill) (23)

Net: 0" + H:0.— O, +'0OH + OH"  (Haber-Weiss reaction)

The amount of H,O, accumulating in vivo is minimized by the enzyme
catalase.

catalase-Fe(lll) + H;O2 — compound | + H,O

compound | + H>0; — catalase-Fe (lll) + H,O + O, (23)
REDOX-ACTIVE METALS AND EXERCISE

Although exercise could result in free radical damage by a number of
mechanisms, low molecular weight, redox active iron has been the most
studied. According to Jenkins et al. (57), exercise increases the availability of
redox active iron. Furthermore, blood pH decreases in response to exercise
due to the accumulation of lactate and H* (44) and this low pH helps to

maintain iron ions in solution (57) making them more readily reactive. During
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distance running, intravascular hemolysis (mechanical trauma to
erythrocytes) occurs at foot strike as evidenced by increased plasma free
hemoglobin (59). The extent of hemolysis increases with increased race
distance (60). Damaged erythrocytes provide a potential source of redox
active iron in the plasma (57).

Exercise-induced muscle damage results in the release of relatively
large amounts of myoglobin, a heme containing protein and another potential
source of redox active iron (24, 61). Exercise-induced muscle damage may
also cause alterations in the structure and function of the sarcoplasmic
reticulum leading to compromises in calcium (Ca®*) regulation (62, 63). The
resulting Ca** overload may induce Ca®*-activated proteases and
phospholipases that can destroy proteins and break down membranes (62),
potentially mobilizing redox active iron in the process. Further evidence
supporting the theory that exercise increases the prevalence of redox active
iron is the appearance of transition metals in sweat (57) and the occurrence of
gastrointestinal blood loss during endurance exercise (64).

In healthy people, there are a number of defense mechanisms to
mitigate oxidative damage, but they are not 100% efficient (23). It may be that
this inefficiency leads to minute amounts of free radical catalyzed cell damage,
which over time may impair cell function. This inefficiency may be
exacerbated by the increased O, utilization associated with exercise. The
consequence of such damage may be an increase in available free iron that
could then move freely into the cytosol, amplifying oxidative damage.
POTENTIAL ROLE OF XANTHINE OXIDASE

The 10 to 20-fold increase in whole body oxygen consumption and 100

to 200-fold increase in oxygen uptake in the active skeletal muscle during




endurance exercise (23) reflect an increased energy requirement. This
exercise associated increase in energy demand may exceed the capacity of
the mitochondria to produce ATP, resulting in an accumulation of ADP. One
alternative route of ATP production is the cytosolic adenylate kinase system.
This mechanism involves the conversion of 2 ADP molecules to 1 AMP + 1
ATP and is catalyzed by the enzyme adenylate kinase (43). While the
resulting ATP is utilized for energy, it is the fate of AMP that is of special
interest considering its potential contribution to oxidative stress during
exercise. In the cytosol, AMP is rapidly converted to hypoxanthine, an
uncharged molecule that can freely diffuse out of the muscle cells into the
surrounding capillary epithelial cells (43). From that point hypoxanthine has
two possible fates, both of which lead to the formation of uric acid.

In the resting state, hypoxanthine is converted to xanthine and
subsequently to uric acid in a series of two reactions. Both reactions are
catalyzed by xanthine dehydrogenase (XDH), an enzyme that utilizes NAD* as
its electron acceptor. It has been hypothesized that during exercise, there
may be insufficient ATP in the skeletal muscle cell to sustain the ATP-
dependent calcium pumps, resulting in a build-up of calcium in the cytosol
(43). Increased calcium may lead to increased activation of calcium-activated
proteases such as calmodulin and calpain (23, 43). Both of these proteases
catalyze the cleavage of a peptide from XDH (23) resulting in a conformational
change in the enzyme; the resulting product is xanthine oxidase (XO). XO has
the same function as XDH, the conversion of hypoxanthine to uric acid with
xanthine as an intermediate product. The critical difference is that unlike XDH,
XO utilizes molecular oxygen as its electron acceptor, forming O.*". Thus,

ROS production is increased as a by-product of increased energy demands.



There may be times during endurance exercise that the cells’
increased oxygen demand can not be met completely, and the system is
unable to deliver oxygen to the skeletal muscles rapidly enough to meet the
needs of the cell. In such cases localized hypoxia occurs (56). If XO is the

primary form of that enzyme in the cell, there will be a buildup of hypoxanthine

as there is not enough molecular oxygen available to act as an e” acceptor for
this reaction to occur. Once exercise ceases, and oxygen delivery resumes,
hypoxanthine is rapidly converted to xanthine and subsequently uric acid. In
this reaction, with XO as the catalyst, there is a rapid cellular accumulation of
O."" along with an increase in plasma uric acid (65).
LIPID PEROXIDATION

Phospholipids are integral components of cell membranes and are

essential for membrane fluidity and transport. Phospholipids generally contain

Figure 1. Lipid Peroxidation

Initiating Event
Lipid Peroxidation (e.g. UV light, ozone)

R
(Carbon Centered
R-OOH Radical) [@
(Lipid \
Hydroperoxide) ;
ROC
R-H (Peroxyl Radical)
(Polyunsaturated
Fatty Acid)

Adapted from Burton & Traber Annu Rev Nutr 10: 357-382; 1990
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multiple polyunsaturated fatty acids (PUFAs) (fatty acids containing two or
more double bonds). These PUFAs are most susceptible to lipid peroxidation
because of their chemical structure, which includes bis-allylic hydrogens.
These hydrogens are located on a carbon that has double bonds on either
side, e.g. -CH=CH-CH,-CH=CH-, making the bonds weaker and thus more
susceptible to abstraction. Oxidizability of PUFASs increases proportionally
with increases in the number of double bonds (66). A brief outline of lipid
peroxidation is shown in Figure 1.

Lipid peroxidation is a chain reaction initiated by abstraction of a
hydrogen from a carbon forming a carbon-centered radical (R*). The R
undergoes a conformational change to form the more stable conjugated diene
structure (23). In an aerobic environment, the most likely fate of R® is reaction
with molecular oxygen to form a peroxyl radical (ROO") (23). ROO® can
readily abstract a bis-allylic hydrogen of a PUFA, creating both a lipid
hydroperoxide (R-OO-H) and a R*, thus perpetuating a chain reaction.
Termination may occur when two radicals react with one another (58), forming
an inactive dimer: R* + R* = R - R; non-radical antioxidants, such as o-
tocopherol, may limit the chain reaction.

Damaging effects of lipid peroxidation include impairment of membrane
fluidity, disruption of membrane-bound proteins and disruption of active
transport of molecules and ions across cell membranes (67). Additionally, lipid
peroxidation products may initiate gene transcription or apoptosis, stimulate
the immune response, cause inflammation, initiate fibrosis, or inactivate

enzymes (68).
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MARKERS OF LIPID PEROXIDATION

The rates of free radical reactions are extremely rapid, making it
impractical to measure ROS directly (69). Therefore a number of indirect
markers have been developed to assess oxidative damage. Previous
methods used to assess lipid peroxidation such as the thiobarbituric acid
reactive substances (TBARS) assay, have lacked sensitivity/specificity and
have been deemed unreliable (70). Differences in the reliability of assays
used to assess oxidative stress may account for much of the study variability

to date.

Malondialdehyde
Malondialdehyde, a polyunsaturated fatty acid oxidation product (71)

has been the most commonly used marker for lipid peroxidation in exercise
studies and is often measured indirectly by TBARS. In this colorimetric assay,
malondialdehyde reacts with thiobarbituric acid to generate a colored
conjugate that can then be measured with a spectrophotometer. The major
problems with this assay are that most TBARS detected are generated during
sample preparation and the assay is non-specific in that thiobarbituric acid can
react with compounds other than malondialdehyde (23).

More recently, high pressure liquid chromatography (HPLC) has been
used to increase sensitivity of the MDA assay (71). First, TBA-MDA
conjugates are separated from non-specific TBA forms by HPLC followed by
detection of TBA-MDA conjugates by UV or fluorescence (71). As this method
does not involve the acid hydrolysis step found in the conventional TBARS
assay, any MDA bound to protein would be left undetected, leading to an

underestimation of MDA (71).
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Conjugated Dienes

PUFA oxidation, as discussed above, is accompanied by the formation
of conjugated dienes that absorb UV light at 230-235 nm. Conjugated dienes
measured spectrophotometrically have been used to assess lipid peroxidation.
However, direct plasma conjugated diene measurements are not very reliable
because other substances present, such as heme proteins, absorb strongly in
the same UV range (23). A more useful conjugated dienes assay is to assess
the susceptibility of low-density lipoproteins (LDL) to oxidation in vitro (23).
However, LDL can be oxidized ex vivo during the long centrifugation time

required for isolation.

Fo-lsoprostanes

F2-IsoPs are unique, prostaglandin-like compounds produced by the
non-enzymatic free-radical catalyzed oxidation of arachidonic acid (72).
Arachidonic acid (20:4 n-6) is a long chain PUFA and is a precursor for
prostaglandin synthesis (54). F.-IsoPs are structurally distinct from the
prostaglandins (73). Unlike the prostaglandins, they are formed while
arachidonic acid is still esterified to the phospholipid (74). F»-IsoPs formation
follows that of lipid peroxidation described previously. Initiation occurs with
abstraction of a hydrogen atom from arachidonic acid by a free radical forming
an arachidonyl R* (74). Reaction of the arachidonyl R* with molecular oxygen,
forms a peroxyl radical, followed by endocyclization and addition of a second
oxygen molecule to form one of four bicycloendoperoxide regioisomers.
These intermediates are then reduced to one of four possible regioisomers of
F2-IsoPs (74). Of these isomers, 8-epi-PGFy, formation is favored (72, 75); it
is also the compound most commonly measured in humans and it has been

chemically synthesized (72).
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Fo-IsoPs are a sensitive and reliable measure of in vivo lipid
peroxidation (73). They are chemically stable, specific end-products of the
cyclooxygenase independent free-radical catalyzed oxidation of arachidonic
acid (72). Additional advantages of this biomarker are that they remain stable
frozen at -70° C for up to 6 months, have a lower limit of detection in the
picogram range, and physiological levels are not effected by dietary lipid levels
(75, 76). Detectable levels of Fo-IsoPs have been found in all normal animal
and human biological fluids and tissues tested (74) and normal plasma levels
for humans have been defined (73). This has allowed for the comparison of
normal controls with test subjects and as such, F,-IsoPs have been shown to
be elevated in the plasma of subjects with known oxidative stress, such as
smokers and patients with cystic fibrosis, asthma and Alzheimer’s disease (51,
77-79).

F2-IsoPs have demonstrated pro-atherogenic biological activity,
including vasoconstriction, opposition to nitric oxide and activation of platelet
aggregation (75, 76, 80) and they are known to recruit pro-atherogenic
monocytes and induce monocyte adhesion.

Most (81-83), but not all (84), studies of high doses of vitamin E on
steady state levels of F2-IsoPs in healthy, non-smoking adults have concluded
no effect of the antioxidant. Combinations of antioxidants have provided more
positive findings. Upritchard et al. (85) reported that 111 mg/day vitamin E
and 1.24 mg/day carotenoids for 11 w reduced plasma Fy-IsoPs by 15%.
Supplementation with vitamins E and/or C for a longer duration (~500 mg/d
and/or 4001U/day respectively for 8 w) similarly attenuated urinary excretion of
F2-1soPs (86). Ide et al. (87) reported that vitamin E and C supplementation

led to a decrease in urinary excretion of F,-IsoPs in men, but not in women.




18

Studies investigating the ability of antioxidants to attenuate F-
IsoPs in models of known oxidative stress have generated mixed results.
Vitamin C alone and in combination with vitamin E, but not vitamin E alone,
decreased urinary Fo-isoprostane excretion in chronic cigarette smokers (88).
More recently, neither vitamin C alone or together with vitamin E and lipoic
acid for 8 w reduced plasma F2-IsoPs in normal weight smokers (89) but the
treatment group had relatively low levels (45 pg/ml), especially compared to
the placebo group (58 pg/ml). In a small study of diabetics, treatment for 3 w
with vitamin C had no effect on plasma F-isoprostane levels in persons with
diabetes despite relatively high levels (90-100 pg/ml) (90) while in a much
larger study, treatment with vitamin E for 2 w led to a 37% reduction in urinary
Fo-isoprostane excretion in persons with diabetes in addition to a 43%
reduction in excretion of the platelet activation marker 11-dehydro-
thromboxaneB, (91).
ANTIOXIDANTS

Considerations when assessing efficacy of antioxidants to attenuate
lipid peroxidation include the type of antioxidant, the oxidant stress model and

the duration of supplementation.
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Vitamin E

Vitamin E is a fat-  Figure 2. Vitamin E Structures
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molecules including four
tocopherols, a, B, v, & and four tocotrienols, a, B, v, & (92)(Figure 2). The four
tocopherols share a common saturated phytyl tail, but differ in the number of
methyl groups on the chromanol ring. The tocotrienols differ from the
tocopherols in that they have an unsaturated tail. Of these eight naturally
occurring forms, o-tocopherol has the most antioxidant activity and is the most
prevalent type found in nature (92). Supplements can contain the naturally
occurring single stereoisomeric form, RRR-a-tocopherol, or synthetic all-rac-o-
tocopherol. Synthetic vitamin E consists of eight stereoisomers of o-
tocopherol that are distinct due to differences at the three chiral centers of the

phytyl tail (93)(Figure 3).
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Sources of vitamin E in the diet include: vegetable oils, especially

wheat germ, safflower, sunflower, soybean, olive and corn oils as well as nuts

Figure 3. Synthetic Isomers of Vitamin E
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sunflower seeds and whole grains (26, 94, 95). Although the Recommended
Dietary Allowance for vitamin E is only 15 mg/day (94), larger doses of vitamin
E are popular in the United States in the form of dietary supplements (26).
Supplements are typically sold as either acetate or succinate esters
(93), since esterification prevents oxidation, extending shelf life (94). o-
Tocopheryl esters are hydrolyzed and absorbed in the gut with similar
efficiencies (26). While RRR-a-tocopherol and all-rac-a-tocopherol are

absorbed at the intestine and carried to the liver via chylomicrons in a non-

discriminate manner, RRR-a-tocopherol has twice the biological activity of the
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synthetic form (94) due to the preferential incorporation of RRR-o.-
tocopherol into very low-density lipoproteins (VLDL) by a-TTP in the liver (93,
96). Consequently, double the proportion of RRR-a-tocopherol as compared

to all rac is delivered to the tissues by lipoproteins (93).

Vitamin C

Vitamin C, or ascorbic acid, is a water-soluble vitamin that has
numerous functions in the body; it is a cofactor in the synthesis of collagen,
carnitine and neurotransmitters (94). Vitamin C is an essential vitamin
because humans lack the enzyme, L-gulonolactone oxidase, required to
synthesize ascorbate from glucose (97). Vitamin C is abundant in fruits and
vegetables; some of the best sources include asparagus, papaya, oranges,
and strawberries (98).

The term vitamin C refers to both the reduced (ascorbic acid) and, the
oxidized (dehydroascorbic acid, DHA) vitamin forms (94). The biological
functions of ascorbic acid have been defined by its ability to provide reducing
equivalents for critical reactions (94). One of the many roles of ascorbic acid
is as an antioxidant; in fact, it is considered to be the most effective antioxidant
in human plasma (27). Although there is good evidence that vitamin C acts as
a pro-oxidant in the presence of transition metals in vitro, there is not
convincing evidence that vitamin C has pro-oxidant activity in vivo (97).

Levine et al. (99) have demonstrated that leukocyte ascorbic acid levels
reach saturation at plasma levels of 50-60 uM. Therefore, they postulated that
in order to test for a treatment effect of vitamin C, subjects would need to
consume <100 mg vitamin C per day from foods (99). Control of ascorbic acid

intake should therefore be a consideration in the design of studies
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investigating the efficacy of vitamin C supplementation to prevent oxidative

stress.

Uric Acid

Uric acid, a primary end product of purine metabolism and a water-
soluble antioxidant (23), increases in response to aerobic exercise (13, 49,
100). This increase may be explained by enhanced purine oxidation with
exercise (13, 49, 100), as increased energy requirements characteristic of
vigorous exercise upregulate various metabolic pathways including adenylate
cyclase (43, 49)(or myokinase in muscle)(101). This enzyme is responsible
for production of an ATP and an AMP from 2 ADP (101). While the ATP is
used for energy, the AMP is degraded to uric acid (102). During intensive
exercise such as an ultramarathon, the enzyme responsible for the conversion
of xanthine to uric acid is likely xanthine oxidase, which generates the
superoxide radical as a by-product (102). Concurrent increases in plasma
ascorbic and uric acids may reflect enhanced antioxidant defenses in
response to the oxidative stress of the endurance exercise. These increases
in water-soluble plasma antioxidants parallel increases in antioxidant enzymes

(11) in response to exercise.




PLASMA ANTIOXIDANTS IN EXERCISE

Antioxidant Activity of a~-Tocopherol

Vitamin E (o-tocopherol) is a potent peroxyl scavenger and acts to
protect PUFA against lipid peroxidation (26). a-Tocopherol can quench
peroxyl radicals by donating a H’, reducing the peroxyl radical to a lipid
hydroperoxide (Figure 4). The reaction of a peroxyl radical with o-tocopherol

occurs 1000 times faster than the reaction of the peroxyl radical with a PUFA

Figure 4. Antioxidant Function of Vitamin E
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(94). This reaction, however, does not terminate the chain reaction because a
a-tocopheroxyl radical is formed in this process. However, the o-tocopheroxyl
radical is less reactive than the peroxyl radical (58). Possible fates of o-
tocopheroxyl radicals include: the radical can be further oxidized to a quinone

(two electron oxidation), the radical can react with a PUFA to form a peroxyl
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radical (pro-oxidant activity), it can react with another radical to form an
adduct, two a-tocopheroxyl radicals can react with each other to form an
inactive dimer, or the radical can be reduced back to its active form by another
antioxidant, such as ascorbate.

A few of the studies investigating the effects of vitamin E
supplementation on endurance running have reported increases in plasma o-
tocopherol concentration in both supplemented and placebo groups following
exercise (13, 40, 103) but most failed to report post-exercise plasma o-
tocopherol concentrations (31, 32, 104-106). A single study reported no
change in a-tocopherol concentrations with exercise (107). Only one of these
studies reported both absolute a-tocopherol concentrations and a-
tocopherol/lipid concentrations (103) and they observed differential responses
in the antioxidant and placebo groups that depended on correction for
fluctuations in lipid levels. An increase in total plasma a-tocopherol in
response to endurance exercise may be due to increased output of o-
tocopherol from the liver, perhaps as a result of increased VLDL production,
but may also be an oxidative stress-dependent response.

Although some researchers have looked at the effects of vitamin E
supplementation on athletic performance or endurance (103, 108) and lipid
peroxidation (35, 36, 109), ours was the first to use vitamin E biokinetics to
evaluate oxidative stress (1). Previously, studies using deuterated o-
tocopherols demonstrated that the various forms of vitamin E are absorbed
and secreted similarly in chylomicrons, but that RRR-a-tocopherol is
preferentially secreted in the liver as a result of the activity of the o-tocopherol
transfer protein (a-TTP). Based on this mechanism, a mathematical model

has been designed to determine the fractional disappearance rates of
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deuterated o-tocopherols (96). Our research has enabled us to compare
the fractional rate of deuterated vitamin E disappearance during exercise and
during a sedentary period in the same individuals, allowing us to evaluate

whether vitamin E utilization increases during endurance exercise.

Antioxidant Activity of Ascorbic Acid

Whereas other antioxidants such as vitamin E can greatly inhibit the
rate of lipid peroxidation, ascorbate is the only antioxidant that can prevent
initiation of lipid peroxidation induced by aqueous peroxyl radicals (28). Not
only does ascorbate prevent lipid peroxidation, it also spares other
antioxidants such as o-tocopherol and urate (27). In response to exercise-
induced oxidative stress, ascorbic acid levels may change in response to
direct oxidation (antioxidant function) or indirect oxidation (regeneration of
other antioxidants). The response of plasma ascorbic acid to vigorous
exercise has been reported previously: increased levels (1, 7, 13, 48, 107,
110), no change (31, 111, 112) or a reduction (113) post-exercise. It has been
suggested that exercise-related increases in cortisol secretion promote efflux
of ascorbic acid from the adrenal gland (114, 115) and/or the mobilization of
ascorbic acid from other tissue sites such as leukocytes or erythrocytes (48).
Some (111, 112, 116), but not all (37) recent studies have demonstrated an
attenuation of the exercise related increase in circulating cortisol with vitamin
C supplementation.

The effects of moderate exercise on plasma vitamin E and C levels
were examined by Viguie et al. (48), studying subjects exercising at 65%
VOzmax 90 minutes/day on a cycle ergometer for three consecutive days. They

found no changes in plasma lipid hydroperoxides, urinary 8-hydroxyguanosine
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(a measure of oxidative RNA damage) or vitamin E plasma levels over the

three day trial, but they did report an increase in plasma ascorbic acid levels.

ASSESSMENT OF LIPID PEROXIDATION IN ENDURANCE EXERCISE

Malondialdehyde (MDA)/TBARS

Malondialdehyde (MDA) as measured'by HPLC or as TBARS have
been the most commonly used marker of lipid peroxidation in human exercise
trials (71). As discussed previously, the lack of sensitivity/specificity of the
assays used to detect this marker of lipid peroxidation helps to explain the
conflicting findings arising from exercise studies using these markers.

Maughan et al. (12) studied physically active subjects during a 45
minute downhill run on a treadmill. Downhill running, an eccentric motion,
causes more muscle damage than running on a level surface or running uphill
(61). They reported no increase in TBARS immediately post race, but by 6
hours post-race, levels had risen significantly. The rise in TBARS at 6 hours
corresponded with a significant increase in plasma creatine kinase, a muscle
damage marker (46), suggesting that muscle damage induced oxidative stress
rather than a systemic response. Maughan et al. (12) concluded that there is
an association between ROS and the loss of membrane integrity responsible
for the release of creatine kinase and other muscle-derived enzymes (12).

