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ABSTRACT 

This study evaluated the effects of RRR-a-tocopherol (500 IU/day, 8 days) on in vivo cytokine response and cyto­
plasmic expression of inducible nitric oxide synthase (iNOS) and the antioxidant stress protein heme oxygenase-
1 (HO-1) in human leukocytes after exhaustive exercise. Thirteen men were investigated in a double-blind, placebo-
controlled, cross-over study with a wash-out period of 28 days. The exercise procedure consisted of an incremental 
treadmill test followed by a continuous run until exhaustion at 110% of the individual anaerobic threshold (total 
duration 28.5 ± 0.8 min). HO-1 and iNOS protein were assessed in mono- (M), lympho-, and granulocytes (G) us­
ing flow cytometry. Plasma interleukin-6 (IL-6) and IL-8 were measured by ELISA. IL-6 rose significantly whereas 
IL-8 did not exhibit significant changes after exercise. Changes of IL-6 were not affected by RRR-a-tocopherol. Ex­
ercise induced an increase of iNOS protein primarily in M and G. A small, but significant, increase of HO-1 pro­
tein was measured in M and G. RRR-a-Tocopherol did not show any significant effects on cytoplasmic expression 
of iNOS and HO-1 at rest and after exercise. In conclusion, exhaustive exercise induces expression of iNOS and 
HO-1 in human leukocytes by a mechanism that is not sensitive to RRR-a-tocopherol supplementation. Antiox. Re­
dox Signal. 2,113-126. 

I N T R O D U C T I O N of inducible nitric oxide synthase (iNOS) in hu­

m a n leukocytes (Niess et al, 1999a). Further-

Inflammatory response to strenuous physical more, increased leukocyte expression of heat 

exercise includes an increased release of cy- shock proteins (Fehrenbach et al, 2000) and the 

tokines (Lewicki et al, 1988; Northoff et al, 1994), antioxidant stress protein heme oxygenase-1 

reactive oxygen species (ROS) (Thiebauld and (HO-1) (Niess et al, 1999b) have been observed 

Mannes, 1997), and an augmented expression of in response to intensive endurance running. The 

stiess proteins (Fehrenbach and Niess, 1999). regulatory pathways leading to an exercise-in-

Previous investigations revealed a stimulating duced expression of iNOS and stiess proteins in 

effect of vigorous physical exercise on expression immunocompetent cells remain unclear. 
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Up-regulation of iNOS and stress protein 

synthesis in leukocytes depends in part on ac­
tivation of redox-sensitive transcription fac­

tors, such as nuclear factor-KB (NF-kB) 

(Goldring et al, 1995; Kurata et al, 1996; Grim-

ble, 1998; Powell et al, 1998). Furthermore, cy­

tokine-induced expression of iNOS (Okuda et 

al, 1997) and HO-1 (Terry et al, 1999) is me­
diated by protein kinase C (PKC)-dependent 

pathways. It has been shown that physical ex­

ercise leads to increased generation of ROS. In 
experiments with rats, Davies et al. (1982) and 

Jackson et al. (1985) found direct indications of 
augmented free-radical generation in muscle 
due to exercise. More recently, this has been 

documented by Asthon et al. (1998) in human 
serum after exhaustive exercise. Exercise-in­
duced oxidative stress results in part from gen­
eration of ROS in immunocompetent cells. 
Because of the pivotal role of ROS in orches­
trating redox-sensitive gene transcription, an 
influence of ROS on exercise-associated mod­
ulation of immune functions can be assumed. 
Antioxidants suppress in vitro stimulability for 
cytokine release (Payette et al, 1990; Powell et 
al, 1998), expression of iNOS (Hecker et al, 
1996), and HO-1 (Okinaga et al, 1996). Inves­

tigation of these suppressive effects under in 
vivo conditions may help gain more insight 
into the pathways leading to exercise-induced 
changes of immune function. Therefore, we 
questioned whether short-term supplementa­
tion of the antioxidant RRR-a-tocopherol affects 
post-exercise expression of iNOS and antioxi­
dant stress protein HO-1 in human leukocytes 
in vivo. Using an exhaustive exercise protocol 
on the treadmill, we evaluated cytoplasmic ex­
pression of iNOS and HO-1 by flow cytome­
try (Bachelet et al., 1998) separately in lympho-
, mono-, and granulocytes with and without 
short-term supplementation of RRR-a-toco­

pherol in a placebo-controlled, double-blind 
cross-over design. 