Several studies have assessed the amount of lipid peroxidation in
response to a half-marathon run (22.1 km); despite using similar exercise
protocols, these studies have yielded conflicting results. Marzatico et al. (11)
reported increases in MDA indicating that the exercise bout resulted in lipid
peroxidation, while Duthie et al. (7) reported no increases in MDA levels in

athletes after a similar run.
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Goodman et al. (117), also studying a half-marathon run, reported
no changes in MDA levels after the data had been corrected for plasma
volume changes, but did find a significant increase in MDA in the uncorrected
data. This group also took muscle biopsies; finding no evidence of
ultrastructural damage associated with the elevated levels of MDA. These
findings would argue that the oxidative stress was a systemic response, rather
than a consequence of muscle damage. Another possibility for the borderline
increase in MDA is that there was increased oxidative stress, but not enough
to cause damage. Finally, muscle biopsies are a very small sample from a
large muscle mass and it is possible that the portion of the muscle taken in the
biopsy did not include the damaged portion (118) or the assays were too
insensitive to detect the changes.

Inayama et al. (119) reported no change in plasma TBARS
immediately, 24 and 48 hours following a full marathon. However, the
investigators did report a decline in plasma protein-bound sulfhydryl group
values at race end indicating that the prolonged exercise caused oxidation of
plasma proteins but not lipids (119). These are surprising results considering
that the subjects were only moderately trained, inexperienced distance
runners. In agreement with our results from endurance exercise (1), Kanter et
al. (9) demonstrated a 77% increase in MDA levels after an 80 km run.
F-ISOPROSTANES

Our findings that F,-IsoPs increase in response to endurance exercise
(1) contribute to the accumulating body of evidence that endurance exercise
generates lipid peroxidation to an extent that it causes oxidative damage.

Muscle damage caused by the resumption of weight bearing activity following
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space flight increased urinary excretion of F.-IsoPs, implicating oxidative

stress as a cause of muscle damage (120).

Few other studies have investigated the response of F,-IsoPs to
exercise. Mori et al. (121) trained non-insulin dependent diabetics 30 minutes
per day at 55-65% VOamax 0N a cycle ergometer 3 times per week for 8 w.
They reported no increase in urinary F»-IsoPs in response to the moderate
exercise training protocol suggesting that the exercise was not strenuous
enough to elicit an oxidative stress response. More recently, Nieman et al.
(37) reported a significant increase in both lipid hydroperoxides and F,-IsoPs
following an ultramarathon run. Similarly, increases in lipid hydroperoxides
and F2-IsoPs were observed following a non-aerobic muscle damaging
protocol (41).

CONJUGATED DIENES

In some cases, exercise-induced oxidative stress has been studied
based on the susceptibility of low-density lipoproteins (LDL) to oxidation in
vitro. Using LDL obtained from subjects who completed a half-marathon,
Case et al. (122) reported an increase in lag time of LDL oxidation (protective
effect). Conversely, using LDL from subjects after a full marathon Liu et al.
(49) reported a decrease in LDL lag time. Marzatico et al. (11) noted an
increase in MDA levels after a half marathon, but no change in plasma
conjugated dienes. These differences may be attributed to the duration of
exercise, differences in antioxidant intakes or very likely, to differences in

analytical technique.
Case et al. (122) conducted one of the few studies involving women,
and while two studies in male distance runners yielded no change in

conjugated dienes (7, 11). Their group reported an increase in lag time of




conjugated diene formation. Results suggest that in trained female
runners, exercise reduces the susceptibility of LDL to oxidation (122). While
these studies have involved half-marathon races, Liu et al. (49) reported an
increase in oxidizability of LDL in male runners following a full marathon. The
question of whether it was the longer distance or gender that caused the
differences has yet to be explored. There is a good argument that these
findings were gender related considering that the hormone estrogen, which
occurs in higher levels in women, has antioxidant activity (123, 124). In
support of this hypothesis, we have preliminary data demonstrating that F,-
isopsrostanes did not increase in females following a 1 1/2 hour treadmill run
to volitional exhaustion at 75% VOomax (125).

Recently, two studies involving both genders addressed the issue of
LDL susceptibility to oxidation and again results were mixed. Wetzstein et al.
(126) reported an increase in the susceptibility of LDL to oxidation (decrease
in lag time) in response to thirty minutes of treadmill running. These results
were confounded by the fact that the subject population consisted of both
sedentary and trained individuals grouped together. Study findings were
further confounded by the fact that the sedentary individuals exercised at a
lower relative intensity than the trained subjects, such that both intensity AND
training status effected outcomes. While both males and females participated
in this study, sample size was too small to evaluate whether there were any
gender dependent differences. In the most comprehensive study on this
subject to date, Shern-Brewer et al. (127) examined the susceptibility of LDL
to oxidation in both sedentary and trained individuals in response to an acute
bout (VOzmax test) of exercise. Overall, there was no difference in lag time

between the sedentary and the trained subjects. When the groups were split



by gender, there was still no difference in lag time in the female
population. The male cohort, however, exhibited a significantly shorter lag
time in response to an acute bout of exercise in the sedentary group than in
the exercise group. This study has two main implications. First, it offers
strong evidence that the effects of exercise on the susceptibility to LDL
oxidation may be gender dependent. Secondly, it suggests that training, at
least in males, confers some protection against LDL oxidation. However,
since this exhaustive exercise bout was only 10-15 minutes in duration, the

findings cannot be extrapolated to endurance exercise.

INHIBITION OF EXERCISE-INDUCED LIPID PEROXIDATION BY
ANTIOXIDANT SUPPLEMENTATION

Results from studies investigating protection of supplementation with
vitamins E and C alone or in combination against exercise-induced lipid
peroxidation have been inconclusive: reduced lipid peroxidation (29-35),

increased lipid peroxidation (32, 41) or no effect (36-40).

Vitamin E Supplementation

Taken together, the few studies examining the effects of vitamin E
supplementation on exercise-induced lipid peroxidation demonstrate a trend
for protection by vitamin E (35, 36, 109, 110, 128, 129). However, Meydani et
al. (31) reported that 7 w of supplementation with 800 IU dl-o-tocopherol had
no effect on urinary TBARS in the 72 hours following a 45 minute downhill run.
Itoh et al. (129) on the other hand, reported that 4 w of supplementation with
1200 IU o-tocopherol attenuated the increase in plasma TBARS following six
consecutive days of running (~50 min/day) compared to the placebo group.
Importantly, supplementation with vitamin E attenuated increases in markers

of exercise-induced muscle damage (creatine kinase and lactate
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dehydrogenase) (129). Similarly, Sumida et al. (35) reported that 4 w of
supplementation with 300 mg d-a-tocopherol inhibited serum MDA formation
after a cycle ergometer test to volitional exhaustion. Three w daily
supplementation with 300 IU dl-o-tocopherol reduced LDL susceptibility to
oxidation following 1 hour of cycling at 70%VOzmax (128) and LDL from
subjects supplemented with only 13.5 mg/day d-a-tocopherol for 3 w had a
17% lower susceptibility to oxidation following a marathon run than LDL from
the placebo group (110). Most recently, Sacheck et al. (32) reported
differential effects of supplementation with 1000 IU RRR-a-tocopherol for 12 w
prior to a 45 minute downhill run in young and elderly men. Vitamin E
attenuated the increase in plasma F-IsoPs in the elderly men at 24 h post-
exercise, but not at 72 h post exercise. In the young men, supplementation
prevented any increases in plasma F.-IsoPs, but the group initially had higher
levels at baseline than the placebo group making interpretation of the results
difficult. Furthermore, MDA levels were attenuated at 72 h post-exercise with
supplementation in the young men, but they were actually increased 24 and
72 h post-exercise in the elderly men supplemented with vitamin E (32). Since
F2-1soPs were not measured immediately post-exercise, comparison with

other studies in which F»-IsoPs peaked at post-exercise (1, 2), is not possible.

Vitamin C Supplementation
Vasankari et al. (39) reported that 2000 mg vitamin C had no effect on

the exercise-induced increase in serum conjugated diene concentrations.
However, upon completion of the exercise, conjugated diene concentrations
decreased faster in the supplemented group. The results of a study by
Sanchez-Quesada et al. (33) were equally inconclusive. They reported that

just one dose of 1000 mg ascorbic acid ingested 30 minutes prior to a 4 hour
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run resulted in a decrease in LDL susceptibility to oxidation however,
TBARS remained unchanged in both the supplemented and placebo groups.
Conversely, Ashton et al. (30) found that a single 1000 mg dose of ascorbic
acid consumed 2 h prior to a maximal exercise bout prevented exercise-
induced increases in MDA, lipid hydroperoxides and electron spin resonance
signal intensity that were observed in the same subjects in a prior exercise
bout without supplementation. Alessio et al. (29) also reported that
supplementation with 1000 mg ascorbic acid prevented exercise-induced
increases in TBARS observed in the placebo group in response to 30 minutes
of running at 80%VOamax. Nieman et al. (37) reported no effect of 1500
mg/day ascorbic acid for 1 w prior to an ultramarathon on exercise-induced
increases in plasma F2-IsoPs or lipid hydroperoxides. Childs et al. (41)
reported that 1 w supplementation with 12.5 mg/kg body weight ascorbic acid
and 10 mg/kg body weight N-acetyl-cysteine (NAC) actually exacerbated
exercise-induced increases in both F,-IsoPs and lipid hydroperoxides 2 days
post-exercise, suggesting a pro-oxidant effect. These varying results from
studies investigating the effects of vitamin C supplementation on exercise

clearly call for more research.

Co-Supplementation with Vitamins E and C

A small number of studies have examined the effects of antioxidant
combinations on exercise-induced oxidative stress (13, 34, 36, 108, 110).
These studies have also yielded inconsistent results. Compared to the
placebo group, exercise-induced increases in breath pentane and plasma
MDA were attenuated by supplementation with 600 mg a-tocopherol, 1000 mg
ascorbic acid and 30 mg B-carotene for 6 w prior to a 30 min run (36). Pfeiffer

et al. (108) supplemented recruits with 300 mg a-tocopherol, 500 mg ascorbic
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acid, 20,000 |U B-carotene, 100 pg selenium and 30 mg zinc during 14
days of winter altitude training. They reported no effect of supplementation on
exercise-induced increases in urinary markers of oxidative stress: TBARS, 8-
OHdG or HNE, but plasma lipid hydroperoxides increased only in the placebo
group, suggestive of protection (108). Inexplicably, runners in both treatment
groups, those supplemented with 300 mg a-tocopherol and 200 mg ascorbic
acid or placebos for 4.5 w prior to a marathon exhibited a decrease in plasma
TBARS (13). Therefore, the exercise protocol itself, but not antioxidants,
appeared to be protective against oxidative damage. Antioxidant
supplementation did attenuate muscle damage markers post-race (13),

however.

There are a number of explanations for the inconsistent findings with
regard to antioxidant protection in exercise. In addition to differences in the
modes, duration, and intensity of exercise, there were large discrepancies in
the types and amounts of antioxidant supplements provided, and in the
duration of supplementation. A lack of consensus regarding the effectiveness
of antioxidants to inhibit exercise-induced oxidative damage makes this a very
attractive area for research (42).

In the present study, we supplemented runners with the antioxidant
vitamins E and C daily for 6 w. We chose doses that had demonstrated
beneficial effects in other studies (130, 131). We supplemented runners with
placebos or 300 mg vitamin E and 500 mg vitamin C twice a day (total of 1000
mg) as these vitamin doses decrease the susceptibility of LDL to ex vivo

oxidation (130, 131).
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EXERCISE-INDUCED DNA DAMAGE

Several studies have demonstrated exercise-induced lipid peroxidation
in response to various modes of exercise, including endurance running (1, 13).
Of late, there has been growing interest in exercise-induced DNA damage due
to its potential involvement in various disease states. There is speculation that
oxidatively damaged DNA is involved in cancer development and an
association between oxidative damage to mitochondrial DNA and age-related
degenerative diseases has been postulated (132). Past studies have primarily
used the 8-hydroxydeoxyguanosine (8-OHdG) assay (133-135) to assess
DNA damage, but this method has been criticized for its susceptibility to
artifact formation and the large amount of DNA required for analysis (136).
More recently, the comet assay (also known as the single cell gel
electrophoresis assay) has come into favor due to its greater simplicity,
sensitivity and stability (136). The comet assay detects DNA single strand
breaks, incomplete excision repair sites and alkali-labile sites (136, 137).
Using the comet assay technique, various forms of exercise: high intensity,
short duration (138-140); moderate intensity and moderate duration (17); and
moderate intensity endurance exercise (15, 19); have all been demonstrated
to result in the same relative amounts of DNA damage. Furthermore,
exercise-induced DNA damage has been observed in recreationally active
individuals (17, 138, 139), trained athletes (15, 19, 140) and sedentary
individuals (140), with some evidence that untrained individuals experience

greater damage than trained subjects (140).
The purpose of the present study was to determine whether DNA

damage is generated in trained women and men during a 50 km ultramarathon

run and if so, to assess the extent to which DNA damage could be inhibited by
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6 w prior supplementation with the antioxidant vitamins E and C. Previous
studies of exercise-induced DNA damage have been generally inconsistent.
Both Niess et al. (140) and Hartmann et al. (138) reported an increase in
comet tail moment 24 h following a maximal oxygen consumption test on a
treadmill (average run time 18.4 + 1.7 min). Similarly, Hartmann et al. (141) in
a study involving only 3 subjects, reported a peak in DNA damage 24 h
following a 45 minute run. Niess et al. (17) studied runners following a half
marathon (21 km, average run time 93 min), also reporting a peak in comet tail
length at 24 h post race, calling into question whether the duration of exercise
influences the extent or time course of DNA damage. However, Hartmann et
al. (15) reported an increase 24 h after a mini-triathlon, but DNA damage
peaked later, at 72 h post-race. The longer duration of the triathlon, 2.5 h,
may explain the shift in the peak of DNA damage. One other study has
examined DNA damage in endurance exercisers. Tsai et al. (19) used the
comet assay to study response to a 42 km run (average run time 3 h). They
reported an increase in DNA damage 24 h post exercise that persisted
through day 7.

As recently reviewed by Moller and Loft (142), a number of studies
have used the comet assay to investigate the ability of antioxidant
supplementation to attenuate basal DNA damage in sedentary subjects.
Supplementation in general had little effect on DNA damage, however Moller
and Loft (142) suggested that a protective effect of antioxidants may only be
seen in the presence of an oxidative stressor such as exhaustive exercise. To
test whether vitamin E supplementation could inhibit exercise-induced DNA
damage using the comet assay, Hartmann et al. (138) studied five men in

response to a total of four consecutive maximal exercise bouts (average run




36

time 15 min: maximum running time 18.4 minutes). The four trials

included: no supplement (test I), a multivitamin supplement (test Il), 800 mg
vitamin E 2 h before and 22 h following exercise (test Ill) or 1200 mg vitamin E
for 14 days prior to the exercise bout (test IV). While all three supplement
regimens inhibited DNA damage, the 1200 mg vitamin E for 14 days prior to
the exercise bout (test IV) appeared to have the greatest effect, leading the
investigators to conclude that vitamin E prevents exercise-induced DNA
damage. However, the order of the tests was not randomized, making it
impossible to determine if the protective effects of vitamin E resulted from the

supplementation, or due to a training effect.

EXERCISE-INDUCED INFLAMMATION

Endurance and/or damaging exercise elicits a stress response
analogous to the acute phase immune response (25). A local response to a
stressor such as tissue injury or ROS, stimulates production of a group of low
molecular weight regulatory proteins, called cytokines, which regulate the
inflammatory cascade (25, 143, 144). In parallel to the local response, there is
a systemic inflammatory response characterized by fever, leukocytosis,
production of acute phase proteins and transfer of extracellular iron to
intracellular stores (25). Initially, the pro-inflammatory cytokines, tumor
necrosis factor-a. (TNF-o)) and interleukin-1B (IL-1B) are produced, these in
turn stimulate the production of interleukin-6 (IL6) an inflammation-responsive
cytokine (143). IL-6, considered the primary mediator of the acute phase
reaction, is responsible for stimulating production of acute phase proteins
including the hepatocyte derived C-reactive protein (CRP) and restricting the
extent of the inflammatory response by stimulating production of anti-

inflammatory cytokines such as interleukin-1 receptor antagonist (IL-1ra) (144,
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145). While cytokines recruit neutrophils, monocytes and lymphocytes to
the site of inflammation, these cells, in turn, produce ROS and proteolytic

enzymes in order to clear and repair damaged tissue (25, 143, 145, 146).

It has been postulated that ROS may stimulate cytokine production in
response to exercise because ROS induce cytokine production from various
cell types including skeletal muscle (106). Therefore it has also been
hypothesized that antioxidant supplementation may attenuate the stress
response to exercise (106). The few studies examining the effects of
antioxidant supplementation on exercise-stimulated cytokine production have
generated mixed results. Vitamin C supplementation attenuated the increase
in cortisol (37, 111) but enhanced the increase in CRP (111). While most
studies found no effect of vitamins E or C on the cytokine response to exercise
(105, 107, 111, 116), Cannon et al. (147) reported an attenuation of the
increase in IL-1B with vitamin E supplementation (400 IU for 48 days) and
Vassilakopoulos et al. (106) reported that increases in TNF-q, IL-1f and IL-6
were all prevented with an antioxidant cocktail that included vitamins E, A and
C (200 mg, 50,000 IU, and 1000 mg, respectively) for 60 days.

Very few studies have studied the effects of antioxidants on both
exercise-induced oxidative stress and inflammation (37, 41). Nieman et al.
(37) reported that 1500 mg/day ascorbic acid for 1 w prior to an ultramarathon
had no effect on exercise-induced increases in plasma F»-lsoPs or lipid
hydroperoxides. Similarly, the supplementation appeared to have no effect on
increases in the inflammatory markers IL-6, IL-1ga, IL-10, IL-8, IL-2 and IFN-y.
Using an eccentric arm exercise protocol known to induce muscle damage,
Childs et al. (41) studied the effects of 1 w supplementation with 12.5 mg/kg
body weight ascorbic acid and 10 mg/kg body weight N-acetyl-cysteine (NAC)
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on markers of lipid peroxidation and inflammation. Both F,-IsoPs and lipid
hydroperoxides increased in response to the damaging protocol, but levels
reached even higher concentrations in the supplemented group 2 days post-
exercise, suggesting a pro-oxidant effect. IL-6 concentrations increased
similarly in both groups following exercise, indicating that the supplementation

had no effect on inflammation.

OVERVIEW

The purpose of the present study was to determine if prior
supplementation with the antioxidant vitamins E and C could protect against
the oxidative damage, inflammation and muscle damage generated during
endurance exercise. The effects of antioxidant supplementation on the
potentially adverse effects of endurance exercise are presented in the
following chapters: Chapter 2, exercise-induced DNA damage; Chapter 3, lipid
peroxidation and inflammation; Chapter 4,vitamin E kinetics; Chapter 5,
muscle fatigue, damage and subsequent recovery. Chapter 6 offers a
discussion of the present study and its implications with regard to endurance
exercise, the use of antioxidant supplements and directions for future

research.
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ENDURANCE EXERCISE RESULTS IN DNA DAMAGE
AS DETECTED BY THE COMET ASSAY

ABSTRACT

To determine if 6 w supplementation with antioxidants could alleviate exercise-
induced DNA damage, we studied 21 runners during a 50 km ultramarathon.
Subjects were randomly assigned to one of two groups: 1) placebos (PL) or 2)
antioxidants (AO) (1000 mg vitamin C and 400 IU RRR-o-tocopheryl acetate).
The comet assay was used to assess DNA damage in circulating leukocytes
at selected time points: pre-, mid-, and 2 h post-race, and for 6 days post-race.
All subjects completed the race; run time 7.1 + 0.1 h; energy expenditure 5008
+ 80 for women (n = 10) and 6932 + 206 kcal for men (n = 11). Overall, the %
DNA damage increased at mid-race (p<0.02), but returned to baseline by 2 h
post-race, indicating that the exercise bout induced non-persistent DNA
damage. There was a gender*treatment*time interaction (p<0.01). One day
post-race, women taking AO had 62% less DNA damage than women taking
PL (p<0.0008). In contrast, there were no statistically significant differences
between the two treatment groups of men at any time point. Thus, endurance
exercise resulted in DNA damage as shown by the comet assay and AO

appeared to enhance recovery in women but not in men.
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INTRODUCTION

During the resting state the human body produces reactive oxygen
species (ROS) continuously, but in healthy individuals these ROS are
produced at levels well within the capacity of the body’s antioxidant defense
system. However, endurance exercise elicits a 10 to 20-fold increase in whole
body oxygen (O.) consumption and O, consumption at the level of the skeletal
muscle increases 100 to 200-fold. This increase in O, utilization may result in
the production of ROS at rates that exceed the body’s capacity to detoxify
them (67). Potential sources of ROS during exercise include leakage of
electrons from the mitochondrial electron transport chain (23), enhanced
purine oxidation, damage to iron-containing proteins, and disruption of Ca®*
homeostasis (24). Left unchecked, these ROS may cause protein, lipid and/or
DNA damage.