MATERIALS A N D METHODS 

Subjects 

Thirteen male subjects (26.5 ± 0.9 years, 
180.7 ± 1.3 cm, 74.1 ± 3.0 kg) were enrolled in 

the study. They did not perform any kind of 

specific sports conditioning and devoted less 

than 3 h • week-1 to recreational and occupa­

tional physical activities. The subjects were 

nonsmokers with normal dietary habits and 

did not take any medication or vitamin sup­

plements. Further recommendations were 

given to avoid dietary imbalance, and subjects 

were advised to record food intake during the 

study period, using a standardized protocol. 

The study was approved by our institute's 
Ethics Committee and conformed to the 1975 
Declaration of Helsinki for research on human 

subjects. All subjects gave informed consent to 
participate in the investigation. 
W e used a placebo-controlled, double-blind, 

cross-over design with a wash-out period of 28 

days between parts A and B. Supplementation 
started on day 0 and lasted 8 days. On day 8, 

the subjects performed two exhaustive tread­
mill runs. In part A, the subjects randomly re­
ceived 500 IU RRR-a-tocopherol (Optovit® for-
tissimum 500 capsules prepared by HERMES 
Arzneimittel GmbH, Munich, Germany) per 

day or placebo. In part B, the intake of RRR-a-
tocopherol or placebo was reversed for the 
same subjects. 

Exercise procedure 

The exercise protocol started with a graded 
exercise test (IET) on the treadmill (Saturn, HP 
COSMOS, Traunstein, Germany) that was per­
formed until exhaustion. The initial speed was 
6 km • h_1 with an increment of 2 km • h_1 

every 3 min. The incline of the treadmill was 
kept constant at 1%. Capillary blood for lactate 

measurement was obtained from the earlobe 
after every stage. Running speed at the indi­
vidual anaerobic threshold (IAT) was assessed 

according to Dickhuth et al. (1991). After a rest­
ing period of 15 min, the subjects performed a 
continuous run (CR) on the treadmill until ex­

haustion at a running velocity of 110% of the 

IAT. During part B, the subjects were instructed 
to reproduce the identical running times in IET 

and CR as performed in part A. Also, running 
speed during CR was the same in parts A and 
B. Total running time (IET + CR) was 28.5 ± 

0.8 min (RRR-a-tocopherol) and 28.6 ± 0.9 min 
(placebo), respectively (Table 1). 
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Table 1. Exercise Characteristics 

Characteristics" 

Vmax IET (km • h"1) 
LAmax IET (mmol l"1) 
Tmax C R (min) 
LAmax C R (mmol T1) 
Total running time (min) 

RRR-a-Tocopherol 

16.0 ± 0.4 
10.7 ± 0.9 
10.5 ± 1.0 
9.1 ± 0.6 
28.5 ± 0.8 

Placebo 

16.1 ± 0.4 
10.2 ± 0.8 
10.6 ± 1.0 
9.2 ± 0.5 
28.6 ± 0.9 

Values are means ± SEM 
Kmax IET, maximal running velocity in the incremental exercise test; 
max IET, maximal blood lactate in the incremental exercise test; Tmax LA: 

CR, running time in the continuous run; LA„ 
lactate after the continuous run. 

CR, maximal blood 

Blood sampling 

Using E D T A as an anticoagulant, venous 

blood samples were taken in a sitting position 

at rest, 0, 0.25, 1, 3, 24, and 48 hr after the end 

of C R . Whole-blood aliquots for flow cytome­

try and complete blood cell counts were kept 

at r o o m temperature, and the procedures of 

analysis were started within 1 hr after collec­

tion. W h o l e blood (30 ml) w a s centrifuged (4°C, 

1,000 X g, 15 m i n ) immediately after sampling, 

and plasma aliquots were stored at -80°C un­

til further analysis. Capillary blood for lactate 

measurements w a s obtained from the earlobe 

before, 0, and 5 m i n after the runs. 

Analytical procedures 

Complete blood cell counts including hemo­
globin, hematocrit, and differential leukocyte 

counts were performed by an automated Coul­

ter Counter (Cell Dyn 3500, Abbott, Germany). 