Several studies have demonstrated exercise-induced lipid peroxidation
in response to various modes of exercise, including endurance running (1, 13).
Recently, there has been growing interest in exercise-induced DNA damage
due to its potential involvement in various disease states. There is speculation
that oxidatively damaged DNA is involved in cancer development and an
association between oxidative damage to mitochondrial DNA and age-related
degenerative diseases has been postulated (132). Past studies have primarily
used the 8-hydroxydeoxyguanosine (8-OHdG) assay (133-135) to assess
DNA damage, but this method has been criticized for its susceptibility to
artifact formation and the large amount of DNA required for analysis (136).
More recently, the comet assay (also known as the single cell gel

electrophoresis assay (SCG Assay)) has come into favor due to its greater



simplicity, sensitivity and stability (136). The comet assay detects single
strand DNA breaks, incomplete excision repair sites and alkali-labile sites
(136, 137). Using the comet assay technique, various forms of exercise: high
intensity, short duration (138-140); moderate intensity, moderate duration (17);
and moderate intensity endurance exercise (15, 19) have all been
demonstrated to produce the same relative amounts of DNA damage.
Furthermore, exercise-induced DNA damage has been observed in
recreationally active individuals (17, 138, 139), trained athletes (15, 19, 140)
and untrained individuals (140), with some evidence that untrained individuals

experience greater damage than trained subjects (140).

The purpose of the present study was to determine whether DNA
damage is generated in recreationally-trained women and men during a 50 km
ultramarathon run and if so, to assess the extent to which DNA damage could

be alleviated by 6 w prior supplementation with vitamins E and C.

EXPERIMENTAL PROCEDURES
STUDY DESIGN

Subjects
The protocol for this study was approved by the Oregon State

University Institutional Review Board for the Protection of Human Subjects.
Runners (11 women and 11 men) were recruited from the pool of participants
in the McDonald Forest Ultramarathon Race, an annual event that takes place
in Corvallis, Oregon. The 50 km (32 mile) ultramarathon consists of a trail run
over rugged terrain, with a total elevation gain and loss of >12,000 ft. The
physical characteristics of the subjects at baseline are presented in Table 1.

Men differed from women with regard to all anthropometric measures except
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age. Women in the antioxidant group weighed less than women in the
placebo group (p< 0.05) while men in the antioxidant group were slightly taller
than men in the placebo group (p< 0.05). Within each sex, VOsmaxand %
body fat did not differ among treatment groups. Training regime (estimated by
average running mileage per week) did not differ between treatment groups or

sexes (Table 1).

Criteria for Subject Participation

Inclusion criteria for participation in the study included non-smoking
status, age 18-60 y, and a VOan.x classified as excellent fithess by Powers
and Howley (45). Potential participants were excluded based on antioxidant
supplement use (e.g. vitamin C, vitamin E, selenium or carotenoids), abnormal
cholesterol, triglyceride or glucose levels, other supplement use (performance
enhancing, or herbal type products), vegetarian or other restrictive dietary
requirements, pregnancy or suspected pregnancy, and chronic upper

respiratory infections.

Pre-screening

Baseline information including: VO, sumax, body composition
assessment, a general health screening questionnaire and a blood chemistry

were collected.

Blood Chemistry

An initial blood screening was used to identify subjects with abnormal
cholesterol (= 7.8 mmol/L (300 mg/dl)), triglyceride (> 3.8 mmol/L (300 mg/dl))
or fasting blood glucose levels (> 7.8 mmol/L (140 mg/dl)). Plasma vitamin E
and vitamin C levels were also measured in order to identify any supplement

users.




Table 1. Subject Characteristics.

Females Males

Characteristic AO (N=6) PL (N=5) AO (N=6) PL (N=5)
Age (yrs) 41+6 35+4 41+6 39+8
Height (cm)* 165+ 2 167 £ 3 182 +2° 176 + 2°
Weight (kg)* 57 +1° 63+ 2° 81+4 75+5
%body fat* 21+3 22+3 16 £3 13+2
LBM (kg)* 45+ 2 49+ 2 68 +2 64 £3
BMI* 21+£04 23+0.9 251+1.0 24+13
VOsmax (MI’kg/miny* 55+2 54 + 4 58 +2 62 + 1
Training (mi/wk) 33+5 26+ 3 22+5 28+5

Values are means + SE. LBM, lean body mass; BMI, body mass index;
VO2max, maximal oxygen consumption.

®male ao vs male pl p < 0.05; ’female ao v female pl p < 0.05;
*male vs females p < 0.05
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Submaximal Oxygen Consumption

In order to establish that subjects were of a similar, marathon level of
fitness, maximal oxygen consumption (VO, max) was extrapolated from a
submaximal oxygen consumption test by taking advantage of the linear
relationship between heart rate and workload oxygen consumption using a
progressive treadmill run test to achieve 85% age-predicted maximum heart
rate. Age predicted maximum heart rate was calculated by the equation:
Predicted Heart Rate (bpm) = 220 - age (yrs) (45). Respiratory gases were
collected and analyzed using a SensorMedics Metabolic cart (SensorMedics
Yorba Linda, California). Heart rate was recorded using a Polar heart rate
monitor (Polar Electro Inc Woodbury, NY). The relationship between work
rate, oxygen consumption, and heart rate was analyzed using data obtained
from the metabolic cart. Based on the criteria presented by Powers and
Howley (45), subjects were classified as having excellent fitness and accepted
into the study if their VOzmax was > 47, 45, 44 or 41 ml-kg™-min™', for men aged
21-29, 30-39, 40-49 and 50-60 years, respectively, or > 37, 36, 33 or 32 ml-kg’
"-min"!, for women aged 21-29, 30-39, 40-49 and 50-60 years, respectively.

3-Day Diet Records

Three-day diet records (two week days and one weekend day), were
used to estimate subjects’ average daily intake of nutrients including energy,
vitamin E and vitamin C intake at baseline, prior to the beginning of the study.
Records were analyzed using the Esha Food Processor Program (Salem,
OR). Estimated average daily intake was: 2653 + 201 kcal, 142 + 26 mg
vitamin C and 14 + 3 mg vitamin E; there were no differences between men

and women in energy, dietary vitamin E or C intakes.




Randomization Criteria

Subjects were randomly assigned in a double-blind fashion to one of
two treatment groups (placebos, or antioxidants (300 mg RRR-a-tocopheryl
acetate and 1000 mg ascorbic acid (500 mg twice daily)). A blocking
technique was used to ensure that the treatment group populations were
homogeneous with regard to select physical characteristics (148). Blocking
factors used in the randomization included age, sex, plasma triglycerides and
cholesterol. An unpaired t-test was used to confirm that the randomization
was successful in creating homogeneous groups with regard to the blocking

factors.

Diet

Subjects were instructed to consume a prescribed diet low in vitamins E
and C for the 6 w prior to the race and the six days following the race and then
a controlled diet for 2 days: 1 day prior to the race and race day.

All foods for the 2 days of the controlled diet were prepared and
provided to the participants in the Metabolic Feeding Unit in the Human
Nutrition Research Laboratory at Oregon State University. Subjects were then
instructed to resume the vitamin C and E restricted diet for 6 days post race.
Both diets consisted of 10-15% protein, 55-65% carbohydrate, and 25-30%
fat; the macronutrient breakdown recommended for optimal athletic
performance (45, 101).

For the entirety of the study, subjects were provided with energy bars,
carbohydrate pastes and carbohydrate drinks low in vitamins E and C to be

used for fuel during their training and during the race.



Blood Draws
Blood samples were obtained 1 hour prior to the race (pre-race (0h)), in
the middle of the race at kilometer 27 (mid-race (5 h)), 2 hours after race end
(2 h post-race (10 h)) and daily for six days following the race (post 1-7 days
(24-144 h)), for a total of nine time points. All blood draws were fasting, in the

early morning except mid-race, post-race and 2 h post-race.

Blood Samples

Blood was drawn into two 5 cc green-top Vacutainer tubes (containing
143 USP units sodium heparin) and one 5 cc purple-top Vacutainer tube
(containing 1 mg/ml EDTA). Aliquots of whole blood were taken immediately
for the comet assay analysis. Remaining blood was centrifuged at 2500 x g
for ten minutes; plasma was then aliquoted to cryotubes for various assays.
Samples were flash frozen in liquid nitrogen and stored at ~80°C until time of
analysis (within 6 months of collection).

For vitamin C analysis, freshly drawn plasma (50 uL) was mixed with an
equal volume of chilled 5% (wt/vol) metaphosphoric acid in 1 mM
diethylenetriamine pentaacetic acid (made fresh daily) and centrifuged to
remove the precipitated proteins. A portion of the supernatant was frozen at

-80° C until day of analysis.

Activity Log

For the 6 w prior to the ultramarathon, subjects recorded daily the
amount, type, duration and intensity of exercise performed each day. This

information was used to identify inter-subject differences in training regimen.
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Non-Steroidal Anti-Inflammatory Drugs (NSAIDs)

Subjects were asked to refrain from using NSAIDs including naproxen
sodium and ibuprofen throughout the 7 w of the study. As an alternative to

these drugs, subjects were allowed to use acetaminophen.

Race Schedule

Body Weight: Subjects were weighed immediately before and after the
race to estimate losses in body water.

Foods and Beverages: selected foods and beverages were provided to
the subjects at check points along the race course, allowing for quantification
of the caloric and nutrient intake of the subjects, and as a means to control
vitamin E and vitamin C intake before and during the race.

Heart Rate Monitor: Subjects wore a Polar heart rate monitor (Polar
Electro Inc., Woodbury, NY) during the run; average heart rate in conjunction
with oxygen consumption levels, measured previously in the lab, were then
used to quantify individual energy expenditure during the race.

Physical Activity: Subjects were asked to refrain from physical activity,
especially running, for the six days following the ultramarathon in order to

investigate the effects of antioxidant supplementation on recovery.

Energy Expenditure Calculation

Energy expenditure was calculated based on average heart rate during
the run and the corresponding oxygen consumption (VO,) multiplied by the

time it took each subject to finish the race.

Ave HR (bpm) — VO_ (L/min) X 5 = kcal/min X Race Time (min) = Total kcals

Body Mass
Body Mass Index (BMI) = weight in kg/(height in m?)
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% Body Fat
A Bod Pod® (Concord, CA), an apparatus that estimates % body fat
based on changes in pressure created by the displacement of air by the body,

was used to determine %body fat.

Lean Body Mass (LBM)

LBM (kg) = (100 - %bodyfat) X total body mass (kg)
ASSESSMENT OF DNA DAMAGE

Assessment of DNA damage was carried out using the comet assay
according to the method of Anderson et al. (149). Briefly, slides were
prepared by adding ~5 uL fresh whole blood, mixed with 60 uL 0.5% low
melting point agarose (LMPA) sandwiched between a layer of normal melting
point agarose (NMPA) and a layer of 0.5% LMPA on a fully frosted slide. In
order to release the DNA, cells were lysed by immersing slides in lysing
solution until time of analysis (3-14 days) at 4°C. A longer lysis time at low
temperature increases the sensitivity and reproducibility of the comet assay
(150), therefore lysis in our experiment was carried out at 4°C for 3-14 days. It
has been reported previously that slides may be stored for extended periods of
time in cold lysing solution (up to several months) withoutv affecting results if
10% DMSO has been added (151). Lysing solution composition: 10% DMSO
(added freshly), 2.5 M NaCl, 100 mM EDTA, disodium salt, 10 mM Tris, 1%
Sodium lauryl sarcosinate, 1% Triton X-100 (added freshly); pH 10. DNA was
denatured by placing slides in an alkaline bath in an electrophoresis tank for
30 minutes to allow for the unwinding of the DNA and expression of alkali-
labile damage. Electrophoresis was carried out with an electric current of

0.8 V/cm applied for 30 min; pH electrophoresis solution > 13. Tris buffer was
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added onto slides to neutralize excess alkali after electrophoresis. Finally,
DNA was stained by adding 60 ul ethidium bromide (EtBr) (20 ug/ml) to each

slide.

Comet measurements were made by image analysis using a
fluorescence microscope and the Comet Assay Il Software. Images of 50
randomly selected nuclei (25 nuclei from each of two replicate slides) were
analyzed from each sample. A representative comet image is shown in
Figure 5. The comet measurements recorded and subsequently used for
analysis were tail length, % DNA in tail, tail moment and the proportion of cells
out of 50 with tail moment (tail intensity X tail length) > 0.51 + 0.04 (Figure 5).
This final parameter is referred to as the “proportion of cells with damage” and
is a novel means of assessing comet results.

Figure 5. Comet Image and Measurements.
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PLASMA ANTIOXIDANTS

Tocopherols were measured using a modified version of the method of
Podda et al. (152). o-Tocopherol was determined by paired-ion reversed-
phase HPLC coupled with electro-chemical detection. Ascorbic acid was
determined by paired-ion reversed-phase HPLC coupled with electro-chemical
detection using a modification of the method described by Kutnink et al. (153).
STATISTICAL ANALYSES

The Analysis of Covariance for repeated measures designs was used
to assess statistically significant differences of between and within subject
effects (154). Data are expressed as the mean + standard error. Statistics
were calculated using The SAS® System (SAS Institute Inc., Cary, NC). In
order to adjust for pre-existing differences between individuals prior to the
exercise bout, pre-race (time 0 h) levels of DNA damage were used as a
covariate in the statistical model (the analysis found the covariate to be
statistically significant, p < 0.03). One subject was removed from the analyses
due to extreme comet values falling greater than two standard deviations
above the mean at all timepoints including baseline. An unpaired t-test was
used to analyze differences between the sexes with regard to subject

characteristics (i.e. age, height, weight).

RESULTS
RACE RESULTS
All 21 subjects completed the race (Table 2). Run time averaged 7.1 +
0.2 h at a pace of 13.7 £ 0.4 min/mile and heart rate (HR) of 146 + 2 bpm;
there were no statistically significant differences in run time, pace or heart rate
between the sexes or the treatment groups. Energy expenditure was

approximately 2000 kcal greater for men than women, but was not different




Table 2. Race Results Mean + SE
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Females Males
Parameter AO (N=6) PL (N=5)  AO (N=6) PL (N=5)

Run Time (hr) 71104 7.310.6 6.8+ 0.4 72105
Pace (min/mile) 1832+0.7 13.6%1.1 128+£08 134+1.0
Ave HR (bpm) 147 £ 8 149 +5 147 £ 4 140+ 6
EE (Kcal)* 4997 + 207 4958+ 187 6928 +558 7006 + 297
EE (Kcal/min)* 12+ 1 12 +1 17+2 17 £1
Energy Intake (Kcal) * 1844 + 137 2040 £ 221 2530+325 2468 + 279
Vit E Intake (mg) 311 211 3+1

Vit C Intake (mg) 39+ 14 32+9 28+5

Values are means * SE. HR, heart rate; EE, energy expenditure.

* male vs females p < 0.05

Table 3. Plasma Antioxidant Levels

o Treatment 6 Weeks
Antioxidant Group Baseline  Supplementation
Supplement 2812 45 + 3+$
a-Tocopherol (uM)
Placebo 24 £2 28 + 2
Supplement 113+ 14 121 + 9*$
Ascorbic Acid (uM)
Placebo 93+ 11 78+ 9

Values are means + SE.

*p < 0.0001 compared to baseline. *p < 0.0007 compared to PL

group.
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between treatment groups for each sex. Energy intake was greater in

men than women but did not differ between treatment groups.

Vitamin E and vitamin C intakes from foods consumed before, during
and for two hours following the race were calculated. Vitamin E intake during
the run was nominal; < 5 mg for each group, and did not differ between the
treatment groups or the sexes. Similarly, vitamin C intake was low (< 50 mg
for most subjects) and did not differ between the treatment groups or the
sexes (Table 2).

PLASMA ANTIOXIDANTS

At baseline (day 0, prior to supplementation), plasma o-tocopherol
levels were similar in the antioxidant supplementation and placebo groups
(Table 3). Following 6 w of supplementation, plasma o-tocopherol increased
30% from 28 + 2 to 45 £ 3 uM in the antioxidant supplement group (p <
0.0001) and were higher than in the placebo group (p < 0.0007); levels in the
placebo group were unchanged.

Ascorbic acid levels did not differ between the groups at baseline. After
6 w of supplementation, the antioxidant supplement group had higher plasma
ascorbic acid levels, 121 £ 9 uM, than did the placebo group, 78 £ 9 uM (p <
0.0007) (Table 3); levels in the placebo group were unchanged.

DNA DAMAGE

Tail moment is the product of tail length and % DNA in tail; thus tail
moment represents both the amount of DNA migrated into the tail and the
distance migrated (Figure 5). The tail moment is commonly reported (15, 137,
138, 140, 155-159) as a valid marker of single strand DNA breakage. Collins
(136) concluded that at low levels of damage the tail length appears to be a

more sensitive marker than % DNA in tail. Since our subjects exhibited low
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levels of damage, tail moment, which incorporates both the tail length and

%DNA in tail was calculated.

The mean % DNA in tail is presented in Figure 6. The % DNA in tail
are presented here as mean + standard deviation (SD) to emphasize the large
variances that result from a few very large cells skewing the data; data for all
other parameters is presented as mean + SE. No significant interactions were
detected. Only a main effect of time reflecting the increase in DNA damage at

mid-race was statistically significant.

Figure 6. Percentage DNA in Tail. Shown are the mean + SD of the %
DNA in the tail which increased at mid-race compared to pre-race (ANOVA
main effect for Time; p < 0.05). There were no statistically significant
differences detected between sexes or treatment groups using this metric.

7.0

*

6.0

> o
G

Mean %Tail DNA
w
)

N
e

=)= Females AO ==@== Females PL =}~ Males AO w==ill== Males PL

1 T 1 1 T 1 1 1 L
Pre- Mid- Post- Post Post Post Post Post Post
race race race 1d 2d 3d 4d 5d 6d

Similarly, the distribution of tail moments and %DNA in tail from a
representative subject (Figures 7A and 7B) illustrate the various sizes of tail
moment and %DNA in tail as well as the skewed distribution of the cell

population. Itis obvious that a few extremely large comets are responsible for
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Figure 7. Distribution of DNA Damage; 50 Individual Cells Imaged in a
Representative Subject at Pre-Race. 50 Individual cells ranked by tail
moment (A). 50 Individual cells ranked by % DNA in tail (B).
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the skewed distribution. Thus neither measure (% DNA in tail or tail moment)

met one of the key assumptions of most statistical tests, that of a normal




distribution. The observation of a skewed distribution has been reported
by others (15, 141, 155, 157, 160). The lack of a normal distribution in our
study was not corrected by standard transformations such as natural log
transformation and therefore it necessitated we develop a novel approach to

analyze the data.

Our strategy was to calculate the mean tail moment at baseline for all
subjects (no damage): mean tail moment = 0.51 £ 0.04. Then, at each time
point, the number of cells out of 50 with a tail moment larger than 0.51 (mean
tail moment at baseline) was calculated. This value was divided by 50 (total
number of cells analyzed per person per time point) to yield the “proportion of

cells with DNA damage”.

For all subjects, the proportion of cells with DNA damage were found to
increase ~10% at mid-race (p <0.02) (Figure 8). The proportion of damaged
cells was elevated, then decreased, returning to pre-race levels by 2 h post-
race. The damage continued to decline such that by 6 days (144 h) following
the exercise bout the proportion of cells with damage was 8% lower than pre-
race (p < 0.02).

With regard to the vitamin E and vitamin C supplementation, women
and men responded differently to the treatment over the time course of the
study (ANCOVA, Treatment x Gender x Time interaction, p < 0.01). The
evidence of antioxidant protectidn was greatest in the women on the day
following the race (24 h), such that women in the antioxidant group had 62%
fewer cells with damage than women in the placebo group (treatment simple
effect, p < 0.0008) (Figure 9A). Unlike the women, no significant differences

between treatment groups were observed in men (Figure 9B).
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Figure 8. Percent Change From Pre-Race. Shown are the % changes
compared to pre-race in the proportion of cells with DNA damage. The
proportion of cells with DNA damage was calculated as the proportion of
cells out of 50 with tail moment > 0.51 + 0.04. The proportion of cells with
damage at mid-race (3 h) increased 10% compared to pre-race (p < 0.02).
The damage then decreased, such that at 6 days (144 h) following the
exercise bout it was significantly lower than pre-race (* p < 0.02 compared
to pre-race (0 h)).
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Other sex differences were also observed. On the day following the
race (24 h), the proportion of cells with DNA damage in the placebo groups
was 42% in the women compared with 26% in men (p < 0.006). Similarly in
the antioxidant groups, five days (120 h) after the race, the proportion of cells

with DNA damage was 40% in women compared with 19% in men (p < 0.006).




58

Figure 9. Proportion of Cells with DNA Damage: Effects of Antioxidant
Supplementation. A significant gender X treatment X time interaction for
the four groups was observed (p < 0.01). Antioxidants were protective in
women on the day following the race (# p < 0.0008 antioxidant women vs.
placebo women) (A). No differences between treatment groups were
exhibited in men (B). Data shown have been adjusted for pre-existing
differences between individuals by using pre-race (time 0 h) levels of DNA
damage as a covariate in the statistical model (covariate, p< 0.03).
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DISCUSSION

Antioxidant supplementation protected women runners by decreasing
the proportion of cells with DNA damage on the day following the
ultramarathon race (Figure 9A). Importantly, men and women responded
differently to the supplements over time with men experiencing little benefit
from the antioxidants. This finding of sex differences highlights the importance
of studying both sexes in exercise studies rather than simply generalizing the
findings from studies investigating only men.

On average, subjects exhibited DNA damage by mid-race (Figure 8)
indicating that the exercise bout was sufficiently strenuous to test the effects of
antioxidants on DNA damage. However, the proportion of cells with DNA
damage returned to baseline values by the end of the race. Furthermore, by 2
days after the race, the proportion of cells with damage declined below
baseline values and decreased to 8% below baseline by 6 days post-race.
The precise reason for this apparent decrease is unclear but may have been
due to increased repair mechanisms, increased clearance of damaged cells, a
redistribution of damaged cells and/or because subjects were no longer
exercising.