Lactate concentrations of hemolyzed capillary 

blood were measured electrochemically using 

a lactate analyzer (EBIO, Eppendorf, Ger­
many). Plasma creatine kinase activity (CK) 

was determined in our clinical laboratory rou­

tine (Hitachi 717, Boehringer, Ingelheim, Ger­

many). Furthermore, plasma samples were an­

alyzed for concentrations of interleukin-6 (IL-6) 

and IL-8 by an enzyme-linked immunoassay 

method (Genzyme, Duoset, Cambridge, M A ) . 
The measurements of thiobarbituric reactive 

substances (TBARS) in plasma were performed 
as recently described (Jentzsch et al, 1996) us­

ing the difference in absorption at 535 n m and 

572 n m (Unicam U V 2 spectrometer, UK). Buty­

lated hydroxytoluene and 2-thiobarbituric acid 

were of highest grade commercially available 

(Sigma, Deisenhofen, Germany). For assess­

ment of cholesterol concentrations in plasma, 

we used a colorimetric test (Choi M P R 1, 

Boehringer Mannheim, Germany). Post-exer­

cise values of plasma parameters were cor­
rected for changes in plasma volume according 

to Dill and Costill (1974). 

Determinations of a-tocopherol concentrations 

in plasma 

Plasma concentrations of a-tocopherol were 
analyzed using a modification of the high-

performance liquid chromatography (HPLC) 
method as previously described (Biesalski et al, 
1986). After precipitation of proteins with 200 

/xl ethanol, 200 /xl of plasma was extracted 
twice with 500 /xl of hexane. Hexane phases 

were separated, dried under continuous nitro­

gen stream, and redissolved in 200 /xl of hex­

ane. a-Tocopherol was separated on a 250 X 4 
m m Merck LiChrosphere C N column (Merck, 

Darmstadt, Germany) using hexane as an elu-
ent. Detection procedures were performed by 

U V detection (293 nm, UV/VIS Detector 432, 

Kontron, Germany). Plasma concentrations of 

a-tocopherol were adjusted for plasma choles­

terol levels. 

Assessment of cytoplasmic expression of iNOS 

and H O - 1 in leukocytes 

Cytoplasmic expression of iNOS and HO-1 

in lympho-, mono-, and granulocytes was mea­

sured by flow cytometry as described before 

(Bachelet et al, 1998; Niess et al, 1999b). A to­

tal of 5 ml of EDTA-blood was layered above 
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5 ml of Lymphoflot (Biotest, Dreieich, Ger­

many) and settled for 60 min by gravity with­

out centrifugation. The overlay was removed 

and the cell concentiation adjusted with phos­

phate-buffered saline (PBS) (Biochrom KG, 
Berlin, Germany) to 1 X 107 cells • ml"1. A to­

tal of 100 /xl of the suspension was used for the 

flow-cytometric analysis. 

The leukocytes were analyzed by indirect 

immunofluorescence using the iNOS- and 
HO-1-specific antibodies (iNOS, rabbit poly­
clonal antiserum and OSA-100, rabbit poly­

clonal antiserum, StressGen Biotechnologies, 
Canada). A total of 1 X 106 cells were first fixed 

at room temperature in a solution containing 
formaldehyde, then permeabilized according 
to the manufacturer's instructions (Fix & Perm 
kit, An der Grub, Vienna, Austria), and, at the 
same time, incubated with the primary iNOS-

or HO-1-specific antibody for 15 min. After 
washing the labeled cells twice and incubating 
in the presence of the second fluorescein-con-

jugated goat anti-rabbit F(ab')2 IgG antibody 
(Dianova, Hamburg, Germany) for 20 min, the 
cells were analyzed using the flow cytometer 
EPICS-XL-MLC (Coulter, Krefeld, Germany). 
Negative controls were performed using 

normal rabbit serum (DAKO, Glostrup, Den­
mark) and the second antibody (Dianova, 
Hamburg, Germany). The lympho-, mono-, 

and granulocyte populations were differenti­
ated by size and granularity in the scattergram 
and gated. Fluorescence histograms (see Fig. 6) 
were area-corrected to 10,000 cells. The values 
were corrected for background fluorescence 
with the negative controls. Data are presented 
as per cent positive cells (%) and mean fluo­
rescence intensity (mean fluorescence channel, 
mfc). 

Statistics 

Statistical analyses and graphics were com­
puted by the statistical software package JMP 
(SAS Institute, Inc., Cary, NC) and Kaleida-
Graph (Synergy Software, Abelbeck) for Mac­
intosh computer. Data are expressed as 
means ± standard error (SEM). Differences be­

tween post-exercise measurements (0, 3, 24, 
and 48 hr after exercise) and the pre-exercise 
values were evaluated using the f-test for 

paired values. After Bonferroni adjustment, 

statistical significance was set at p < 0.0125. 