Regardless of the exercise protocol studied, increases in DNA damage
in peripheral human white cells have been reported generating consensus that
exercise does indeed induce DNA damage (132). Based on these previous
studies, we chose to measure DNA damage in circulating leukocytes.
However, it is not possible to determine if the damage observed is
representative of damage at the level of the skeletal muscle. One study (133)
reported a relationship between DNA damage profiles in muscle cells following

2 w of hypoxia compared to mononuclear blood cells after 3 days of hypoxia.




No conclusions about a relationship between peripheral blood cells and
muscle cells can be drawn until a study is conducted measuring both cell
types in the same subject.

In previous studies the time courses of exercise-induced DNA damage
have been generally inconsistent. Both Niess et al. (140) and Hartmann et al.
(138) reported an increase in comet tail moment 24 h following a maximal
oxygen consumption test on a treadmill (average run time 18.4 £ 1.7 min).
Similarly, Hartmann et al. (141) in a study involving only 3 subjects, reported a
peak in DNA damage 24 h following a 45 minute run. Niess et al. (17) studied
runners following a half marathon (21 km, average run time 93 min), also
reporting a peak in comet tail length at 24 h post race, calling to question
whether the duration of exercise influences the extent or time course of DNA
damage. However, Hartmann et al. (15) reported an increase 24 h after a
mini-triathlon, but DNA damage peaked later, at 72 h post-race. The longer
duration of the triathlon, 2.5 h, may explain the shift in the peak of DNA
damage.

One other study has examined DNA damage in endurance exercisers.
Tsai et al. (19) used the comet assay to study the response to a 42 km run
(average run time 3 h). They reported an increase in DNA damage 24 h post
exercise that persisted through day 7. The duration of the exercise bout in our
study was longer (7 hours with extreme elevation changes), than any previous
studies. It may be that the exhaustive nature of our extreme endurance run
caused damage greater than in previous studies, and therefore, the damage
appeared earlier in the time course. Previously, in runners participating in the

Mc Donald Forest Ultramarathon, we found that lipid oxidation was detectable
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by mid-race and peaked at race end (1), again suggesting enhanced
clearance of oxidation products in response to mountain trail running.

As recently reviewed by Moller and Loft (142), a number of studies
have used the comet assay to investigate the ability of antioxidant
supplementation to attenuate basal DNA damage in sedentary subjects.
Supplementation in general had little effect on DNA damage, however Moller
and Loft (142) suggested that a protective effect of antioxidants may only be
seen in the presence of an oxidative stressor. Hartmann et al. (138) studied
five men in response to a total of four consecutive maximal exercise bouts
(ave run time 15 min: maximum running time 18.4 minutes). The four trials
included: no supplement (test |), a multivitamin supplement (test 1), 800 mg
vitamin E 2 h before and 22 h following exercise (test lll) or 1200 mg vitamin E
for 14 days prior to the exercise bout (test IV). While all three supplement
regimens inhibited DNA damage, the 1200 mg vitamin E for 14 days prior to
the exercise bout (test V) appeared to have the greatest effect, leading the
investigators to conclude that vitamin E prevents exercise-induced DNA
damage. However, the order of the tests was not randomized, making it
impossible to determine if the protective effects of vitamin E were the result of
the supplementation, or due to a training effect.

We found that despite similar circulating antioxidant levels in both sexes
within each treatment group, higher levels of DNA damage were observed in
women runners. Specifically, a significant three-way “Treatment x Gender x
Time” interaction (p < 0.01) was observed, resulting from: 1) a treatment effect
of antioxidants compared to placebo in women at 24 h post race; 2) a gender
effect in the placebo groups, women had greater DNA-damage compared with

men at 2 days post-race (p < 0.006); and 3) a gender effect in the antioxidant
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groups, women had more DNA-damage compared with men at 5 days
post-race (p < 0.006). Previously, Bajpayee et al. (161) reported significantly
higher levels of steady state DNA damage in women compared to men using
the comet assay. Together these findings suggest that women have higher
levels of DNA damage than men, and that women may benefit from
antioxidant supplementation.

Exercise-induced oxidative damage may be beneficial by enhancing
antioxidant enzyme systems and/or enhancing clearance of oxidized LDL
particles (123). Relatively low levels of DNA damage generated by exercise
may actually be beneficial by upregulating DNA damage repair enzymes,
stimulating the immune response and/or by increasing clearance of damaged
cells by inducing apoptosis (162). This concept that low levels of a damaging
entity can upregulate protective mechanisms in an organism is known as
hormesis (162). In support of this theory, both cohort and case-control
epidemiological studies have demonstrated dose-dependent protection of
physical activity against overall and site-specific cancer risk (163). Moreover,
there is little evidence that the exercise-induced DNA damage is mutagenic
(137). In fact, Hartmann et al. (15) reported that despite substantial increases
in DNA damage in response to a 2.5 h triathlon competition, no increases in
frequency of micronuclei, a sensitive indicator of chromosome damage, were
observed.

In general, in our study antioxidant supplementation did not inhibit DNA
damage induced by the exhaustive run, but rather impacted post-exercise
damage. One potential explanation for the lack of protection by antioxidants is
that DNA damage was assessed in circulating leukocytes, which are known to

concentrate ascorbic acid. The placebo group had relatively high plasma
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ascorbic acid levels (78 + 9 uM) and Levine et al. (99) has demonstrated
that leukocyte ascorbic acid levels reach saturation with plasma levels of 50-
60 uM. Saturation levels of ascorbic acid in leukocytes in both the antioxidant
group and the placebo group could explain the lack of a treatment effect. For
these reasons, Levine et al. (99) postulated that in order to test for a treatment
effect of vitamin C, subjects in the placebo group would need to consume less
than 100 mg of vitamin C per day from foods. Subjects in the present study
were instructed to consume a prescribed diet consisting of foods low in
vitamins C and E and vitamin C intake was limited to <50 mg during the race
period. However, the high average daily caloric intake required to sustain the
excessive energy expenditure of training (2500-3000 kcal/day), likely led to
consumption of approximately 100 mg of vitamin C per day despite the
relatively small amounts of vitamin C in the low vitamin C foods subjects
consumed.

Overall, endurance exercise resulted in DNA damage detected at mid-
race using the comet assay, as evidenced by the increases in the proportion of
cells with DNA damage using our novel method of calculation. Thus, we
conclude that running does induce DNA damage, and that the observation of
different effects in males and females is an interesting observation that merits
further investigation. The average maximal oxygen consumption of the
participants, 59 ml/kg/min, indicates that the subjects were well trained, but not
elite athletes, making the results applicable to the general physically active
population. Men and women responded differently in this study; therefore, it is
critical that future studies investigating the effects of antioxidant

supplementation on exercise-induced oxidative damage involve both sexes.
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Antioxidant Supplementation Prevents Exercise-Induced
Lipid Peroxidation, but Not Inflammation, in Ultramarathon Runners

ABSTRACT

To determine if 6 w supplementation with vitamins E and C could
alleviate exercise-induced lipid peroxidation and inflammation, we studied 22
runners during a 50 km ultramarathon. Subjects were randomly assigned to
one of two groups: 1) placebos (PL) or 2) antioxidants (AO; 1000 mg vitamin C
and 300 mg RRR-a-tocopheryl acetate). Blood samples were obtained prior
to supplementation (baseline), after 3 w supplementation, 1 h pre-, mid-, post-,
2 h post- and for six days post-race. Plasma a-tocopherol (a-TOH), ascorbic
acid (AA), uric acid (UA), F.-isoprostanes (F,-IsoPs), tumor necrosis factor-o
(TNF-a), interleukin-6 (IL-6) and C-reactive protein (CRP) were measured.
With supplementation, plasma a-TOH and AA increased in the AO but not the
PL group. Although F,-IsoP levels were similar between groups at baseline 28
+ 2 (PL) and 27 = 3 pg/ml (AO), F»-IsoPs increased during the run only in the
PL group (41 + 3 pg/ml). In PL women, F.-IsoPs were elevated at post-race (p
< 0.01), but returned to pre-race concentrations by 2 h post-race. In PL men,
F2-1soP concentrations were higher at post-, 2 h post and for 1, 2, 3, 4, and 6
days post-race (PL vs. AO group, each p < 0.03). Markers of inflammation
were increased dramatically in response to the run regardless of treatment
group. Thus, AO supplementation prevented endurance exercise-induced

lipid peroxidation but had no effect on inflammatory markers.
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INTRODUCTION

Strenuous exercise causes oxidative stress resulting in lipid
peroxidation (1, 6-8, 11, 13, 20) and DNA damage (132). Evidence of protein
oxidation resulting from exercise-induced oxidative stress is less definitive (20,
22). In response to endurance exercise, oxygen (O,) consumption increases
10 to 20-fold systemically (164) and as much as 100 to 200-fold at the level of
the skeletal muscle (23), resulting in substantially increased mitochondrial
electron flux. Reactive oxygen species (ROS) “leaking” from the mitochondria
during exercise are considered a main source of oxidative stress (23). Other
potential sources of ROS during exercise include enhanced purine oxidation,
damage to iron-containing proteins, disruption of Ca®** homeostasis (24) and

NADPH oxidase (8). These exercise-induced ROS are also thought to
modulate acute phase inflammatory responses (25).

Previously we demonstrated a near two-fold increase in F»-IsoPs and
accelerated disappearance of deuterium-labeled a-tocopherol immediately
following a 50 km ultramarathon (1). Therefore, our rationale for the present
study is based on this observation of increased lipid peroxidation in endurance
runners. Hypothetically, supplementation with the antioxidant vitamins E and
C could alleviate exercise-induced lipid peroxidation. However, results from
previous studies investigating the protective effects of supplementation with
vitamins E and/or C have been inconclusive: inhibition of lipid (29-35), no
effect (36-40) and even increased lipid peroxidation (32, 41) in response to
exercise following supplementation. Possible reasons for these
inconsistencies include: differences in modes, duration, and intensity of

exercise as well as variation in the methodologies used to assess lipid
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peroxidation. A lack of consensus regarding the effectiveness of
antioxidants to inhibit exercise-induced lipid peroxidation and the popularity of
antioxidant supplements in the physically active community make this an
important area for research (42).

Endurance and/or damaging exercise elicits a stress response
analogous to the acute phase immune response (25). Exercise-induced tissue
damage and/or increased reactive oxygen species (ROS) production
stimulates cytokine production, up-regulating the inflammatory cascade (25,
143, 144). Initially, pro-inflammatory cytokines, TNF-a and IL-1B, are
produced, stimulating IL-6 production (143). IL-6, the primary mediator of the
acute phase reaction, stimulates production of acute phase proteins, including
CRP and restricts the extent of the inflammatory response by enhancing
production of anti-inflammatory cytokines (144, 145). Neutrophils, monocytes
and lymphocytes recruited to the site of inflammation produce ROS and
proteolytic enzymes in order to clear and repair damaged tissue (25, 143, 145,
146).

It has been postulated that, in response to exercise, ROS stimulate
cytokine production from various cell types including skeletal muscle (106).
Thus, antioxidant supplementation may attenuate this stress response to
exercise (106). The few studies examining the effects of antioxidant
supplementation on exercise-stimulated cytokine production have generated
mixed results. Vitamin C supplementation has been demonstrated to
attenuate increases in cortisol (37, 111), but to stimulate increases in CRP
(111). Most studies found no effect of vitamins E or C on the cytokine
response to exercise (105, 107, 111, 116) but Cannon et al. (147) reported an

attenuation of the increase in IL-1f with vitamin E supplementation and



Vassilakopoulos et al. (106) reported that increases in TNF-a, IL-1B and

IL-6 were all prevented with an antioxidant cocktail. However, only two studies
(87, 41) included a marker of lipid peroxidation, therefore the link between
ROS and cytokine production remains unresolved.

The purpose of the present study was to determine whether exercise-
induced lipid peroxidation and inflammation could be alleviated by 6 w prior
supplementation with vitamins E and C in recreationally trained women and
men participating in an ultramarathon run. We believe that this is the first
study to investigate the effects of both vitamin E and vitamin C on exercise-
induced lipid peroxidation using F2-IsoPs in addition to measuring

inflammatory markers.

EXPERIMENTAL PROCEDURES

HUMAN SUBJECTS

A description of the study design has been published previously (14).
Briefly, the protocol for this study was approved by the Oregon State
University Institutional Review Board for the Protection of Human Subjects.
Runners (11 women and 11 men) were recruited from the pool of participants
in a 50 km (32 mile) ultramarathon trail run. All subjects were physically fit,
non-competitive athletes. Prior to enroliment into the study, all subjects
completed a submaximal oxygen consumption (VO3 submax) test, body
composition assessment, a standard blood chemistry screening, a 3-day diet
record and a general health-screening questionnaire. For the VO, guomax test
the Bruce Treadmill Protocol was used (165). Subjects ran on a treadmill
beginning at a moderate pace, every 3 minutes the grade and intensity were

increased until subjects achieved 85% of their age predicted maximum heart



rate (HR). Age predicted maximum HR was calculated by the equation:
Predicted Heart Rate (bpm) = 220 - age (yrs) (45). Oxygen consumption and
carbon dioxide expiration were measured throughout the test using a
SensorMedics Metabolic cart (SensorMedics Yorba Linda, CA). Heart rate
was recorded using a Polar HR monitor (Polar Electro Inc. Woodbury, NY).
For body composition assessment, a Bod Pod was used to determine % body
fat. Three-day diet records (2 week days and 1 weekend day) were used to
estimate subjects’ average daily intake of vitamins E and C prior to the
beginning of the study. Records were analyzed using Esha Food Processor
Program (Salem, OR).

The physical characteristics of the subjects have been reported
previously (14). Average age 39 * 2.5 yrs, VOomax 58 + 1 ml/kg/min and
estimated weekly training distance 43 + 3 km; there were no differences
between treatment groups or genders for these characteristics. Men were
taller, weighed more and had lower percent body fat than women. AO women
weighed slightly less than PL women (p< 0.05) while AO men were slightly
taller than PL men (p< 0.05). Within each gender, VOzmaxand % body fat did
not differ among treatment groups. Estimated average daily nutrient intakes
were not different between men and women: 142 + 26 mg vitamin C and 14 +
3 mg vitamin E.

CRITERIA FOR SUBJECT PARTICIPATION

Inclusion criteria for participation in the study included non-smoking
status, age 18-60 y, and a VO.max Classified as excellent fitness by Powers
and Howley (45). Potential participants were excluded based on antioxidant
supplement use (e.g. vitamin C, vitamin E, selenium or Carotenoids), abnormal

cholesterol (= 7.8 mmol/L (300 mg/dl)), triglyceride (= 3.8 mmol/L (300 mg/dl))



or fasting blood glucose levels (> 7.8 mmol/L (140 mg/dl)) or other
supplement use (performance enhancing, or herbal type products), vegetarian
or other restrictive dietary requirements, pregnancy or suspected pregnancy,

and chronic upper respiratory infections.

STUDY DESIGN

Randomization to Treatment Group

Subjects were randomly assigned in a double-blind fashion to one of
two treatment groups 1) PL (300 mg soybean oil and 1000 mg citric acid (500
mg twice daily) or 2) AO (300 mg RRR-o-tocopheryl acetate and 1000 mg

ascorbic acid (500 mg twice daily)).

Blood Samples

Blood samples were obtained prior to supplementation (baseline),
following three w of supplementation (compliance), 1 hour prior to the race
(pre-race, Oh)), in the middle of the race at kilometer 27 (mid-race, ~5 h),
immediately post-race, 2 hours after race end (2 h post-race, ~10 h) and daily
for six days following the race (post 1-6 days, 24-144 h), for a total of twelve
time points. All samples were fasting morning blood draws except mid-, post-
and 2h post-race.

Blood was drawn into two 5 cc green-top Vacutainer tubes (containing
143 USP units sodium heparin) and one 5 cc purple-top Vacutainer tube
(containing 1 mg/ml EDTA). Blood was centrifuged at 2500 x g for ten
minutes; plasma was then aliquoted to cryotubes for various assays. Samples

were flash frozen in liquid nitrogen and stored at —80°C until time of analysis.

For vitamin C analysis, freshly drawn plasma (50 uL) was mixed with an

equal volume of chilled 5% (wt/vol) metaphosphoric acid in 1 mM
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diethylenetriamine pentaacetic acid (made fresh daily) and centrifuged to
remove the precipitated proteins. A portion of the supernatant was frozen at -

80° C until day of analysis.

Diet

Subjects were instructed to consume a restricted diet low in vitamins E
and C for the 6 w prior to the race and the six days following the race (in
conjunction with the supplements or placebos) and then a controlled diet for 2
days: 1 day prior to the race and race day. Subjects were provided with a list
of foods high in vitamins E and C to be avoided and they were instructed on
how to read food labels to identify foods fortified with these nutrients.

All foods for the 2 days of the controlled diet were prepared and
provided to the participants in the Metabolic Feeding Unit in the Human
Nutrition Research Laboratory at Oregon State University. Subjects were then
instructed to resume the restricted vitamin C and E diet for 6 days post race.
Both diets consisted of 10-15% protein, 55-65% carbohydrate, and 25-30%
fat; the macronutrient breakdown recommended for optimal athletic
performance (45, 101). For the entirety of the study, subjects were provided
with energy bars, carbohydrate pastes and carbohydrate drinks known to be
low in vitamins E and C, to be used for fuel during their training and during the

race.

Activity Log

For the six w prior to the ultramarathon, subjects recorded daily the
amount, type, duration and intensity of exercise performed each day. This

information was used to identify inter-subject differences in training regimen.



Non-Steroidal Anti-Inflammatory Drugs (NSAIDs)

Subjects were asked to refrain from using NSAIDs including naproxen
sodium and ibuprofen throughout the seven w of the study. As an alternative

to these drugs, subjects were allowed to use acetaminophen.

Race Schedule

Subjects were weighed immediately before and after the race to
estimate losses in body water. Selected foods and beverages were provided
to the subjects at check points along the race course, allowing for
quantification of the caloric and nutrient intake of the subjects, and as a means
to control vitamin E and vitamin C intake before and during the race. Subjects
wore a Polar heart rate monitor (Polar Electro Inc., Woodbury, NY) during the
run; average heart rate in conjunction with oxygen consumption levels,
measured previously in the lab, were then used to quantify individual energy
expenditure during the race. Subjects were asked to refrain from physical
activity for the 6 days following the ultramarathon in order to investigate the

effects of AO supplementation on recovery.

Energy Expenditure Calculation

Energy expenditure was calculated for each individual based on
average heart rate during the run and the corresponding oxygen consumption
(VO2) multiplied by the time it took each subject to finish the race.

Average HR (bpm) - VO, (L/min) X 5 = kcal/min X Race Time (min)

=Total kcals
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METHODOLOGIES

Assessment of Lipid Peroxidation

Plasma F2-IsoPs were measured by stable isotope dilution gas
chromatography negative ion chemical ionization mass spectrometry as

described previously (166).

Plasma Antioxidants

Ascorbic and uric acids were determined by paired-ion reversed-phase
HPLC coupled with electro-chemical detection using a modification of the
method described by Kutnink et al. (153). a-Tocopherol was measured by
HPLC coupled with electro-chemical detection using a modified version of the
method of Podda et al. (152). Plasma triglycerides and cholesterol were
measured by standard clinical assays (Sigma kit). Plasma a-tocopherol was
standardized for changes in lipoproteins using plasma lipid levels (cholesterol

+ triglycerides).

Inflammatory Markers

Plasma cytokines and CRP were measured as reported previously; IL-

1B and TNF-0. (167), IL-6 and CRP (168).

Statistical Analyses

Data are expressed as the mean + SE of 22 subjects. Analysis of
covariance for repeated measures was used to detect statistically significant
between and within subject effects (154). In order to adjust for pre-existing
differences between individuals prior to supplementation, baseline
concentrations of the following markers were used as covariates in the
corresponding statistical model. Baseline covariates included: ascorbic acid (P

< 0.01), o-tocopherol (p < 0.003), o-tocopherol/lipid (p < 0.0001), Fo-IsoPs (p



<0.001), IL-6 (p < 0.002), TNF-ct (p < 0.02) and CRP (p < 0.02). An

unpaired t-test was used to analyze differences between genders with regard
to subject characteristics (i.e. age, height, weight). Statistics were calculated

using The SAS System (SAS Institute Inc, Cary, NC).

RESULTS

RACE RESULTS

Race results have been reported (14). Briefly, all 22 subjects
completed the race (Table 4); previously only 21 were reported due to
spurious findings for the comet assay in one subject (14). Run time averaged
423 =+ 11 min at a pace of 13.7 £ 0.4 min/mile and an intensity of 71 + 2 %VO,
max, there were no statistically significant differences in run time, pace or
%VO2max between the genders or the treatment groups. Energy expenditure
was approximately 2000 kcal greater for men than women and energy intake
was greater for men than women (energy intake (kcal) 2530 = 325 (AO) 2468
+ 279 (PL) for men compared with 1844 + 137 (AO) 2040 + 221 (PL) for
women); neither parameter was different between AO and PL groups within
each gender. Carbohydrate intakes were higher in men than women, but
percent of total calories from carbohydrate did not differ between genders or
treatment groups (Table 4). Intakes of vitamins E and C from food during the
run were nominal, < 5 mg and < 50 mg respectively and did not differ between

treatment groups or genders.
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Table 4. Race Results.

Females Males
Parameter AO (N=6) PL (N=5) AO (N=6) PL (N=5)
Run Time (min) 422 +17 436 £ 35 408 + 22 430 + 31
% VOszmax 74 £5 67+3 7116 70+7

CHO Intake (kcal) * 1626 + 99 1636+ 180 2030+290 1895+ 247

% CHO 783 81+4 80 + 1 763

Values are means + SE. HR, heart rate; VOonay, maximal oxygen consumption;
CHO, carbohydrate.
* male vs females p < 0.05



PLASMA ANTIOXIDANTS IN RESPONSE TO SUPPLEMENTATION

In response to 6 w supplementation (14), plasma a-tocopherol
increased in the AO group (28 + 2 vs. 46 + 3 uM, p < 0.05), but was
unchanged in the PL group (24 + 2 vs. 26 +2 pM). Similarly, ascorbic acid
increased in the AO group (113 + 14 to 127 + 12 uM; p < 0.05) but was
unchanged in the PL group (93 + 11 vs. 73 £ 12 uM).