Intiaindividual differences between mea­

surements with RRR-a-tocopherol and placebo 

were calculated for every time of measurement 
and tested for significance by the f-test for 

paired values. A p value of <0.01 was regarded 

as significant. 

RESULTS 

RRR-a-Tocopherol supplementation induced 

a marked increase of a-tocopherol in plasma 
that w a s still apparent 48 hr after exercise (Fig. 

1). Blood lactate values rose after IET and C R 

but did not s h o w any differences between 

v e r u m and placebo group (Table 1). Plasma 

levels of C K peaked 24 hr after exercise, but no 

effects of RRR-a-tocopherol o n C K release from 

muscle were observed (Table 2). Table 2 depicts 

the changes in leukocyte counts. Neutrophils 

peaked 3 hr after the end of C R , whereas lym­

phocyte and monocyte counts exhibited an in­

crease only directly after exercise. RRR-a-

Tocopherol s h o w e d n o effects o n exercise-in­

duced changes in leukocyte differential counts. 

Plasma T B A R S concentiations s h o w e d only 

minor changes after exercise and were not in­

fluenced by RRR-a-tocopherol (Fig. 2). Plasma 

IL-6 exhibited a slight but significant increase 
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RRR-a-tocopherol or placebo (mean ± SEM). (+) Signif­
icant differences between RRR-a-tocopherol and placebo 
(p < 0.01). 



Table 2. Plasma Creatine Kinase and Leukocyte Counts 

Creatine kinase (U 1 a) 

Neutrophils (109 • l"1) 

Lymphocytes (109 • l"1) 

Monocytes (109 • l"1) 

RRR-a-tocopherol 
Placebo 

RRR-a-tocopherol 
Placebo 
RRR-a-tocopherol 
Placebo 
RRR-a-tocopherol 
Placebo 

Presupplementation 

53 ±5 
56 ±7 

3.3 ± 0.4 
3.2 ± 0.3 
1.8 ±0.1 
1.7 ± 0.1 

0.39 ± 0.03 
0.35 ± 0.02 

Pre-exercise 

51 ±4 
47 ±4 

3.3 ± 0.3 
3.7 ± 0.4 
2.0 ± 0.1 
2.0 ± 0.1 

0.37 ± 0.03 
0.36 ± 0.03 

+ Ohr 

56 ±5 
54 ±4 

5.4 ± 0.6* 
5.2 ± 0.4* 
3.8 ± 0.3* 
3.9 ± 0.3 * 

0.60 ± 0.05* 
0.56 ± 0.04* 

Post-

+3hr 

71 ±8 
93 ±16 

8.5 ± 0.6* 
9.2 ± 0.5* 
2.0 ± 0.1 
1.9 ± 0.1 

0.51 ± 0.05 
0.51 ± 0.04* 

•exercise 

+ 24 hr 

108 ± 20* 
163 ± 41* 

3.5 ± 0.5 
3.7 ± 0.3 
2.0 ± 0.2 
2.3 ± 0.1 
0.38 ± 0.04 
0.45 ± 0.05 

+ 48 hr 

76 ± 10 
105 ± 22* 

3.4 ± 0.3 
3.5 ± 0.3 
2.0 ± 0.1 
2.1 ± 0.1 

0.36 ± 0.03 
0.40 ± 0.06 

Plasma creatine kinase and leukocyte counts (means ± S E M ) presupplementation, pre-exercise, and at several time points after exercise. 
*Denotes significant changes compared to pre-exercise values (p < 0.0125). N o significant differences between RRR-a-tocopherol and placebo were found. 
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directly after CR, whereas changes of IL-8 were 

not induced by exercise. RRR-a-Tocopherol did 

not affect changes in IL-6 and IL-8 (Fig. 3). 

Analysis by flow cytometry revealed a sig­

nificant increase of iNOS-positive lympho- and 

granulocytes after exercise (Fig. 4), but a con­

comitant rise in fluorescence intensity was only 

observed in granulocytes (Table 3). Most of the 

monocytes had already been detected as posi­

tive for iNOS protein at rest (RRR-a-tocopherol: 

88.9 ± 4.7%, placebo: 92.6 ± 2.5%) and did not 

exhibit significant changes after exercise. 

Monocyte fluorescence intensity for iNOS, as 

reflected by mfc values, showed an increase in 

both groups 24 hr post-exercise (Fig. 5). 

A high percentage of HO-1-positive mono­

cytes was found at rest (RRR-a-tocopherol: 

92.7 ± 3.1%, placebo: 96.3 ± 1.1%) without sig­

nificant differences compared to the other sam­

pling times. Monocyte fluorescence intensity 

for HO-1 exhibited a delayed rise 48 hr after 

exercise (Fig. 5). Exhibiting lower values at rest, 

granulocytes of the RRR-a-tocopherol group 

showed a significant increase of HO-1-positive 

cells when measured 3 and 24 hr post-exercise 

(Fig. 7). Fluorescence intensity of granulocytes 

increased 3 and 48 hr post-exercise in both 

groups (Table 3). 

Directly after exercise, 7 out of 13 subjects ex­

hibited a lower percentage of HO-1-positive 
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FIG. 2. Plasma concentrations of thiobarbituric reac­
tive substances (TBARS) presupplementation (PS), pre-
exercise (PE), and at several time points after exercise 
with RRR-a-tocopherol or placebo (mean ± SEM). No 
significant exercise-related changes or differences be­
tween RRR-a-tocopherol and placebo were found. 
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FIG. 3. Plasma concentrations of interleukin-6 (IL-6, 
upper panel) and IL-8 (lower panel) presupplementa­
tion (PS), pre-exercise (PE), and and at several time 
points after exercise with RRR-a-tocopherol or placebo 
(mean ± SEM). (*) Significant changes compared to pre-
exercise values (p < 0.0125). No significant differences 
were found between RRR-a-tocopherol and placebo. 

granulocytes and mean fluorescence intensity 

for HO-1 when reveiving RRR-a-tocopherol 

(Fig. 8). But significant effects of RRR-a-toco­

pherol on HO-1 as well as iNOS protein were 

not detectable (Figs. 4,5,7, Table 3). 

DISCUSSION 

Effects of exercise 

The present investigation revealed an in­

creased in vivo expression of iNOS in leuko­

cytes of untrained subjects in response to ex­

haustive treadmill running. This finding 

corresponds with our recent results (Niess et 

al, 1999a), which showed an augmented ex-
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FIG. 4. Expression of iNOS in granulo-(left) and lymphocytes (right) measured by indirect immunofluorescence 
(flow cytometry) presupplementation (PS), pre-exercise (PE), and at several time points after exercise in the RRR-
a-tocopherol or placebo group. Results (mean ± SEM) are presented in percent iNOS-positive cells. (*) Significant 
changes compared to pre-exercise values (p < 0.0125). No significant differences were found between RRR-a-toco­
pherol and placebo. 

pression of iNOS m R N A and protein after vig­

orous exercise. Our flow cytometric results ex­

hibited differences in the protein expression of 

iNOS between lympho-, mono-, and granulo­

cytes both at rest and after exercise. A more 

pronounced baseline expression was observed 

in monocytes and granulocytes. Exhaustive 

treadmill running caused an increase of iNOS 

protein content in these cell populations that 

was reflected by an augmented mean fluores­

cence intensity. The percentage of iNOS-posi­

tive lymphocytes also increased after exercise, 

but no relevant rise was observed in the 

amount of iNOS protein expressed per cell. 

Within the h u m a n immune system, iNOS can 

be expressed in monocytes/macrophages, 

neutrophils, eosinophils, T lymphocytes, and 

mesangial cells in response to inflammatory 

stimuli (Barnes and Liew, 1993; Weinberg et al, 

1995; Lincoln et al, 1997; Wallerath et al, 1997). 

Cytokine release and thermal stress act as po­

tent stimulators of iNOS in immunocompetent 

cells (Kroencke et al, 1995; Lincoln et al, 1997), 

and also seem to be of causal importance in the 

context of exercise. Evidence exists that induc­

tion of iNOS is modulated by the redox-sensi­

tive NF-kB (Goldring et al, 1995). This m a y ex­

plain the more pronounced expression of iNOS 

in cell populations such as granulo and mono­

cytes, which are more susceptible to oxidative 

stress. 

Although our investigations did not include 

a parallel assessment of leukocyte N O - release, 

the increased expression of iNOS in immuo-

competent cells found after exhaustive exercise 

m a y contribute to a rise in endogenous N O -

production. With regard to the various func­

tions of NO-, the biological significance of an 

exercise-induced generation of N O - by im­

munocompetent cells must be discussed in con­

junction with other features of the immune re­

sponse to exercise. Changes such as depressed 

proliferation of lymphocytes (Eskola et al, 1978; 

Nieman et al, 1995), partial suppression of the 

oxidative burst in neutrophils (Gabriel and 

Kindermann, 1997; Kokot et al, 1988), and 

D N A strand breaks in leukocytes (Hartmann 

and Niess, 2000) have been described to occur 

as effects of physical exercise and are assumed 

to be induced in part by oxidative stiess (Niess 

et al, 1999a). 