PLASMA ANTIOXIDANT RESPONSE TO THE RUN

Ascorbic acid concentrations were significantly higher in the AO group

Figure 10. Plasma ascorbic acid concentrations increased in
response to supplementation and to the ultramarathon run. Ascorbic
acid concentrations (mean + SE) were significantly higher in the AO
compared with the PL group at all time points except baseline (Treatment
main effect, p < 0.0007). In response to the run, plasma ascorbic acid
increased in both treatment groups (Time main effect, p < 0.002). Ascorbic
acid concentrations were increased compared to pre-race at mid-race and
post-race (p < 0.01), returning to pre-race values by 2 h post-race; there
were no differences between men and women. Uncorrected baseline
(Base) values used as the covariate in the model are also presented; Time
0 h = pre-race. (x = compared to pre-race).
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compared with the PL group at all time points except baseline (Figure 10,
Treatment main effect, p < 0.0007). In response to the 50 km ultramarathon
run, plasma ascorbic acid increased similarly in both treatment groups (Time
main effect, p < 0.002) with significant increases compared to pre-race at mid-
race and post-race (p < 0.01), returning to pre-race values by 2 h post-race.

Men and women had similar ascorbic acid concentrations.

Concentrations of uric acid, a plasma water-soluble antioxidant (23),
were not different between treatment groups, but were higher in men than in
women at all time points (Gender main effect, p < 0.01). Adjustment for
differences in pre-supplementation uric acid concentrations (baseline
covariate, p< 0.0002) eliminated these gender differences; therefore,
uncorrected uric acid concentrations are presented. Plasma uric acid
concentrations increased in response to the run in both men and women
(Figure 11, Time main effect, p < 0.001). Compared to pre-race, uric acid
concentrations were elevated at mid-, post-, 2 h post- and 1 d post race (p <
0.02), not returning to pre-race until 2 d post-race.

Similar to ascorbic acid, o-tocopherol concentrations were significantly
higher in the AO group compared with the PL group at all time points except
baseline (Figure 12A, Treatment main effect, p < 0.0001). o-Tocopherol
concentrations changed differently in the treatment groups over time
(Treatment X Time interaction, p < 0.007). In the AO group compared to pre-
race, o-tocopherol concentrations increased at mid-race (p < 0.003), returned
to pre-race values by post-race, and fell to below pre-race concentrations for
the duration of the study (p <0.01). In the PL group, no changes in a-
tocopherol concentrations were observed during the race, but declined to

below pre-race values 2 and 5 days post-race.
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Figure 11. Plasma uric acid concentrations increased in response to
the ultramarathon run. Uric acid concentrations (mean + SE) were
significantly higher in men than in women at all time points (Gender main
effect, p < 0.01), and increased in response to the run in both genders
(Time main effect, p< 0.001). Compared with pre-race, plasma uric acid
concentrations were elevated at mid-, post-, 2 h post- and 1 d post race
(p < 0.02), not returning to pre-race until 2 d post-race. Uric acid
concentrations were not different between treatment groups. Time 0 h =
pre-race. Values shown are not corrected for differences between the
genders at baseline (Base). (* = compared to pre-race).
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Lipid corrected a-tocopherol concentrations (per lipids = a-tocopherol /
cholesterol + triglycerides) were also significantly higher in the AO group than
the PL group at all time points except baseline (Figure 12B, Treatment main
effect, p<0.0001). Compared to pre-race, o-tocopherol per lipids were
decreased 3, 4, 5 and 6 days post-race in all subjects (Figure 12B, Time main

effect, p< 0.003).



Figure 12. Plasma a-tocopherol but not a-tocopherol/lipid
concentrations increased in response to the ultramarathon run.
o-Tocopherol concentrations (mean + SE) were significantly higher in the
AO compared with the PL group at all time points, except baseline
(Treatment main effect, p < 0.0001). a-Tocopherol concentrations changed
differently in the two treatment groups over time (Treatment X Time
interaction, p < 0.007). In the AO group, a-Tocopherol concentrations
increased at mid-race (compared with pre-race, p < 0.003), returned to pre-
race values by post-race, and decreased below pre-race concentrations for
the duration of the study (compared to pre-race, p < 0.01). a-Tocopherol
concentrations were unchanged in the PL group during the race, but
declined to below pre-race values 2 and 5 days post-race (A).
a-Tocopherol/lipid ratios (mean + SE) were significantly higher in the AO
group compared with the PL group at all time points except baseline
(Treatment main effect, p < 0.0001). a-Tocopherolllipid concentrations
decreased similarly in both treatment groups at 3, 4, 5 and 6 days post race
(compared to pre-race, p < 0.01; Time main effect, p < 0.003) (B).
Uncorrected baseline (Base) values used as the covariate in the model are
also presented; Time 0 h = pre-race. (* = compared to pre-race).
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LIPID PEROXIDATION

At baseline (prior to supplementation), plasma F»-IsoP concentrations
were negatively correlated with VOzmax (R = -0.55, p < 0.01). There were no
statistically significant differences detected between genders or treatment
groups in Fo-IsoP concentrations at baseline, or following 3 and 6 w daily

supplementation with AO or PL (Figure 13).

Figure 13. Antioxidant supplementation prevented increases in
plasma F,-IsoP concentrations following a 50 km ultramarathon.
There were no statistically significant differences detected between
genders or treatment groups in F,-IsoP concentrations (mean + SE) at
baseline or following 3 and 6 w daily supplementation with vitamin E and
vitamin C or placebos. At post-race F,-IsoP concentrations were elevated
in the PL group (compared to pre-race, p < 0.0001), but not in the AO
group and were significantly higher in the PL group compared to the AQ
treatment group (AQO vs. PL group, p < 0.001). No statistically significant
differences were detected between genders prior to or during the race
(ANOVA main effect for Time, p < 0.0001; main effect for Treatment,

p < 0.04; and significant Treatment X Time interaction, p < 0.01).

(* = compared to pre-race; # = AO vs. PL group).
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F2-IsoP concentrations increased significantly at post- compared
with pre-race only in the PL group (28 + 2 to 41 + 3 pg/ml; p < 0.0001; Figure
13). Moreover, at post-race F2-IsoP concentrations in the PL group were
significantly higher than in the AO group (p < 0.001). There were no
statistically significant differences detected between genders during the run
(ANOVA, main effect for Time, p < 0.0001; main effect for Treatment, p < 0.04;

and Treatment X Time interaction, p < 0.01).

While there were no differences in F,-IsoP concentrations between
genders prior to or during the race, men and women did respond differently to
the treatments following the ultramarathon (Gender X Treatment interaction, p
< 0.03). In women, F,-IsoP concentrations were elevated in the PL compared
with the AO group at post-race (p < 0.01), but they returned to pre-race
concentrations by 2 h post-race and did not differ from the AO women for the
duration of the study (Figure 14A). By contrast, F»-IsoP concentrations in
men were higher in those taking PL than in those taking AO at post-, 2 h post
and for 1, 2, 3, 4, and 6 days post race (PL vs. AO, p < 0.03; Figure 14B).

Using paired data from each subject at every time point, plasma F,-
IsoP concentrations were negatively correlated with a-tocopherol/lipids; R = -
0.40, p < 0.0001). At post-race, when F,-IsoP concentrations were maximal,
concentrations were negatively correlated both with a-tocopherol/lipids (R = -

0.61, p < 0.003) and ascorbic acid (R = -0.41, p = 0.05).
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Figure 14. Plasma F,-IsoP concentrations in women and men 1 h
prior to, during and 6 days after competition in a 50 km
ultramarathon. F,-IsoP concentrations (mean + SE). Men and women
responded differently to the treatment in the hours and days following the
ultramarathon (Gender X Treatment interaction, p < 0.03). (A) In women,
F,-IsoP concentrations were elevated in the PL group compared with the
AO group at post-race, but not at later time points (AO vs. PL group,

p < 0.01). (B) In men, F,-IsoP concentrations were higher in the PL group
compared with the AO group at post-, 2h post- and 1, 2, 3, 4, and 6 days
post-race (AO vs. PL group, p < 0.03). Uncorrected baseline (Base)
values used as the covariate in the model are also presented; Time 0 h =
pre-race. (* = compared to pre-race; # = AO vs. PL group).
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INFLAMMATORY MARKERS

Inflammation may be mediated by ROS (25, 106), therefore, we also
measured markers of inflammation. The ultramarathon run elicited dramatic
increases in most of these markers, but AO supplementation did not appear to
have an effect on any of the selected parameters. For example, IL-6
concentrations increased during the race similarly in both AO and PL groups
(Figure 15, Time main effect, p< 0.0001); but by 1-day post-race, plasma IL-6

concentrations returned to pre-race values. Interestingly, F»-IsoP
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concentrations were correlated with IL-6 at mid-race (R = 0.46, p < 0.03;

Figure 16), but not at other time points.

Figure 15. Plasma IL-6 1-hour prior to, during and immediately
following a 50 km ultramarathon. IL-6 concentrations (mean + SE)
increased in response to the ultramarathon (Time main effect, p < 0.0001)
and were elevated at mid-, post- and 2 h post-race (compared to pre-race,
p < 0.0001). IL-6 concentrations were highest at post-race (compared to
mid-race, p < 0.004). Uncorrected baseline (Base) values used as the
covariate in the model are also presented; Time 0 h = pre-race.

(* = compared to pre-race; & = compared to mid-race).
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The time course of inflammatory markers up to 48 h post-race is
depicted in Figure 17. TNF-a: behaved similarly to IL-6, increasing as early as
mid-race in response to the ultramarathon (Time main effect, p< 0.0001).

CRP increased following the run (Figure 17, Time main effect, p< 0.0001). At
2 d post-race, CRP plasma concentrations had declined to 8.2 + 0.9 mg/dL (p
< 0.0001) but at study end (6 d post-race), plasma CRP concentrations

remained twice as high as pre-race concentrations (p < 0.0001: data not
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shown). IL1-B did not change significantly in response to the exercise
bout, nor did it appear to be affected by antioxidant supplementation (data not

shown).

Figure 16. At mid-race, plasma IL-6 was significantly correlated
with F,-IsoP concentrations (R = 0.46, p < 0.03).
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Figure 17. Time course of inflammatory markers 1 hour prior to,
during and up to 48 hours post-race. Inflammatory marker
concentrations (mean + SE). Plasma IL-6 and TNF-o concentrations were
both elevated at mid-race, remained elevated at post- and 2 h post-race.
C-Reactive protein (CRP) was not elevated until post-race, and did not
achieve maximum values until 1 d post-race, remaining elevated 48 h post
race (compared to pre-race, p < 0.0001). Uncorrected baseline (Base)
values used as the covariate in the model are also presented; Time 0 h =
pre-race. (* = compared to pre-race).
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DISCUSSION
Supplementation with vitamins E and C completely inhibited exercise- |

induced lipid peroxidation (Figures 13 and 14). At post-race, when oxidative

stress was maximal, F2-IsoP concentrations were highly negatively correlated

both with a-tocopherol/lipids (R=-0.61, p<0.003) and ascorbic acid (R= -0.41,

p= 0.05) offering further evidence that antioxidants were responsible for

preventing lipid peroxidation. These findings are in contrast to the lack of

effects of antioxidants on exercise-induced DNA damage that we reported

previously in these subjects (14).

Surprisingly, men and women responded differently to AO supplements
in the days following the ultramarathon. PL women recovered rapidly following
the race with no differences in Fo-IsoP concentrations between the two
treatment groups during the week following the ultramarathon. In contrast,
elevated F2-IsoP concentrations persisted in PL men during the recovery
phase. It should be noted that subjects were instructed to refrain from physical
activity for the 6 days following the run.

Plasma F»-IsoP concentrations at baseline were negatively correlated
with VOzmax (R = -0.55, p < 0.01) suggesting that cardiovascular fitness was
inversely related to lipid peroxidation as has been previously proposed (169).
Subjects were recreationally trained with an average VOynay Of, 58 + 1
ml/kg/min, making results of the present study generalizable to the broader
physically active population but not necessarily to sedentary persons or elite
athletes. Subjects were randomly allocated to treatment groups, therefore
VOzmax and F»-IsoP concentrations were initially similar between groups and

unlikely to be confounding variables.
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F2-1soPs are specific end products of cyclooxygenase-independent,
free-radical catalyzed oxidation of arachidonic acid (76) and are a more
sensitive and reliable measure of in vivo lipid peroxidation than previous
assays such as malondialdehyde (MDA) and lipid hydroperoxides (76).
Muscle damage caused by the resumption of weight bearing activity following
space flight increased urinary excretion of F»-IsoPs, implicating oxidative
stress as a cause of muscle damage (120). In the present study, Fo-IsoPs
increased only after subjects experienced an exceptional oxidative insult, the
ultramarathon, and then only in the PL group (Figure 13). We demonstrated
that this oxidative stress was sufficient to cause DNA damage in both AO and
PL groups (14). Most (81-83), but not all (84), studies of high doses of vitamin
E on steady state levels of F,-IsoPs in healthy, non-smoking adults have
concluded no effect of the antioxidant. Combinations of antioxidants have
provided more positive findings. Upritchard et al. (85) reported that 111
mg/day vitamin E and 1.24 mg/day carotenoids for 11 w reduced plasma Fy-
IsoPs by 15 %. Supplementation with vitamins E and/or C (~500 mg/d and/or
4001U/day respectively) for a longer duration (8 w) attenuated urinary
excretion of F,-IsoPs (86).

With regard to exercise-induced lipid peroxidation, few exercise studies
have utilized F2-IsoPs as a biomarker of lipid peroxidation. Mori et al. (121)
trained non-insulin dependent diabetics 30 minutes per day at 55-65% VOamax
on a cycle ergometer 3 times per w for 8 w. They reported no increase in
urinary F»-IsoPs in response to the moderate exercise training protocol
suggesting that the exercise bout did not elicit an oxidative stress response.
Sacheck et al. (32) reported in young and elderly men effects of

supplementation with 1000 IU RRR-a-tocopherol for 12 w prior to a 45 minute
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downhill run. Vitamin E attenuated the increase in plasma F,-IsoPs in the
elderly men at 24 h post-exercise, but not at 72 h post exercise. In the young
men, supplementation prevented any increases in plasma F,-IsoPs, but the
group started out with higher levels at baseline than the placebo group making
interpretation of the results difficult. Since F,-IsoPs were not measured
immediately post-exercise, comparison with the present study, where Fo-IsoPs

peaked at post-race, is not possible.

In the present study, despite similar lipid peroxidation responses during
the run, men and women responded differently in the days following the race.
F2-IsoP concentrations in PL women recovered rapidly whereas higher levels
persisted in PL men for the duration of the study despite similar plasma
antioxidant levels in the two PL groups. Greater oxidative stress in men than
in women has been reportedly previously. Ide et al. (87) studying healthy non-
smoking adults, reported 2-fold higher excretion of urinary of F,-IsoPs in men
than in women. However, following 4 w supplementation with vitamins E and
C, F2-IsoP concentrations in men were reduced to those observed in the
women (87). One explanation for the observed gender difference is a higher
metabolic rate in men leading to increased mitochondrial flux and increased
production of ROS (87). Women and men in the present study were of similar
fitness levels, but as is typical, men exhibited a higher proportion of lean body
tissue (14), likely contributing to a higher metabolic rate (101). Another
possible explanatory variable, the female hormone estrogen, is known to
exhibit antioxidant properties (87) and thus may have contributed to the faster

recovery observed in PL women.

Very few studies have examined the effects of antioxidants on both

exercise-induced oxidative stress and inflammation (37, 41). Nieman et al.
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(87) reported no effect of 1500 mg/day ascorbic acid for one w prior to an
ultramarathon on exercise-induced increases in plasma F,-IsoPs, lipid
hydroperoxides or IL-6. Using an eccentric arm exercise protocol known to
induce muscle damage, Childs et al. (41) studied the effects of 1 w post-
exercise supplementation with ascorbic acid and N-acetyl-cysteine (NAC).
Both F2-IsoPs and lipid hydroperoxides increased in response to the exercise,
but levels were higher in the supplemented group post-exercise. Childs et al.
(41) suggested a pro-oxidant effect of ascorbic acid and NAC. Nonetheless,
these supplements had no effect on exercise—induced increases in IL-6. In
the present study, IL-6 increases in response to the ultramarathon were not
modulated by vitamin E and C supplementation. Similarly, in the present
study, CRP was not attenuated by AO supplementation, in accordance with
previous reports (170).

The only inflammatory marker not changed by the ultramarathon run
was IL1-B; it too was unaffected by AO supplementation. While previous
studies of untrained subjects have reported increases in IL1-B with exercise
(104, 106) studies have consistently reported no response in trained
exercisers (118) except a slight but significant increase observed in ultra-
endurance runners (90 km ultramarathon) (116).

As carbohydrate ingestion is known to modulate the cytokine response
to exercise (171), carbohydrate intake was monitored and recorded prior to,
during and for 2 hours following the race. Carbohydrate intake was higher in
men than in women, but was not different between treatment groups within
each gender (Table 4). Carbohydrate intake as a proportion of total calories
was similar between genders and treatment groups and therefore unlikely to

have influenced study outcomes with regard to cytokines.
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Ascorbic acid is the most effective antioxidant in human plasma

(28); it can prevent initiation of lipid peroxidation and spare other critical
antioxidants including o-tocopherol and urate (28). In response to the 50 km
ultramarathon run, plasma ascorbic acid increased similarly in both treatment
groups with significant increases compared to pre-race, at mid-race and post-
race returning to pre-race values by 2 h post-race. Similar increases in
plasma ascorbic acid in response to vigorous exercise have been reported
previously (1, 7, 13, 48, 107, 110), although some studies have reported no
change (31, 111, 112). It has been suggested that exercise-related increases
in cortisol secretion promote efflux of ascorbic acid from the adrenal gland
(115) and/or the mobilization of ascorbic acid from other tissue sites such as
leukocytes or erythrocytes (48). Some (111, 112, 116), but not all (37), recent
studies have demonstrated an attenuation of the exercise related increase in

circulating cortisol with vitamin C supplementation.

Uric acid, a primary end product of purine metabolism and a water-
soluble antioxidant (23) increased in the present study, consistent with the
findings of others (13, 49, 100). The increase may be explained by enhanced
purine oxidation with exercise (13, 49, 100). Increased energy requirements
characteristic of vigorous exercise upregulate various metabolic pathways
including adenylate cyclase (43, 49) (or myokinase in muscle (101)). This
enzyme is responsible for production of 1 ATP and 1 AMP from 2 ADP (101)).
While the ATP is used for energy, the AMP is degraded to uric acid (102).
Concurrent increases in plasma ascorbic and uric acids may reflect enhanced
antioxidant defenses in response to the oxidative stress of the endurance

exercise. Moreover, our findings are in accordance with previous studies
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reporting increased antioxidant enzymes (11) and antioxidant nutrients (6,
13, 48) in response to extreme exercise.

We observed an increase in plasma o-tocopherol concentrations during
the exercise in the AO, but not the PL group. After correcting o-tocopherol for
lipids, no significant changes in a-tocopherol/lipids were observed in either
group. Thus, the increase in plasma o-tocopherol concentrations during the
exercise could be completely explained by fluctuations in lipids during the run.
A few of the studies investigating the effects of vitamins E and/or C
supplementation on endurance running have reported increases in plasma o-
tocopherol concentrations in both supplemented and placebo groups following
exercise (13, 40, 103) but most failed to report post-exercise plasma o-
tocopherol concentrations (31, 32, 104-106). A single study reported no
change in a-tocopherol concentrations with exercise (107). Only one of these
studies reported both absolute a-tocopherol concentrations and o-
tocopherol/lipid concentrations (103) and observed differential responses in
the AO supplemented groups that depended on correction for fluctuations in
lipid levels.

As presented schematically in Figure 18, ROS generated in response
to exercise can cause oxidative damage (1) and stimulate an inflammatory
response (106). Therefore it has been proposed that AO supplementation
could prevent exercise—induced oxidative stress and protect against both
oxidative damage and inflammation (37, 106). Unlike previous studies testing
this hypothesis, the present study investigated the effects of supplementation
with both vitamins E and C, measuring oxidative stress and inflammatory
markers in response to exercise. Supplementation prevented oxidative

damage (lipid peroxidation), but had no apparent effect on inflammation.



Mitochondrial
e leakage

_} Oxidative
Damage
AO?

AO? ——X—{

Mechanical Muscle _
Damage _} Inflammation

Figure 18. Proposed Model of Exercise Induced Oxidative Stress and Inflammation. With exercise there is increased flux of
oxygen through the mitochondria, electron (e-) leakage, and generation of reactive oxygen species (ROS) that may exceed
antioxidant defenses. These excess ROS can: 1) cause oxidative damage and 2) stimulate an inflammatory response. Exercise-
induced mechanical muscle damage may or may not lead to a delayed inflammatory response (31). Hypothetically,
supplementation with antioxidants (AO) prevents (L) exercise~induced oxidative stress and may therefore protect against both
oxidative damage and subsequent inflammation. We demonstrate that supplementation with vitamins E and C prevents (L)
oxidative damage (lipid peroxidation), but has no apparent effect on inflammation (X). These results suggest that oxidative damage
and the inflammatory response are operating independently. It may be that ROS do not modulate inflammation in this model or that
the inflammation induced by muscle damage is great enough to overwhelm the protective effects of the antioxidants.
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These results suggest that oxidative damage and the inflammatory
response are operating independently (37). Alternatively, it may be that higher
doses of o-tocopherol (> 800 IU/day) are required to elicit an anti-inflammatory

effect, as has been previously suggested (168, 172).