In contrast to our earlier finding of a pro­

nounced increase of HO-1 expression in lym­

pho-, mono-, and granulocytes after a half-

marathon run (Niess et al, 1999b), the results 

of the present study revealed lower exercise-

associated increases of this stress protein. Per­

centage of HO-1-positive cells rose 3 hr post-



Table 3. Expression of iNOS and HO-1 Protein (Fluorescence Intensity) in Lympho- and Granulocytes 

Post-exercise 

Presupplementation Pre-exercise + Ohr + 3hr + 24 hr + 48 hr 

iNOS in lymphocytes (mfc) 

iNOS in granulocytes (mfc) 

HO-1 in lymphocytes (mfc) 

HO-1 in granulocytes (mfc) 

RRR-a-tocopherol 
Placebo 
RRR-a-tocopherol 
Placebo 
RRR-a-tocopherol 
Placebo 
RRR-a-tocopherol 
Placebo 

1.25 ± 0.03 
1.25 ± 0.02 
1.56 ± 0.08 
1.49 ± 0.04 
1.36 ± 0.03 
1.36 ± 0.03 
1.72 ± 0.08 
1.68 ± 0.08 

1.30 ± 0.04 
1.26 ± 0.02 
1.37 ± 0.03 
1.37 ± 0.03 
1.34 ± 0.04 
1.39 ± 0.05 
1.51 ± 0.07 
1.61 ± 0.08 

1.28 ± 0.03 
1.29 ± 0.03 
1.36 ± 0.04 
1.43 ± 0.03 
1.38 ± 0.06 
1.42 ± 0.04 
1.58 ± 0.06 
1.77 ± 0.08 

1.40 ± 0.07 
1.40 ± 0.06 
1.55 ± 0.07a 
1.66 ± 0.11a 
1.44 ± 0.05 
1.50 ± 0.07 
1.75 ± 0.07a 
1.85 ± 0.09a 

1.32 ± 0.03 
1.33 ± 0.04 
1.53 ± 0.06 
1.55 ± 0.07a 
1.40 ± 0.05 
1.40 ± 0.05 
1.78 ± 0.09 
1.80 ± 0.14 

1.28 ± 0.03 
1.38 ± 0.04 
1.48 ± 0.06 
1.66 ± 0.08a 
1.45 ± 0.04 
1.46 ± 0.04 
1.91 ± 0.10a 
1.97 ± 0.13a 

Expression of iNOS and HO-1 protein in lympho- and granulocytes (means ± SEM) as measured by indirect immunofluorescence and expressed in fluorescence 
intensity (mfc = mean fluorescence channel). 
aDenotes significant changes compared to pre-exercise values (p < 0.0125). N o significant differences between RRR-a-tocopherol and placebo were found. 
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FIG. 5. Expression of HO-1 and iNOS in monocytes 
measured by indirect immunofluorescence (flow cy­
tometry) presupplementation (PS), pre-exercise (PE), 
and at several time points after exercise in the RRR-a-to­
copherol or placebo group. Results (mean ± SEM) reflect 
fluorescence intensity (mfc) of the cells. (*) Significant 
changes compared to pre-exercise values (p < 0.0125). No 
significant differences were found between RRR-a-toco­
pherol and placebo. 

exercise in lymphocytes, but significant effects 

on fluorescence intensity reflecting an aug­

mented amount of protein expressed per cell 

were only detectable in granulo- and mono­

cytes. Compared to the halfanarathon run, the 

present exhaustive exercise protocol induced a 

more pronounced lactacidosis, but the total du­

ration of running was shorter. The shorter du­

ration of exercise seems to result in lower in­

creases in neutrophil counts, plasma CK, and 

the absence of post-exercise lymphopenia or in­

crease of IL-8 as compared to the half-marathon 

run. This indicates that the present exercise 

protocol induced a lower level of overall stress. 

This suggestion was further confirmed w h e n 

w e found only a moderate increase of IL-6 and 

unchanged plasma concentrations of T B A R S 

and ascorbate radical (data not shown, in 

preparation), which were assessed simultane­

ously. Therefore, one main finding of our in­

vestigation was that severe and prolonged 

physical stress is necessary to induce a marked 

up-regulation of HO-1 protein in h u m a n leuko­

cytes in response to exercise. Recent studies 

have suggested protective roles of HO-1 in var­

ious inflammatory conditions (Willis et al., 

1996). In this context, HO-1 provides special 

protection against oxidative damage (Camhi et 

al., 1995). Reactions of HO-1 lead to degrada­

tion of heme to bilirubin (Abraham et al, 1988). 

Another way in which HO-1 protects from ox­

idative stress is through coinduction of ferritin, 

diminishing the intracellular pool of free iron 

(Vile and Tyrell, 1993). As shown recently, hu­

m a n HO-1 deficiency is paralleled by enhanced 

endothelial cell injury caused by oxidative 

stress (Yachie et al, 1999). In vitro studies of 

Marini et al. (1996) revealed the important role 

of HO-1 in the maintenance of proliferative ca­

pacity as well as the survival of lymphocytes, 
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FIG. 6. Exemplary flow cytometric histogram (intra­
cellular indirect immunofluorescence) of HO-1 in gran­
ulocytes. The histogram depicts the peaks of HO-1 pro­
tein (OSA-100 rabbit polyclonal HO-1 antibody + 
fluorescein-conjugated anti-rabbit antibody) and of the 
negative control (normal rabbit serum + fluorescein-con­
jugated anti-rabbit antibody). 
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FIG. 7. Expression of HO-1 in granulo-(left) and lymphocytes (right) measured by indirect immunofluorescence 
(flow cytometry) presupplementation (PS), pre-exercise (PE), and at several time points after exercise in the RRR-
a-tocopherol or placebo group. Results (mean ± SEM) are presented in percent HO-1-positive cells. (*) Significant 
changes compared to pre-exercise values (p < 0.0125). No significant differences were found between RRR-a-toco­
pherol and placebo. 

which are stressed by ROS. This mechanism 

m a y also be of importance during and after 

strenuous exercise. 

Effects of RRR-a-tocopherol supplementation 

a-Tocopherol is the primary lipid-soluble an­

tioxidant (Meydani, 1995) and influences cel­

lular responses to ROS, including modulation 

of signal transduction pathways (Azzi et al., 

1992). In the present investigation, ingestion of 

500 IU RRR-a-tocopherol daily over a period of 

8 days was sufficient to induce a 2.3-fold in­

crease in plasma lipid-standardized a-toco­

pherol. This coincides with reports that chronic 

administration of 440 m g of a-tocopherol re­

sulted in steady-state plasma levels occurring 

after 4-5 days of supplementation (Dimitrov et 

al, 1991). 

Few studies are available regarding the im­

pact of nutritional antioxidants on immune re­

sponse to strenuous exercise. Under adminis-

placebo RRR-a-tocopherol placebo RRR-a-tocopherol 

FIG. 8. Individual differences (RRR-a-tocopherol versus placebo) in percent HO-1-positive cells (left panel) and 
mean fluorescence intensity (mfc) for HO-1 protein (right panel) in granulocytes directly after exercise. No signif­
icant differences were found between RRR-a-tocopherol and placebo. 
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tiation of a-tocopherol, Cannon et al. (1991) ob­

served suppression of IL-6 release and 

endotoxin-stimulated generation of IL-1/3 in 

humans after downhill running. In another in­

vestigation, supplementation with N-acetyl­

cysteine abolished neutrophil priming for oxi­

dant release after exercise in rats (Huupponen 

et al, 1995). In contrast, Nieman et al. (1997) 

found that ascorbate supplementation did not 

influence natural killer cell activity, lympho­

cyte proliferation, granulocyte/monocyte 
phagocytosis, or neutrophil oxidative burst af­

ter prolonged endurance exercise in marathon 
runners. 

Several in vitro studies revealed a suppres­

sive impact of antioxidants on expression of 

iNOS (Hattori et al, 1995; Pahan et al, 1998) and 

HO-1 (Ossola et al, 1997; Bornman et al, 1999) 

as well as on cytokine release (Payette et al, 

1990; Powell et al, 1998). This seems to be due 

to inhibitory effects on the redox-sensitive tran­
scription factor NF-kB (Blackwell and Christ-

man, 1997). Inhibition of iNOS and stress pro­

tein synthesis by antioxidants may also be the 
result of an inactivation of cellular PKC, which 