Preventing production/enhancing clearance of Fo-IsoPs may be more
biological relevant than preventing inflammation. F,-IsoPs have demonstrated
pro-atherogenic biological activity, including vasoconstriction, and activation of
platelet aggregation (37, 76) and they are known to recruit pro-atherogenic
monocytes and induce monocyte adhesion (173). In contrast, the exercise-
induced inflammatory response stimulates recovery from exercise by inducing
regeneration of damaged tissue and recruitment of satellite cell proliferation
(146). Together, AO supplementation proved to prevent the damaging
increase in lipid peroxidation without influencing inflammation. This is
especially important since prevention of exercise-induced inflammation could
actually inhibit muscular adaptation to physical activity, the so-called “training
effect” of exercise.

The acute oxidative and inflammatory stress responses characteristic of
vigorous aerobic exercise are analogous to the stress responses observed
following acute events such as myocardial infarction, ischemic stroke, surgery
and trauma (25, 145, 174). Thus, aerobic exercise provides a well-controlled,
relatively non-invasive model to study the effects of AO supplementation on
acute oxidative and inflammatory stress. The results from such research may

be useful for the exploration of these other chronic human diseases.
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Vitamin E Kinetics Demonstrate Accelerated Vitamin E Disappearance in
Women Compared to Men in Response to an Ultramarathon Run

ABSTRACT

Vigorous exercise induces lipid peroxidation (LO) and accelerated
plasma a-tocopherol (o-TOH) disappearance. To determine if 6 w
supplementation with vitamins E and C could moderate o-TOH turnover by
attenuating exercise-induced LO, 22 runners were studied during a 50 km run,
following random assignment to treatment: 1) placebos (PL) or 2) antioxidants
(AO;1000 mg vitamin C and 400 IU RRR-a-tocopheryl acetate). 48 h prior to
the race subjects consumed 75 mg deuterium labeled vitamin E (ds-RRR o-
tocopheryl acetate (ds-0-TOH)). Blood samples were obtained before
supplementation (baseline), 24 h pre-, 12 h pre-, and 1 h pre-race, mid-race,
post-race, 2 h post-race and for 6 d post-race. Plasma labeled and unlabeled
a-TOH, vitamin E metabolites (a- and y-CEHCs), triglycerides, cholesterol and
ascorbic acid were measured. Plasma ds-0-TOH concentrations were similar
in the AO and the PL groups 24 h after consumption of ds-0-TOH. Plasma de-
o-TOH exponential disappearance rates were calculated for: Pre-race (24-48
h following de-a-TOH administration, (Rate 1)), Race (Rate 2), and Recovery
(Rate 3). Disappearance was faster during the Race thah Pre-Race. Rates
were faster in the AO than in the PL group, and faster in women compared to
men (regardless of treatment group), for all 3 periods. When plasma ds-0-TOH
was corrected for lipid concentrations, disappearance rates were similar during
Race and Pre-race, suggesting that lipid fluxes account for faster dg-a-TOH
disappearance during the run. Increased disappearance of dg-a-TOH in
women compared to men and in AO supplemented versus PL are novel

findings meriting further research.
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INTRODUCTION

Vigorous exercise results in oxidative stress (21) as evidenced by
increased lipid peroxidation (1), DNA damage (14) and protein oxidation (53).
In response to endurance exercise, oxygen (O.) consumption increases 10 to
20-fold systemically and as much as 100 to 200-fold at the level of the skeletal
muscle resulting in substantially increased mitochondrial electron flux (6).
Reactive oxygen species (ROS) leaking from the mitochondria during exercise
are considered a main source of oxidative stress (23). Other potential sources
of sources of ROS during exercise include enhanced purine oxidation,
damage to iron-containing proteins, disruption of Ca?* homeostasis (24),
neutrophil activation (8) and autoxidation of catecholamines (3).

Previously, we demonstrated that endurance exercise stimulates a
faster depletion of plasma deuterium-labeled a-tocopherol in addition to an
increase in lipid peroxidation (1). We studied recreationally trained runners
during a 50 km ultramarathon (trial 1) and a sedentary day (trial 2) 1 month
later. Subjects consumed a controlled diet for 5 days during each trial. The
night before the race (or sedentary trial), subjects consumed 75 mg each ds-
RRR- and de-all rac-a-tocopheryl acetates. Deuterated a-tocopherol
disappearance rates were faster (2.8x10™ + 5.4x10'®) during the race
compared to the sedentary trial (2.3x10™ + 6.4x10°; p<0.03) (1). Moreover,
F2-1soPs nearly doubled during the race (pre-race vs post-race, 76 + 24 vs 130
+ 54 pg/ml, p<0.0001), but were unchanged during the rest trial (1). The
increased rate of vitamin E disappearance in conjunction with increased Fo-
IsoPs suggests that the runners experienced oxidative stress in excess of

antioxidant protection.
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Given that o-tocopherol disappearance is faster during exercise,
when lipid peroxidation is maximal, the obvious conclusion is that lipid
peroxidation increased vitamin E oxidation. However, since vitamin E is
transported in lipoproteins, increased lipoprotein turnover could also be an
explanation for vitamin E disappearance. The purpose of this study was to
evaluate whether decreasing oxidative stress by increasing antioxidant
protection by prior supplementation with the antioxidants (vitamins E and C)

could moderate the rate of disappearance of deuterium labeled a-tocopherol.

EXPERIMENTAL PROCEDURES
HUMAN SUBJECTS
A description of the study design has been published previously (2, 14).
Briefly, the protocol for this study was approved by the Oregon State
University Institutional Review Board for the Protection of Human Subjects.
Runners (11 women and 11 men) were recruited from the pool of participants

in a 50 km (32 mile) ultramarathon trail run.

The physical characteristics of the subjects have been reported
previously (2, 14). Average age was 39 + 2.5 yrs, VOapnax 58 + 1 ml/kg/min
and estimated weekly training distance 43 + 3 km; there were no differences
between treatment groups or genders for these characteristics. Men were
taller, weighed more and had lower percent body fat than women. Women in
the AO group weighed slightly less than women in the PL group (p< 0.05)
while men in the AO group were slightly taller than men in the PL group (p<
0.05). Within each gender, VOomaxand % body fat did not differ among

treatment groups. Estimated average daily nutrient intakes: 2653 + 201 kcal,
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142 *+ 26 mg vitamin C and 14 + 3 mg vitamin E; there were no differences
between men and women in energy, dietary vitamin E or C intakes.
CRITERIA FOR SUBJECT PARTICIPATION

Inclusion criteria for participation in the study included non-smoking
status, age 18-60 y, and a VOzn, classified as excellent fitness by Powers
and Howley (45). Potential participants were excluded based on antioxidant
supplement use (e.g. vitamin C, vitamin E, selenium or carotenoids), abnormal
cholesterol (= 7.8 mmol/L (300 mg/dl)), triglyceride (= 3.8 mmol/L (300 mg/dl))
or fasting blood glucose levels (= 7.8 mmol/L (140 mg/dl)) or other supplement
use (performance enhancing, or herbal type products), vegetarian or other

restrictive dietary requirements, and pregnancy or suspected pregnancy.

STUDY DESIGN

Randomization to Treatment Group
Subjects were randomly assigned in a double-blind fashion to one of

two treatment groups 1) PL (300 mg soybean oil and 1000 mg citric acid (500
mg twice daily) or 2) AO (800 mg RRR-a-tocopheryl acetate [2,5,7,8-
tetramethyl-2R-(4'R,8’ R,12-trimethyltridecyl)-6-chromanol] in soybean oil and
1000 mg ascorbic acid (500 mg twice daily)).

Labeled Vitamin E Administration

The labeled vitamin E (RRR-0-5,7-(CD3)2-tocopheryl acetate) was
provided by the Cognis Corporation, who attests to its purity for consumption
by humans. The subjects in both treatment groups consumed a single gelatin
capsule containing deuterium labeled vitamin E (75 mg ds-RRR o-tocopheryl
acetate) 48 h prior to the race (time 0) with a standardized breakfast

containing 35% fat.
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Blood Samples

Blood samples were obtained prior to antioxidant or placebo
supplementation (baseline), the day before the race (24 h pre-race), the
evening before the race (12 h pre-race), 1 h prior to the race (pre-race, Oh), in
the middle of the race at kilometer 27 (mid-race, 5 h), immediately post-race, 2
h after race end (2 h post-race, 10 h) and for six days after the race (post 1-6
days, 24-144 h), for a total of 13 time points. All were fasting morning blood

draws except 12 h pre-, mid-, post- and 2h post-race.

ANALYTICAL METHODS

Materials

Standards including unlabeled (do) and ds-RRR-a-tocopheryl acetates
were gifts from Dr. James Clark of Cognis Nutrition and Health, LaGrange, IL.
all rac-a-5,7,8-(CDs)s tocopheryl acetate was provided by Dr. Carolyn Good of
General Mills and was synthesized by Isotec Inc. (Miamisburg, OH). The
isotopic purity was found to be 88.4% dy and the remainder dg. a-CEHC was a
gift from W.J. Wechter. y-CEHC was obtained from Cayman Chemicals (Ann
Arbor, Ml). Non-labeled y-tocopherol, ascorbic acid, potassium hydroxide
(KOH), butylhydroxy toluene (BHT), lithium perchlorate, trolox and B-
glucuronidase (type H-1, contains minimum 300,000 U/g b-glucuronidase
activity and minimum 10,000 U/g sulfatase activity) from Sigma-Aldrich (St.
Louis, MO). Diethyl ether was obtained from Mallinckrodt Baker, Inc.
(Phillipsburg, NJ), and HPLC-grade methanol, hexane, ethanol and glacial

acetic acid were obtained from Fisher (Fair Lawn, NJ).



Extraction of Plasma Labeled and Unlabeled Tocopherols

Plasma vitamin E was extracted using the method of Podda et al. (152).
In brief, a known amount of dg-a-tocopherol (as the internal standard) was
added to the sample, which was then saponified with alcoholic KOH, extracted
with hexane, and the tocopherol contents analyzed by LC-MS (see below).
Calibration curves were prepared using ds- and dg-a-tocopherols, as well as

authentic unlabeled a- and y-tocopherols.

Extraction of Plasma CEHCs
Plasma CEHCs were extracted using a modified method of Lodge et al.
(175). In brief, a known amount of trolox (as the internal standard) was added

to 0.5 mL plasma, before incubation for 30 min at 37°C with 100 pL

. B-glucuronidase (10 mg/mL 0.01 M potassium phosphate buffer, pH 6.8), and

10 pL of H20 containing 1% ascorbic acid. After incubation, the samples were
acidified by the addition of 10 uL 12 M HCL. CEHCs were extracted with 5 mL
of diethyl ether. An aliquot of the ether fraction was dried under N> and the
residue resuspended in 1:1 v:v H,O:MeOH, containing 0.05% v:v acetic acid

and 0.05% w:v ascorbic acid.

Liquid Chromatography

For LC-MS analysis a Waters (Milford, MA) 2690 Separations Module
with a cooled auto sampler and a degassing unit was used. Instrument control

and data acquisition were performed using Waters Masslynx V. 3.4 software.

Labeled and Unlabeled Tocopherols
The column used was a Supelcosil™ LC-18 column (7.5cmx4.6 mm, 3
um particle, Supelco, Bellfonte, PA) with a Supelguard™ LC-18 precolumn (2

¢m x 4.0 mm, 5 um particle, Supelco, Bellfonte, PA). An isocratic mobile
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phase (100% methanol) was delivered at 1 ml/min, with a total run time of

4 minutes.

a- and y-CEHCs

The column used was a SymmetryShield™ RP-18 column (3.0 cm x
150 mm, 3.5 um particle, Waters, Milford, MA) with a SymmetryShield™
Sentry™ RP-18 precolumn (3.9 cm x 20 mm, 3.5 uM particle, Waters, Milford,
MA). For separation, a modified gradient method of Himmelfarb et al. (176)
was used. The system was first equilibrated with 50:50 H,O:MeOH for 1 min,
followed by a linear gradient to 80% methanol (containing 0.05% acetic acid)
at 6 min at a flow rate of 0.25 mL/min. These conditions were maintained for
15 min, followed by a § min wash period with 95% MeOH (containing 0.05%
acetic acid), at which time original conditions were returned to and run for 5

min prior to injection of the next sample.

Mass-spectrometry

Labeled and Unlabeled Tocopherols

For mass spectral analysis, a ZQ 2000 single-quadrupole mass
spectrometer (MS, Micromass, Manchester, England) was used, with the
Micromass MassLynx NT version 3.4 software, using a modification of the
described method (177). The source was equipped with an atmospheric
pressure chemical ionization (APCI) probe, set to negative ionization mode.
The analysis parameters were set as follows: corona discharge electrode 15.0
A, APCI probe temperature 450° C and heater gas (nitrogen) 350 L/h,
nebulizer gas (nitrogen) 80 psi, cone gas (nitrogen) 25 L/h and voltage -35 'V,
with a dwell time of 0.20 s per compound. All samples were analyzed using

single ion recording (SIR). Mass-to-charge (m/z) ratios were obtained as
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follows: do-a-tocopherol, m/z 429.4, dg-o—tocopherol, m/z 438.4, dg-0—
tocopherol, m/z 435.4, and dy-y-tocopherol, m/z415.4.

a- and y-CEHCs

Samples were analyzed using the ZQ 2000 MS with an electrospray
ionization source (ESI). The capillary was set to 2.5 kV, cone voltage -30 V,
desolvation temperature at 150°C. The desolvation gas (nitrogen) was set to
160 L/hour, the nebulizer gas (nitrogen) at 80 psi, and the cone gas (nitrogen)
at 50 L/h. SIR m/z ratios were obtained for do-a-CEHC, m/z 277.8; dg-a-
CEHC, m/z 283.8; do-y-CEHC, m/z 263.8; d>-y-CEHC, m/z 265.8 and trolox,
m/z 249.8. The dwell time for each of the ions was set at 0.20 s. Typical
HPLC retention times were 14.2, 14.6, and 15.4 min for trolox, y-CEHCs, and
a-CEHCs, respectively. CEHC concentrations were calculated from the peak

area of the corresponding ion to that of trolox.

Plasma Lipids

Plasma triglycerides and total cholesterol were measured by standard
clinical assays (Sigma kit). Prior to study start, plasma triglycerides, HDL,
LDL, and total cholesterol (Table 5) were measured as part of a blood
chemistry panel (Good Samaritan Hospital, Corvallis, OR) that was used to

screen potential subjects with abnormal lipid values.

Plasma Antioxidants

Ascorbic acid concentrations were determined by paired-ion reversed-
phase HPLC coupled with electro-chemical detection using a modification of
the method described by Kutnink et al. (153). Tocopherols were measured
using a modified version of the method of Podda et al. (152) using paired-ion

reversed-phase HPLC coupled with electro-chemical detection. Plasma o-
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tocopherol was standardized for changes in lipoproteins using plasma lipid

levels (cholesterol + triglycerides).

Statistical Analyses

Data are expressed as the mean + SE of 22 subjects. Analysis of
variance for repeated measures was used to detect statistically significant
differences between and within subject effects (154). An unpaired t-test was
used to analyze differences between genders with regard to subject
characteristics (i.e. age, height, weight). Statistics were calculated using The

SAS System (SAS Institute Inc, Cary, NC).

Vitamin E kinetics were calculated by first dividing the study into three
periods: 1) Pre-race period, 24-48 h following deuterated a-tocopherol
consumption (Rate 1), 2) Race period (Rate 2), and 3) Recovery period, 6
days post-race (Rate 3; Figure 19). The exponential disappearance rates of
plasma ds (ds-RRR-a-tocopherol) and dg/lipids (ds-RRA-0-tocopherol per lipids
(cholesterol + triglycerides)) were assessed for each period using logarithmic
transformed data and the linest function of Excel (Microsoft). For rate 2, the
time of maximum value on race day was chosen as the initial time point
because plasma dg concentrations increased initially perhaps as a result of

eating.




Table 5. Baseline Plasma Lipids.

Women Men
Parameter AO (N=6) PL(N=5) AO (N=6) PL (N=5)
Total Cholesterol (nM) 4.7+0.3 45+04 47406 50+05
LDL Cholesterol (mM) 2.7 +0.2 26+0.3 27+05 3.310.5
HDL Cholesterol (mM)* 1.6 +0.2 1.6+0.1 1.2+0.2 1.2 +0.1
Triglycerides (mM) 09+02 0.8+01 12+02 0.9+0.1

Values are means + SE. *men vs women, p < 0.05



105

Figure 19. d,-RRR-o-Tocopherol Concentrations. The subjects in both treatment groups
(AO and PL) consumed 75 mg dg-ARR a-tocopheryl acetate 48 hours prior to the race (time
0). Blood samples were obtained the day before the race (24 h pre-race), the evening before
the race (12 h pre-race), 1 h prior to the race (pre-race, Oh), in the middle of the race at
kilometer 27 (mid-race, 5 h), immediately post-race, 2 h after race end (2 h post-race, 10 h)
and for 6 days after the race (post 1-6 days, 24-144 h). All were fasting morning blood draws
except 12 h pre-, mid, post- and 2h post-race. Vitamin E kinetics were calculated for each of
three periods: 1) Pre-race period, 24-48 h following deuterated a-tocopherol consumption
(Rate 1), 2) Race period (Rate 2), and 3) Recovery period, 6 days post-race (Rate 3). d6
Concentrations were similar in the AO and the PL groups 24 h after consumption of
deuterium-labeled vitamin E (24 h prior to the race).

Time (Hours)

La:l;felggt}lri; eE -48 -24 0 24 48 72 96 12‘0 1‘.14 1§8

(Deut (P;'e-
L Bace 1;"6'5) 24 Ril‘é‘e) 72 96 120 144 168 192 216
| . | ® AO m PL
¢ P
. .
1- LR
|| Rate1 +
PRE f {
Rate 2 f
0.1 TEes Rate 3
E
RAC RECOVERY




106

RESULTS

RACE RESULTS

Race results have been reported previously (2, 14). Briefly, all 22
subjects completed the race; only 21 were reported previously (14) due to
spurious findings for the comet assay in one subject. Run time averaged 423
* 11 min at a pace of 13.7 + 0.4 min/mile and an intensity of 71 + 2 %VO5 max;
there were no statistically significant differences in run time, pace or %VOamax
between the genders or the treatment groups. Energy expenditure was
approximately 2000 kcal greater for men than women and energy intake was
greater for men than women (Energy Intake (kcal) for men 2530 + 325 (AO)
2468 + 279 (PL) compared with 1844 + 137 (AO) 2040 + 221 (PL) for women);
neither parameter was different between AO and PL groups within each
gender. Vitamin E and C intakes during the run were nominal, < 5 mg and <
50 mg respectively; intakes did not differ between treatment groups or
genders.
PLASMA ANTIOXIDANTS IN RESPONSE TO SUPPLEMENTATION

In response to 6 w supplementation, as reported previously (2, 14),
plasma o-tocopherol increased in the AO supplement group (28 + 2 vs. 46 + 3,
p < 0.05), but was unchanged in the PL group (24 + 2 vs. 26 + 2 uM).
Similarly, ascorbic acid increased in the AO group (113 + 14 to 127 + 12; p <
0.05) but was unchanged in the PL group (93 + 11 vs. 73 + 12 uM).
PLASMA LIPIDS

At baseline (~6 w before the race), lipoprotein cholesterol was
estimated in fasting blood samples. HDL cholesterol was higher in women

than in men (p < 0.01, Table 5); no other differences in plasma lipids were
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observed between genders. There were no differences in plasma lipids
between treatment groups within each gender. Compared to pre-race, plasma
cholesterol was higher at mid-race (p< 0.04), but was lower 2 h, and 1 and 2 d
post-race (p < 0.04, Figure 20A). Cholesterol levels were similar in women
and men throughout the study. The pattern of changes in plasma triglycerides
was similar to those of cholesterol. Compared to pre-race, plasma triglycerides
were higher at mid-race (p< 0.002), but lower 2 h, and 1, 2 and 3 d post-race
(p < 0.04, Figure 20B). Plasma triglycerides were similar in women and men

throughout the study.

Figure 20. Plasma Lipids. Compared to pre-race, plasma cholesterol
concentrations were increased at mid-race (p< 0.04), but decreased 2 h,
and 1 and 2 d post-race (p < 0.04)(A). Compared to pre-race, plasma
triglycerides were increased at mid-race (p< 0.002), but decreased 2 h,
and 1, 2 and 3 d post-race (p < 0.04)(B).
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VITAMIN E KINETICS
For kinetic analysis of within subject changes, it was necessary to
administer the deuterated vitamin E prior to the race such that the peak

plasma concentration would occur before the race. Blood samples were

therefore obtained after administration of the labeled vitamin E at 24, 36 and
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48 h. The 48 h timepoint is race start; both time scales are shown in

Figures 19, 20 and 22.

de-RRR-a-Tocopherol Disappearance

Twenty-four h after consumption of deuterium-labeled vitamin E (24 h
pre- race), de concentrations were similar in the AO and the PL groups (Figure
19). However, exponential rates of de-RRR-o-tocopherol disappearance were
faster in the AO compared with the PL group for all 3 time periods: pre-race,
race, recovery (see Figure 19 for descriptions, Treatment main effect, p <
0.0001; Figure 21). For all four groups (AO and PL, both genders), ds
disappearance rates during the run (Rate 2) were faster than both prior to the
run (Rate 1)(p < 0.008) and during recovery (Rate 3)(p < 0.0001; Figure 21).
In addition, Rate 1 was faster than rate 3 for all groups (p < 0.0001).
Unexpectedly, d disappearance rates were faster in women compared with

men for all rates (Gender main effect, p < 0.006), regardless of treatment.

ds-RRR-a-Tocopherol/Lipids Disappearance

de-RRR-o-tocopherol corrected for lipid concentrations (cholesterol plus
triglycerides, de/lipids) were similar in the AO and PL groups 24 h after
consumption of deuterium-labeled vitamin E (24 h pre-race) (Figure 22).
Despite similar initial concentrations, de/lipids disappearance rates were faster
in the AO compared to the PL group for all 3 rates (Treatment main effect, p <
0.0001, Figure 23). In all 4 groups, pre-race and race period dg/lipids
disappearance rates were similar, while rates during recovery were
significantly slower than pre-race (p < 0.0004) or during the race (p < 0.006;
Figure 23). All d¢/lipids disappearance rates were faster in women compared

with men regardless of treatment (Gender main effect, p < 0.003).




Figure 21. d;-RRR-o-Tocopherol Disappearance Rates. dg-RRR-o-Tocopherol
disappearance rates were calculated for each individual from the data shown in figure 1.
Rates were faster in the AO compared with the PL group at all 3 time periods (Treatment
main effect, p < 0.0001). For all four groups (AO and PL, both genders), dg disappearance
rates during the run) were faster than both prior to the run (p < 0.008) and during recovery (p
< 0.0001). Pre-race disappearance rates were faster than recovery disappearance rates for
all groups (p < 0.0001). d; Disappearance rates were faster in women compared to men at all
time periods (Gender main effect, p < 0.006), regardless of treatment group.
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Figure 22. ds-RRR-a-Tocopherol concentrations corrected for lipid concentrations. dg-
RAR-a-Tocopherol concentrations corrected for lipid concentrations (cholesterol plus
triglycerides, d6/lipids) were similar in the AO and PL groups 24 h after consumption of
deuterium-labeled vitamin E (24 h pre-race).
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Figure 23. dg-RRR-a-Tocopherol /Lipids Disappearance rates. d,-RRR-o-Tocopherol
/Lipids disappearance rates were faster in the AO compared to the PL group for all 3 time
periods (Treatment main effect, p < 0.0001). In all four groups, pre-race and race period
dg/lipids disappearance rates were similar, while rates during recovery were significantly
slower than pre-race (p < 0.0004) or during the race (p < 0.006). All d¢/lipids disappearance
rates were faster in women compared with men regardless of treatment group (Gender main
effect, p < 0.003).
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o—CEHC AND y-CEHC
Faster vitamin E disappearance in the AO groups could be a result of
increased vitamin E metabolism; therefore, CEHCs were measured. ds-CEHC
concentrations were below levels of detection in all plasma samples.
Following AO supplementation, plasma o-CEHC concentrations were 2 to 3-
times those of the PL group at all time points (Treatment main effect, p <

0.0001; Figure 24).

Figure 24. Plasma a-CEHC. Following supplementation, plasma a-CEHC
concentrations in the AO group were 2 to 3-times than those of the PL
group at all subsequent time points (Treatment main effect, p < 0.0001). a-
CEHC concentrations changed only in the PL group in response to the run
(Treatment X Time interaction, p < 0.002). *Compared to pre-race, o-
CEHC concentrations were lower at mid- and post-race (p < 0.007), but
returned to pre-race concentrations by 2 h post-race in the PL group.

757 B Antioxidant B rlacebo

o
bt

S
b

o-CEHC (pmol/mL)
W
o

-
(3)]
1

| %

*

OJ |
Base Pre Pre Pre- Mid- Post- Post Post Post Post Post Post Post
24h 12h race race race 2h 1d 2d 3d 4d 5d 6d

In response to the run, o-CEHC concentrations changed only in the PL
group (Treatment X Time interaction, p < 0.002). Compared to pre-race, o-
CEHC concentrations were lower at mid- and post-race (p < 0.007), but

returned to pre-race concentrations by 2 h post-race in the PL group.
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Plasma y-CEHC concentrations were approximately 10-times

higher than baseline y-CEHC concentrations, but were not influenced by AO

supplementation or by the ultramarathon run (Figure 25).

Figure 25. Plasma y-CEHC. Plasma y-CEHC concentrations were not
influenced by AO supplementation or by the ultramarathon run.
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DISCUSSION

We observed faster de-RRR-o-tocopherol disappearance rates during
the run compared to the preceding rest day (Figure 21) consistent with our
previous findings that endurance exercise increases disappearance of
deuterium labeled a-tocopherol (1). Furthermore, ds disappearance rates
were faster during the race compared with the recovery period for all four
groups (Figure 21). These findings are consistent with a multicompartmental
model of vitamin E kinetics with faster and slower compartments (93) with a

slower dg disappearance 72 h after the dose (Traber unpublished).

We have also reported (2) that in these runners the PL compared with
the AO groups experienced more oxidative stress following running as
evidenced by increased F»-IsoPs. Consequently, it was an unexpected finding
that ds disappearance rates were faster in the AO compared with the PL
group. It was also unexpected that ds disappearance rates were faster in
women than men, regardless of treatment group.

Plasma tocopherols are transported entirely within lipoproteins and
fluctuate with lipoprotein concentrations (178). Due to this relationship
between o-tocopherol concentrations and plasma lipids, we asked the
question: Are the observed differences in ds disappearance rates explained by
fluctuations in lipid levels with exercise? Plasma lipids (total cholesterol and
triglycerides) were elevated in the middle of the race, but decreased to below
pre-race levels 2 h post-race and remained low up to 2 (cholesterol) and 3
(triglycerides) days post-race (Figure 20). They did not differ between
treatment groups or genders over the course of the study. Correction of ds o

tocopherol concentrations for fluctuations in lipid levels (cholesterol +
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triglycerides) yielded somewhat different kinetics than dg concentrations
alone. Like ds, disappearance of dy/lipids was faster in the AO compared to
the PL group at all time periods and disappearance of dg/lipids was faster in
women compared to men regardless of treatment for all 3 rates. However,
rates of de/lipids disappearance were similar during the pre-race and race
periods for all 4 groups. These findings suggest that increased lipoprotein
turnover accounts for the faster dg-o-tocopherol disappearance observed
during the race compared to pre-race. Furthermore, the higher HDL
concentrations in women compared to men (Table 5) suggest that HDL
delivery to the liver may be important in plasma vitamin E clearance. Studies
in scavenger receptor-Bl (SR-BI) deficient mice have demonstrated that
selective uptake of HDL lipids and o-tocopherol via the SR-B1 facilitates biliary
a-tocopherol excretion. Thus, women with their higher HDL levels may clear
plasma vitamin E faster than do men. However, studies of SR-B1 regulation
by vitamin E in type Il pneumocytes (179) or of scavenger receptor family
member, CD36 (180) in macrophages (181) or smooth muscle cells (182),
have all demonstrated that a-tocopherol down-regulates expression of
scavenger receptors. Thus, increased lipoprotein turnover cannot explain the
faster disappearance rates in the AO groups because the supplemental
vitamin E should have decreased SR-BI expression. Certainly, additional
studies examining liver SR-B1 regulation by a-tocopherol are needed to
explore this point.

A potential mechanism for the increased plasma ds disappearance in
the AO groups could be explained by increases in non-oxidative metabolism of
a-tocopherol to CEHC. Recent studies examining a-tocopherol binding to the

nuclear receptor PXR (183) suggest that excess hepatic a-tocopherol may up-
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regulate its own metabolism (184). However, we found that circulating
dsa-CEHC concentrations were below our levels of detection. Nonetheless,
AO supplementation increased unlabeled o-CEHC concentrations 5-10 fold
compared to baseline or to levels in the PL group. No differences in v-CEHC

were observed between treatment groups or genders.

No changes in a-CEHC were observed in the AO group in response to
the run. o-CEHC concentrations decreased in the PL group at mid-race and
post-race suggesting that less a-tocopherol was available to be converted into
the metabolite. No gender differences in o-CEHC were observed at any time
during the study and therefore increased metabolism of a-tocopherol to o~
CEHC can not explain increased rate of ds and dg/lipids disappearance in
wdfnen compared to men. Since we were not able to measure bile, we have

no way of determining how much of the ds was excreted by this route.

Recently, we reported that in these runners vitamins E and C were
protective against exercise-induced lipid peroxidation as evidenced by
increased F2-IsoPs in the PL but not the AO group, following the ultramarathon
(2). Due to this observed increase in lipid peroxidation, we anticipated that o-
tocopherol utilization (ds disappearance) during the run would be increased in
the PL, but not the AO group. Instead, we observed a faster rate of dg
disappearance in the AO group throughout the study time course including the
race. One explanation is that metabolism of o-tocopherol by cytochrome
p450s in the liver is up-regulated in response to vitamin E supplementation
resulting in increased o-tocopherol disappearance independent of the exercise
bout. This hypothesis is supported by the higher a-CEHC levels in the AQ
group throughout the supplementation period and the similar rates of

disappearance of dg/lipids before and during the run.
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Following the race, elevated plasma F2-IsoPs concentrations in the
PL women returned rapidly to pre-race concentrations, but remained elevated
in the PL men (2). This gender difference may be explained by differences in
o-tocopherol utilization (ds disappearance) as disappearance of ds and
de/lipids was faster in PL women than PL men both during the race and during
recovery. These data suggest that women may have been more protected
against oxidative stress due to an increased ability to utilize vitamin E and
therefore able to recover at a faster rate.

Increased disappearance of ds during exercise compared to rest, in
women compared to men and in AO supplemented versus PL are interesting
and novel findings. Nonetheless, results in the present study reflect plasma
vitamin E kinetics and may or may not be representative of vitamin E turnover
in the active muscle. Therefore, it seems likely that studies that undertake
muscle biopsies are necessary in order to gain insight into the relationship of

vitamin E kinetics and oxidative stress in the working muscle.
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Antioxidants Do Not Prevent Muscle Damage or Fatigue
in Response to an Ultramarathon Run

ABSTRACT

To determine if 6 w supplementation with vitamins E and C could
alleviate exercise-induced muscle damage, we studied 22 runners during a 50
km ultramarathon. Subjects were randomly assigned to one of two groups: 1)
placebos (PL) or 2) antioxidants (AO) (1000 mg vitamin C and 400 IU RRR-o-
tocopheryl acetate). Blood samples were obtained prior to supplementation
(baseline), 24 h pre-, 12 h pre-, and 1 h pre-race, mid-race, post-race, 2h
post-race and for six days post-race. Plasma o-tocopherol (a-TOH), ascorbic
acid (AA), and muscle damage markers (creatine kinase (CK) and lactate
dehydrogenase (LDH)), as well as maximal voluntary contraction (MVC) of the
hamstring and quadriceps were assessed. With supplementation, plasma a-
TOH and AA increased in the AO but not the PL group. In response to the
run, MVC (p < 0.0001) decreased similarly in all groups. The largest force
deficit (23%) was observed for the eccentric hamstring contraction, while
eccentric quadriceps decreased 16%, concentric hamstring 14%, and
concentric quadriceps 17%. Eccentric hamstring contraction force had not
recovered by study end. No differences between genders or treatment groups
were observed for MVC force deficit. LDH and CK increased in response to
the race (Time main effects, p < 0.0001 for each); neither was affected by
gender or treatment. CK was significantly correlated (R=0.52, p < 0.0001) with
C-reactive protein, an acute phase response marker. Antioxidants appeared

to have no effect on exercise-induced increases in muscle damage or fatigue.
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INTRODUCTION
Endurance running results in muscular damage and fatigue associated
with ultrastructural changes (185), increased release of muscular enzymes
into the plasma (185) and substantial impairment in maximal force production
(186). While these effects may be the result of mechanical muscle damage,
evidence that oxidative damage by reactive oxygen species (ROS) mediates

skeletal muscle damage is accumulating (43, 185).

Itis generally accepted that at rest the body produces continuously. In
healthy individuals at rest, these ROS are produced at levels well within the
capacity of the body’s antioxidant defense system. In response to endurance
exercise, oxygen (O.) consumption increases 10 to 20-fold systemically and
as much as 100 to 200-fold at the level of the skeletal muscle (23) resulting in
substantially increased mitochondrial electron flux (6). Reactive oxygen
species (ROS) leaking from the mitochondria during exercise are considered a
main source of oxidative stress (23) as oxidant production outpaces
antioxidant defenses. Other potential sources of sources of ROS during
exercise include enhanced purine oxidation, damage to iron-containing
proteins, disruption of Ca®* homeostasis (24), neutrophil activation (8) and
autoxidation of catecholamines (3).

Vigorous exercise results in oxidative stress (21) as evidenced by
increased lipid peroxidation (1), DNA damage (14) and protein oxidation (53).
Damage to skeletal muscle cell membranes by ROS, specifically lipid
peroxidation, can impair cell viability leading to necrosis and an acute phase
inflammatory response (25, 43). Quenching of ROS by antioxidants could

protect against muscle damage caused by exercise. Therefore, the purpose
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of the present study was to determine if prior supplementation with the
antioxidant vitamins E and C could attenuate exercise-induced muscle

damage and/or accelerate the rate of recovery from damaging exercise.

EXPERIMENTAL PROCEDURES
HUMAN SUBJECTS

A description of the study design has been published previously (2, 14).
Briefly, the protocol for this study was approved by the Oregon State
University Institutional Review Board for the Protection of Human Subjects.
Runners (11 women and 11 men) were recruited from the pool of participants
in a 50 km (32 mile) ultramarathon trail run.

The physical characteristics of the subjects have been reported
previously (14). Average age was 39 £ 2.5 yrs, VOzmax 58 + 1 ml/kg/min and
estimated weekly training distance 43 + 3 km; there were no differences
between treatment groups or genders for these characteristics. Men were
taller, weighed more and had lower percent body fat than women. Women in
the AO group weighed slightly less than women in the PL group (p< 0.05)
while men in the AO group were slightly taller than men in the PL group (p<
0.05). Within each gender, VOzmaxand % body fat did not differ among
treatment groups. During training, estimated average daily nutrient intakes
were 2653 + 201 kcal, 142 + 26 mg vitamin C and 14 + 3 mg vitamin E; there
were no differences between men and women in energy, dietary vitamin E or

C intakes.

Criteria for Subject Participation

Inclusion criteria for participation in the study included non-smoking

status, age 18-60 y, and a VO.max Classified as excellent fitness by Powers
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and Howley (45). Potential participants were excluded based on
antioxidant supplement use (e.g. vitamin C, vitamin E, selenium or
carotenoids), abnormal cholesterol (> 7.8 mmol/L (300 mg/dl)), triglyceride (>
3.8 mmol/L (300 mg/dl)) or fasting blood glucose levels (> 7.8 mmol/L (140
mg/dl)) or other supplement use (performance enhancing, or herbal type
products), vegetarian or other restrictive dietary requirements, pregnancy or

suspected pregnancy, and chronic upper respiratory infections.

STUDY DESIGN

Randomization to Treatment Group

Subjects were randomly assigned in a double-blind fashion to one of
two treatment groups 1) PL (300 mg soybean oil and 1000 mg citric acid (500
mg twice daily) or 2) AO (300 mg RRR-a-tocopheryl acetate [2,5,7,8-
tetramethyl-2R-(4’ R,8’ R, 12-trimethyltridecyl)-6-chromanol] in soybean oil and
1000 mg ascorbic acid (500 mg twice daily)).

Muscle Function Assessment

Maximal voluntary contraction (MVC) of the knee extensors/flexors
(quadriceps/hamstrings) was measured using a KinCom isokinetic
dynanometer. Subjects were tested at baseline (prior to supplementation), the
day prior to the race (1 day pre-race), 2 h after the race (2 h post-race) and for
six days following the race for a total of 9 testing sessions. After a
demonstration of the procedures, subjects were seated and secured in the
rigid seat of the dynamometer in order to isolate the left knee extensor and
flexor muscle groups. Subjects were instructed to perform ~10 contractions
well below their maximum as a warm-up. After the warm-up, subjects

performed 3 maximal concentric knee extensions and flexions followed by 3




maximal eccentric knee extensions and flexions at a velocity of 60°/sec;
peak voluntary torque (MVC) was recorded for each contraction. Subjects
were given a one-minute rest between the concentric and eccentric

measurements. The left leg was used for all sessions.

Blood Samples

Blood samples were obtained prior to antioxidant or placebo
supplementation (baseline), the day before the race (24 h pre-race), 1 h prior
to the race (pre-race (Oh)), in the middle of the race at kilometer 27 (mid-race
(5 h)), immediately post-race, 2 h after race end (2 h post-race (10 h)) and for
six days after the race (post 1-6 days (24-144 h)), for a total of twelve time
points. All samples were fasting morning blood draws except mid-, post- and

2h post-race.

ANALYTICAL METHODS

Muscle Damage Markers

Plasma creatine kinase and lactate dehydrogenase were measured by

standard clinical assays (Sigma kit, St. Louis, MO).

Plasma Antioxidants

Ascorbic acid was determined by paired-ion reversed-phase HPLC
coupled with electro-chemical detection using a modification of the method
described by Kutnink et al. (153). o-Tocopherol was determined by paired-ion
reversed-phase HPLC coupled with electro-chemical detection using a

modified version of the method of Podda et al. (152).

Statistical Analyses

Data are expressed as the mean + SE of 22 subjects. Analysis of

covariance for repeated measures was used to detect statistically significant
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between and within subject effects (154). In order to adjust for pre-
existing differences between individuals prior to supplementation, baseline
concentrations of the following markers were used as covariates in the
corresponding statistical model. Baseline covariates included: CK (p < 0.003),
LDH (p < 0.0001) and MVC; eccentric hamstring (p < 0.0009), concentric
hamstring (p < 0.007), eccentric quadriceps (p < 0.0001) and concentric
quadriceps (p < 0.04). An unpaired t-test was used to analyze differences
between genders with regard to subject characteristics (i.e. age, height,
weight). Statistics were calculated using The SAS System (SAS Institute Inc,
Cary, NC).

RESULTS

RACE RESULTS

Race results have been reported previously (2, 14). Briefly, all 22
subjects completed the race; previously only 21 were reported due to spurious
findings for the comet assay in one subject (14). Run time averaged 423 + 11
min at a pace of 13.7 * 0.4 min/mile and an intensity of 71 + 2 %VO, max; there
were no statistically significant differences in run time, pace or %VOamax
between the genders or the treatment groups. Energy expenditure was
approximately 2000 kcal greater for men than women and energy intake was
greater for men than women (Energy Intake (kcal) 2530 + 325 (AO) 2468 +
279 (PL) for men compared with 1844 + 137 (AO) 2040 + 221 (PL) for
women); neither parameter was different between AQ and PL groups within
each gender. Vitamin E and C intakes during the run were nominal, < 5 mg
and < 50 mg respectively; intakes did not differ between treatment groups or

genders.




PLASMA ANTIOXIDANTS IN RESPONSE TO SUPPLEMENTATION

In response to 6 w supplementation, as reported previously (14),
plasma a-tocopherol increased in the AO supplement group (28 + 2 vs. 46 + 3,
p < 0.05), but was unchanged in the PL group (24 + 2 vs 26 + 2 uM).
Similarly, ascorbic acid increased in the AO group (113 + 14 to 127 + 12; p <
0.05) but was unchanged in the PL group (93 + 11 vs 73 + 12 pM).

MAXIMAL VOLUNTARY CONTRACTION: FATIGUE AND RECOVERY
The MVC expressed as maximal peak torque (Nm) of each of the 3
contractions for each test was corrected for subjects’ lean body mass and
used to determine force deficit and recovery in response to the run. In
response to the run, MVC decreased in all muscle groups in both AO and PL
groups (p < 0.0001, Figure 26). The largest force deficit, 23%, was observed
for eccentric hamstring (Figure 26A). Other force deficits: concentric
hamstring 14%, eccentric quadriceps 16% and concentric quadriceps 17%,
demonstrated that the exercise decreased force similarly in these three
muscle contractions (Figure 26B-D). In addition to exhibiting the largest
decline in MVC, the eccentric hamstring values remained below pre-race
values for the duration of the study (Figure 26A). In contrast, concentric
hamstring, eccentric and concentric quadriceps had recovered to pre-race
values by 4 days post-race (Figure 26B-D). Concentric hamstring reached
higher levels than pre-race at 6 days post-race (p < 0.02, Figure 26B). No
differences between genders or treatment groups were observed for any

parameter.
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Figure 26. Muscle Force Deficit. The maximal peak torque in Nm of each
of the 3 maximal contractions for each test was corrected for subjects’
lean body mass. MVC decreased similarly in all groups in response to the
run (p < 0.0001). Eccentric hamstring, -23% force deficit, did not recover
by end of study (A). Concentric hamstring, -14% force deficit, recovered
by 3 days post-race (B). Eccentric quadriceps, -16% force deficit,
recovered by 3 days post-race (C). Concentric quadriceps, -17% force
deficit, recovered by 3 days post-race (D). No differences between
genders or treatment groups were observed. * = compared to pre-race.
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PLASMA MUSCLE DAMAGE MARKERS

LDH increased in response to the race (Time main effect, p < 0.0001,
Figure 27A) and was unaffected by gender or treatment. Compared to pre-
race, LDH increased at mid-race, peaked at post-race (p < 0.01), and
remained elevated throughout the recovery period. Similarly, CK increased in
response to the race (Time main effect, p < 0.0001, Figure 27B). Compared
to pre-race, CK increased at mid-race, continued to increase peaking 2 day

post-race (p < 0.0001), and remained elevated throughout the recovery period.
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Over the course of the study, muscle damage markers CK and LDH
were significantly correlated (Pearson product moment correlation R=0.64, p <
0.0001). Furthermore, CK was significantly correlated with c-reactive protein
(CRP)(Pearson product moment correlation R=0.52, p < 0.0001). During the
period of peak damage (mid-race to post 1 day), similar correlationé were
observed (CK with LDH, Pearson product moment correlation R=0.64, p <

0.0001; and CK with CRP, Pearson product moment correlation R=0.63, p <
0.0001).