has been shown to be sensitive to a-tocopherol 

(Kanno et al, 1996; Azzi et al, 1997). As shown 

recently, a-tocopherol exerts a suppressive ef­

fect on PKC activity in human monocytes and 

thereby decreases superoxide anion generation 

(Cachia et al, 1998). 
In the present investigation, slight rises of 

plasma IL-6 after exercise did not show any 
changes under administration of RRR-a-toco­

pherol. With respect to stress protein synthe­

sis, half of the individuals exhibited a lower ex­

pression of HO-1 in granulocytes directly after 

exercise. But this finding did not reach signifi­
cance. In neutrophils, antioxidant effects of vi­

tamins seem to reduce autooxidative activity 

upon activation (Baehner et al, 1977). This 

mechanism may lower generation of ROS and 

the pro-oxidant state of these cells when acti­

vated by exercise and affect redox-sensitive sig­

naling transduction. However, clear effects of 

RRR-a-tocopherol on expression of HO-1 pro­

tein were not apparent in our investigation. Be­

yond the influence of ROS, a direct stimulating 

effect of cytokines on the expression of HO-1 

has been shown for TNFa in liver cells (Can-

toni et al, 1991). TNFa release is known to be 

augmented due to strenuous exercise (Northoff 

et al, 1994), which may affect HO-1 synthesis. 

Whether or not hyperthermia can enhance hu­

man HO-1 expression via a direct pathway is 

still a controversial discussion (Okinaga et al, 

1996; Bornman et al, 1999). 

Complex mechanisms also regulate iNOS 

(Lincoln et al, 1997), and it has been shown that 

different kinds of antioxidants differentially af­

fect iNOS expression at both the transcriptional 

and the post-tianscriptional level (Hecker et al, 

1996). Additional influence of various cy­

tokines via a PKC-dependent pathway, thermal 
stress (Kroencke et al, 1995), and low concen­

trations of NO- itself (Sheffler et al, 1995) are 

known to exert stimulating effects on the ex­
pression of iNOS. But similar to HO-1, exercise-

induced expression of iNOS protein was not 

suppressed by supplementation with RRR-a-to­
copherol. Therefore, it is interesting to note that 

in our experimental arrangement exercise-in­
duced in vivo expression of HO-1 and iNOS 

protein in human leukocytes seems to be me­

diated by mechansims that are not sensitive to 
RRR-a-tocopherol supplementation. From a 
methodological viewpoint, our results let us 

speculate if a more vigorous exercise protocol, 

such as prolonged intensive endurance run­
ning with concomitant more pronounced in­

duction of cytokine release and expression of 

iNOS and HO-1, would be better suited to 

work out influences of antioxidants on immune 
response in the human system. 

In conclusion, exhaustive running exercise 

of approximately 30 min duration performed 

by untrained subjects is capable of inducing 

in vivo expression of iNOS protein in leuko­
cytes, which seems to be more pronounced in 

mono- and granulocytes. A n increased ex­
pression of iNOS in immunocompetent cells 

may contribute to an exercise-induced rise of 

endogenous NO- production and reflects an 

inflammatory response to exercise. This type 

of exercise also enhances expression of leuko­

cyte HO-1, although compared to prolonged 

endurance running, the effects observed are 

rather marginal. Our study failed to detect 

clear effects of a-tocopherol on leukocyte 

iNOS and HO-1. This finding suggests that 

post-exercise expression of these proteins in 

human leukocytes is mediated by mecha-
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nisms that are not sensitive to a-tocopherol 

supplementation. 
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ABBREVIATIONS 

CK, creatine kinase; CR, continuous run; 

EDTA, ethylenediamine tetia-acetate; ELISA, 

enzyme-linked immunosorbent assay; HO-1, 

heme oxygenase-1; HSP, heat shock protein; 

HPLC, high-performance liquid chromatogra­

phy; IAT, individual anaerobic threshold; IET, 

incremental exercise test; IL-6, interleukin-6; 

IL-8, interleukin-8; INOS, inducible NO-syn-

thase; LAmax CR, maximal blood lactate after 

the continuous run; LAmax IET, maximal 

blood lactate after the incremental exercise test; 

mfc, mean fluorescence channel; NF-kB, nu­

clear factor-KB; N O , nitric oxide; PBS, phos­

phate-buffered saline; PKC, protein kinase C; 

ROS, reactive oxygen species; TBARS, thiobar-

bituric-reactive substances; Tmax CR, running 

time in the continuous run; TNFa, tumor necro­

sis factor-a; VmaxIET, maximal running veloc­

ity in the incremental exercise test. 
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