Figure 27. Muscle Damage Markers. Lactate dehydrogenase (LDH)
increased in response to the race (Time main effect, p < 0.0001) and was
unaffected by gender or treatment. Compared to pre-race, LDH increased
at mid-race, peaked at post-race (p < 0.01), and remained elevated
throughout the recovery period (A). Creatine kinase (CK) increased in
response to the race (Time main effect, p <0.0001). Compared to pre-
race, CK increased at mid-race, continued to increase peaking 2 day post-
race (p < 0.0001), and remained elevated throughout the recovery period
(B). * = compared to pre-race; # = maximal concentration.
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DISCUSSION

The ultramarathon resulted in substantial increases in muscle damage
markers and deficits in maximal force production of the knee extensors and
flexors. Prior supplementation with the antioxidant vitamins E and C appeared
to have no effect on these parameters of muscle damage and fatigue.

The inability of antioxidant supplementation to attenuate exercise-
induced muscle damage is in contrast to our previous findings that
supplementation completely prevented exercise-induced lipid peroxidation (2),
suggesting that muscle damage may be independent of oxidative damage.
Muscle damage may be more closely related to inflammation, as CK was
significantly correlated with the acute phase protein C-reactive protein in the
present study. Previously we reported that the inflammatory and lipid

peroxidation responses to ultramarathon running appear to be unrelated (2).

Alternatively, the ultramarathon run may have been too strenuous and
therefore the oxidative stress overwhelmed the protective effects of the
antioxidants. Previously vitamin C was found to be protective in a more
moderate exercise protocol, 60 minutes of box-stepping exercise (187). One
w of prior supplementation with 400 mg vitamin C enhanced the rate of
recovery of MVC force deficit (187). In this same study, supplementation with
400 mg vitamin E had no effect on recovery, however, plasma vitamin E was
not substantially increased in the short supplementation period (3 w prior to
and 1 w post exercise) (187). When vitamin E was supplemented for a longer
time period at a higher dose (1200 IU for 3 w) and plasma vitamin E levels

were more than doubled, supplementation still had no effect on exercise-
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induced concentric force deficits following a short muscle-damaging
exercise protocol (188).

CK'is the most commonly used marker of muscle damage; it is well
documented that CK increases in response to marathon running, reaching
peak levels 24 h post-race in trained runners (61). In the present study, CK
was elevated at post-race, but did not reach maximal concentrations until 24 h
post-race consistent with previous reports (61). Study of the response of CK
to antioxidant supplementation has yielded equivocal results. o-Tocopherol
supplementation (1200 1U/day for 4 w) attenuated CK increases following 6
successive days of running (129), but no effect of 13.5 mg/day for 3 w prior to
a marathon run on the plasma CK response was observed (110). Vitamin C
supplementation as a single 1000 mg dose 1 hour prior to a 4 hour run did not
attenuate CK increases (33), but supplementation with 1000 mg/day vitamin C
for 1 w prior to a 90 km run exacerbated the CK and CRP response to
exercise suggesting an adverse effect of supplementation (111). Our
observation that combined supplementation with 300 mg vitamin E and 1000
mg vitamin C had no effect on exercise-related increases in CK is in
agreement with the study of Petersen et al. (107). They reported no influence
of 2 w supplementation with 400 mg vitamin E and 500 mg vitamin C on
increases in CK following a 90 minute treadmill run (107). Our findings are in
contrast, however, to those of Rokitzki et al. (13), who reported that 4.5 w
supplementation with 400 IU vitamin E and 200 mg vitamin C attenuated
increases in CK following a 90 km ultramarathon. Thus, results appear to be
influenced by amount and duration of dose and the type of antioxidant

supplemented, as well as intensity, duration and type of exercise.
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A second, less common, plasma marker of muscle damage, LDH,
increases in response to marathon running (189). Few studies have
investigated the ability of antioxidant supplementation to modulate LDH
responses to marathon running. Presently, we report that supplementation
with vitamins E and C had no effect on LDH increases following distance
_running. This finding differs from the report of Itoh et al. (129) that
supplementation with 1200 |U/day a-tocopherol for 4 w attenuated LDH
increases following 6 successive days of running, suggesting that a larger
dose of vitamin E is required to attenuate muscle damage resulting from
endurance exercise. Clearly further research is needed to confirm this
hypothesis.

In the present study, antioxidants appeared to have no effect on
exercise-induced increases in muscle damage, fatigue or recovery from
adverse consequences resulting from a marathon run. Future studies may
take advantage of muscle biopsy techniques in order to examine the effects of

antioxidant supplementation directly at the level of the skeletal muscle.
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CHAPTER 6: DISCUSSION

The 50 km ultramarathon run elicited oxidative stress, muscle damage
and inflammation. Oxidative stress was demonstrated by increased lipid
peroxidation, DNA damage and vitamin E utilization. Muscle damage was
characterized by increases in fatigue, as well as increases in circulating
muscle damage markers. The changes in circulating inflammatory markers
elicited by the run demonstrated the characteristic progression of cytokine
responses to damage and inflammation. Overall, the ultramarathon runners
provided an ideal model to test the hypothesis that antioxidant
supplementation would alleviate the adverse consequences of running.
Supplementation with vitamins E and C completely inhibited exercise-induced
lipid peroxidation and appeared to benefit women with respect to DNA
damage during recovery. Surprisingly, supplementation had no effect on
exercise-induced inflammation. Similarly, antioxidants appeared to have no
effect on muscle damage markers or on fatigue. These results suglgest that
oxidative damage may be operating independently of the inflammatory and
muscle damage response pathways.

DNA DAMAGE

The exercise bout was sufficiently strenuous that by mid-race, subjects
exhibited DNA damage, as assessed using the comet assay (14). However,
the proportion of cells with DNA damage returned to baseline values by the
end of the race and by 2 days after the race, the proportion of cells with
damage declined below baseline values and decreased to 8% below baseline
by 6 days post-race (14). The precise reason for this apparent decrease is

unclear but may have been due to increased repair mechanisms, increased
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clearance of damaged cells, a redistribution of damaged cells and/or
because subjects were no longer exercising.

Both men and women within each treatment group had similar
circulating antioxidant levels, but women runners had higher levels of DNA
damage. Moreover, antioxidant supplementation protected the women
runners by decreasing the proportion of cells with damage on the day following
the ultramarathon race, while men experienced little benefit from the
antioxidants.

There may be benefits to the observed exercise-induced oxidative
damage such as, enhanced antioxidant enzyme defenses and/or increased
clearance of oxidized LDL particles (123). Relatively low levels of DNA
damage generated by exercise may be beneficial by upregulating DNA
damage repair enzymes, stimulating the immune response and/or by
increasing clearance of damaged cells by inducing apoptosis (162). This
concept that low levels of a damaging entity can upregulate protective
mechanisms in an organism is known as hormesis (162). In support of this
theory, both cohort and case-control epidemiological studies have
demonstrated dose-dependent protection of physical activity against overall
and site-specific cancer risk (163) and there is little evidence that the exercise-
induced DNA damage is mutagenic (137). In fact, Hartmann et al. (15)
reported that despite substantial increases in DNA damage as measured by
the comet assay in response to a 2.5 h triathlon competition, no increases in
frequency of micronuclei, a sensitive indicator of chromosome damage, were

observed.
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Overall, exercise appears to induce a temporary increase in DNA
damage. This increase, however, does not appear to have adverse effects,

and may be beneficial because it appears to induce removal of damaged cells.

LIPID PEROXIDATION

Lipid peroxidation increased in the PL group in response to the race,
but prior supplementation with vitamins E and C completely inhibited the
increase in lipid peroxidation (2). At post-race, when oxidative stress was
maximal, F»-IsoP concentrations were inversely correlated both with o-
tocopherol/lipids (R=-0.61, p<0.003) and ascorbic acid (R= -0.41, p= 0.05) (2).
These findings provide further documentation that antioxidants were
responsible for preventing lipid peroxidation.

Both men and women responded to the run with similar degrees of lipid
peroxidation; however responses in the placebo groups during recovery were
markedly different. Fo-IsoP concentrations in PL women returned to baseline
within 2 hours post-race, whereas higher levels persisted in PL men for the
duration of the study. Jenkins and Goldfarb (56) also reported that in
response to exercise men experience greater oxidative stress than do women.
These data suggest that men may be more susceptible to oxidative stress-
induced chronic disease, as well.

We also found that cardiovascular fitness was inversely related to lipid
peroxidation based on the inverse correlation between VO,max and baseline
circulating F2-IsoP concentrations (R = -0.55, p < 0.01) (2), confirming
previous observations by Liu et al. (49). Moreover, we found that Fo-IsoPs
increased only after subjects experienced an exceptional oxidative insult, the
ultramarathon, and then only in the PL group. The source(s) of the F»-IsoPs

are unknown. The resumption of weight bearing activity following space flight
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caused muscle damage and increased urinary excretion of F»-IsoPs,
implicating a relationship between oxidative stress and muscle damage (120).
However, this link between muscle damage and lipid peroxidation was not
supported by our findings.

INFLAMMATION

Very few studies have examined the effects of antioxidants on both
exercise-induced oxidative stress and inflammation (37, 41). We found that
supplementation of runners with vitamins E and C had no effect on TNF-a, IL-
6, CRP, IL-1 or ferritin, despite the finding that increases in lipid peroxidation
were prevented (2). Nieman et al. (37) reported that ascorbic acid (1500
mg/day) for one w prior to an ultramarathon did not prevent exercise-induced
increases in plasma F»-IsoPs, lipid hydroperoxides or IL-6 (pro-inflammatory
cytokine). Childs et al. (41) studied the effects of 1 w post-exercise
supplementation with ascorbic acid and N-acetyl-cysteine (NAC) on muscle
damage. Both Fz-IsoPs and lipid hydroperoxides increased in response to
muscle damage, but levels were higher in the supplemented group post-
exercise. Childs et al. (41) suggested a pro-oxidant effect of ascorbic acid and
NAC. Nonetheless, these supplements had no effect on exercise—induced IL-
6 increases. In the present study, IL-6 increases in response to the
ultramarathon were not modulated by vitamin E and C supplementation (2).
Similarly, in the present study , CRP was not attenuated by AO
supplementation (2), in accordance with previous reports (170).
ENDOGENOUS MECHANISMS TO INCREASE ANTIOXIDANT DEFENSES

Although the purpose of the present study was to evaluate the
effectiveness of supplemental antioxidants in alleviating exercise-induced

oxidative damage, some endogenous antioxidant defense responses were

.



135
detected. During the 50 km ultramarathon run, plasma ascorbic acid
increased similarly in both treatment groups with significant increases
compared to pre-race, at mid-race and post-race returning to pre-race values
by 2 h post-race. Increases in plasma ascorbic acid in response to vigorous
exercise have been reported in some (1, 7, 13, 48, 107, 110), but not all (31,
111, 112) studies. Gleeson et al. (115) suggested that exercise-related
increases in circulating cortisol promote efflux of ascorbic acid from the
adrenal gland and/or the mobilization of ascorbic acid from other tissue sites
such as leukocytes or erythrocytes. Some (111, 112, 116), but not all (37),
recent studies have demonstrated an attenuation of the exercise related
increase in circulating cortisol with vitamin C supplementation. Taken
together, these findings suggest that oxidative stress may regulate cortisol
secretion.

Plasma uric acid concentrations also increased in response to the run,
consistent with the findings of others (13, 49, 100). The increase may be
explained by enhanced purine oxidation with exercise (13, 49, 100).
Concurrent increases in plasma ascorbic and uric acids may reflect enhanced
antioxidant defenses in response to the oxidative stress of the endurance
exercise. Moreover, our findings are in accordance with previous studies
reporting increased antioxidant enzymes (11) and antioxidant nutrients (6, 13,
48) in response to extreme exercise.

A few of the studies investigating the effects of vitamins E and/or C
supplementation on endurance running have reported increases in plasma o-
tocopherol concentrations in both supplemented and placebo groups following
exercise (13, 40, 103), but most failed to report post-exercise plasma a-

tocopherol concentrations (31, 32, 104-106). One study reported no change
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in a-tocopherol concentrations with exercise (107). We observed an
increase in plasma a-tocopherol concentrations during exercise in the AO, but
not the PL group. After correcting a-tocopherol for lipids, no significant
changes in a-tocopherol/lipids were observed in either group. In the only
other study to report both a-tocopherol and a-tocopherol/lipid concentrations
(103), differential responses in the AO and PL supplemented groups were also
explained by fluctuations in lipoproteins. Thus, the increase in plasma a-
tocopherol concentrations during the exercise may be entirely the result of

fluctuations in lipoprotein concentrations.

VITAMIN E AND LIPID PEROXIDATION

We observed faster de-RRR-o-tocopherol disappearance rates during
the run, when lipid peroxidation levels were maximal, compared to the
preceding rest day and the recovery period, consistent with our previous
findings that endurance exercise increases disappearance of deuterium
labeled a-tocopherol (1).

Plasma tocopherols are transported entirely within lipoproteins and
fluctuate with lipoprotein concentrations (178). Due to this relationship
between a-tocopherol concentrations and plasma lipids, we asked the
question: Are the observed differences in ds-a-tocopherol disappearance rates
explained by fluctuations in lipid levels with exercise? Plasma lipids (total
cholesterol + triglycerides) increased during the race, but decreased to below
pre-race levels 2 h post-race and remained low up to 2 (cholesterol) and 3
(triglycerides) days post-race. Correction of ds a-tocopherol concentrations for
fluctuations in cholesterol and triglycerides yielded somewhat different kinetics
than dg-o-tocopherol concentrations. Like dg-a-tocopherol, disappearance of

de-a-tocopherol /lipids was faster in the AO compared to the PL group at all
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time periods and disappearance of ds-0-tocopherol /lipids was faster in
women compared with men. However, rates of ds-a-tocopherol /lipids
disappearance were similar during the pre-race and race periods for all 4
groups. These findings suggest that increased lipoprotein turnover accounts
for the faster ds-a-tocopherol disappearance observed during the race

compared to pre-race.

Considering that the runners in the PL but not the AQ group,
experienced increased lipid peroxidation, it was an unexpected finding that de-
a-tocopherol disappearance rates were faster in the AO compared with the PL
group. One explanation is that metabolism of a-tocopherol by cytochrome
p450s in the liver is up-regulated in response to vitamin E supplementation
resulting in increased a-tocopherol disappearance independent of oxidative
stress. Recent studies examining a-tocopherol binding to the nuclear receptor
PXR (183) suggest that excess hepatic o-tocopherol may up-regulate its own
metabolism (184). Thus, increased plasma ds disappearance in the AQ
groups may be explained in part by the 5-10 fold increases in non-oxidative
metabolism of unlabeled a-tocopherol to o-CEHC in the AQ group.

Faster dg-a-tocopherol disappearance rates in women than in men
were not explained by fluctuations in plasma lipid concentrations or increases
in non-oxidative metabolism of a-tocopherol to «-CEHC. However, these
findings suggest that vitamin E protected women more effectively in that they
also had a faster decrease in F»-IsoPs during recovery. Overall, our data
suggest that women may have been more protected against oxidative stress
due to an increased ability to utilize o-tocopherol. Furthermore, the higher
HDL concentrations in women compared to men suggest that HDL delivery to

the liver may be important in plasma vitamin E clearance.
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MUSCLE DAMAGE

The ultramarathon run resulted in substantial increases in muscle
damage markers and deficits in maximal force production of the knee
extensors and flexors. Prior supplementation with vitamins E and C appeared
to have no alleviating effect on muscle damage and/or fatigue. Alternatively,
the ultramarathon run may have been so damaging as to mask or even
overwhelm the protective effects of the antioxidants. For example, vitamin C
was found to be protective in a more moderate exercise protocol, 60 minutes
of box-stepping exercise, where supplementation enhanced the rate of

recovery of MVC force deficit (187).

CK is a commonly used marker of muscle damage; it is well
documented that CK increases in response to marathon running (61). In the
present study, CK was elevated at post-race, but did not reach maximal
concentrations until 24 h post-race consistent with previous reports (61). Our
observation that combined supplementation with 300 mg vitamin E and 1000
mg vitamin C had no effect on exercise-related increases in CK is in
agreement with the study of Petersen et al. (107). They reported no influence
of 2 w supplementation with 400 mg vitamin E and 500 mg vitamin C on
increases in CK following a 90 minute treadmill run (107). Our findings are in
contrast, however, to those of Rokitzki et al. (13), who reported that 4.5 w
supplementation with 400 IU vitamin E and 200 mg vitamin C attenuated
increases in CK following a 90 km ultramarathon. Thus, results appear to be
influenced not only by level of exercise, but also by the amount, duration and

the type of supplement antioxidant.

LDH, another marker of muscle damage, also increases in response to

marathon running (189). Vitamin E and C supplementation had no effect on
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LDH increases following distance running. This finding differs from the
report of Itoh et al. (129) that supplementation with 1200 IU/day o-tocopherol
for 4 w attenuated LDH increases following 6 successive days of running,
suggesting that a larger dose of vitamin E is required to attenuate muscle

damage resulting from endurance exercise.

An alternative explanation for the lack of protection by antioxidants
against muscle damage and inflammation is that the placebo group had
relatively high plasma ascorbic acid levels (78 + 9 uM). Levine et al. (99) has
demonstrated that leukocyte ascorbic acid levels reach saturation with plasma
levels of 50-60 uM. Saturation levels of ascorbic acid in leukocytes in both the
antioxidant group and the placebo group could explain the lack of a treatment
effect. For these reasons, Levine et al. (99) postulated that in order to test for
a treatment effect of vitamin C, subjects in the placebo group would need to
consume less than 100 mg of vitamin C per day from foods. Subjects in the
present study were instructed to consume a prescribed diet consisting of foods
low in vitamins C and E; vitamin C intake was limited to <50 mg during the
race period. However, the high average daily caloric intake required to sustain
the energy expenditure of training (2500-3000 kcal/day), likely led to
consumption of ~100 mg of vitamin C per day despite the relatively small
amounts of vitamin C in the low vitamin C foods subjects consumed.

GENDER DIFFERENCES IN RUNNERS

Men and women responded differently both to the antioxidant
supplementation and to the exercise bout. Women and men in the present
study were of similar fitness levels (VO.may), but as is typical, men exhibited a
higher proportion of lean body tissue (14), likely contributing to a higher

metabolic rate (101). Thus, one explanation for the observed gender
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differences is a higher metabolic rate in men leading to increased
mitochondrial oxygen flux and increased production of ROS (87). Another
possible explanatory variable, the female hormone estrogen, which exhibits
antioxidant properties (87) and stabilizes cell membranes (190) and thus may

have contributed to the faster decrease in F.lsoPs observed in PL women.

HDL cholesterol is a known protective risk factor in cardiovascular
disease, an oxidative stress disorder. Higher HDL concentrations are another
possible source of protection in women. Following the race, elevated plasma
F2-1soP concentrations in the PL women retumned rapidly to pre-race
concentrations, but rémained elevated in the PL men (2). This difference
between PL women and men may be explained by differences in a-tocopherol
utilization (ds disappearance) as disappearance rates of both dg and de/lipids
were faster in PL women during the race and during recovery. Greater vitamin
E utilization and faster recovery from lipid peroxidation in women suggest that
women may have been more protected against oxidative stress due to an
increased ability to utilize vitamin E, but it does not explain why women had
higher levels of DNA damage than men. These findings highlight the need for
future studies investigating the effects of antioxidant supplementation on

exercise-induced oxidative damage to compare both men and women.

CONCLUSIONS

Overall, as presented schematically in Figure 18, ROS generated in
response to exercise can cause oxidative damage (1), stimulate an
inflammatory response (106) and cause skeletal cell muscle damage (25, 43).
Therefore, AO supplementation hypothetically could prevent exercise—induced

oxidative stress, consequently protecting against oxidative damage,
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inflammation and muscle damage (37, 43, 106). Unlike previous studies
testing this hypothesis, the present study investigated the effects of
supplementation with both vitamins E and C, by measuring oxidative stress,
inflammatory and muscle damage markers in response to exercise.
Supplementation prevented lipid peroxidation, but had no apparent effect on
DNA oxidation, inflammation, muscle damage, or fatigue. These results
suggest that the mechanism of oxidative damage is operating independently of
the inflammatory and muscle damage responses (37). Alternatively, it may be
that higher doses of a-tocopherol (> 800 |U/day) are required to elicit an anti-
inflammatory effect, as has been previously suggested (168, 172). It has been
proposed that muscle fiber damage and necrosis stimulate an inflammatory
response and subsequent repair/adaptation process (190). The present study
provides some evidence that muscle damage and inflammation are linked. CK
was significantly correlated with the acute phase protein CRP (2). If in fact,
damaging exercise is required to elicit an adaptation response in muscle
(169), prevention of muscle damage by antioxidants could blunt the training
effect of exercise.

Preventing production/enhancing clearance of F,-IsoPs may be more
beneficial than preventing inflammation. F,-IsoPs have demonstrated pro-
atherogenic biological activity, including vasoconstriction, and activation of
platelet aggregation (37, 76) and they are known to recruit pro-atherogenic
monocytes and induce monocyte adhesion (173). In contrast, the muscle
damage-induced inflammatory response stimulates recovery from exercise by
inducing regeneration of damaged tissue and recruitment of satellite cell
proliferation (146). Together, AO supplementation proved to prevent the

damaging increase in lipid peroxidation without influencing inflammation. This
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is especially important since prevention of exercise-induced inflammation
could actually inhibit muscular adaptation to physical activity, the so-called
“training effect” of exercise.

The acute oxidative and inflammatory stress responses characteristic of
vigorous aerobic exercise are analogous to the stress responses observed
following acute events such as myocardial infarction, ischemic stroke, surgery
and trauma (25, 145, 174, 191, 192). Thus, aerobic exercise provides a well-
controlled, relatively non-invasive model to study the effects of AQ
supplementation on acute oxidative and inflammatory stress. We are hopeful
that results from this research may be useful for the exploration of these other

chronic human diseases.
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