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Abstract Caffeine ingestion is associated with increases
in the concentration of plasma epinephrine and epi-
nephrine is associated with alterations in immune cell
trafficking and function following intensive exercise.
Therefore, the purpose of this study was to investigate
the effect of caffeine ingestion on plasma epinephrine
concentration, lymphocyte counts and subset activation
in vivo, as measured by the expression the CD69 surface
antigen, before and after intensive cycling. On two
occasions, following an overnight fast and 60 h absten-
tion from caffeine containing foods and drinks,
eight endurance trained males cycled for 90 min at 70%
_V O2 max 60 min after ingesting caffeine (6 mg kg�1 body
mass; CAF) or placebo (PLA). Venous blood samples
were collected at pre-treatment, pre-exercise, post-exer-
cise and 1 h post-exercise. Plasma epinephrine concen-
trations were significantly higher in CAF compared with
PLA at pre-exercise [0.28 (0.05) nmol l�1 versus
0.08 (0.03) nmol l�1, P<0.01; mean (SE)] and imme-
diately post-exercise [1.02 (0.16) nmol l�1 versuss
0.60 (0.13) nmol l�1, P<0.01]. Compared with pre-
treatment, numbers of CD4+ and CD8+ cells decreased
by 54% and 55%, respectively, in CAF at 1 h post-
exercise (both P<0.01) but did not significantly differ in
PLA. Compared with PLA, in CAF the percentage of
CD4+CD69+ cells was 5-fold higher at post-exercise
(P<0.05) and 5.5-fold higher at 1 h post-exercise
(P=0.01). Compared with PLA, in CAF the percentage
of CD8+CD69+ cells was 2-fold higher at pre-exercise
(P<0.05) and 1.7-fold higher at post-exercise (P<0.05).
These findings suggest that caffeine ingestion is asso-
ciated with alterations in lymphocyte subset trafficking

and expression of CD69 in vivo following prolonged,
intensive exercise.
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Introduction

Caffeine is commonly used by endurance athletes to
improve performance with doses as low as 2–3 mg kg�1

body mass reported to have ergogenic effects (Graham
2001). The mechanism behind the ergogenic effect of
caffeine is still to be fully resolved. However, caffeine
ingestion is widely associated with stimulation of the
sympathetic nervous system and with subsequent ele-
vations in the plasma concentrations of the catechol-
amines epinephrine and norepinephrine (Graham and
Spriet 1995; Graham et al. 2000). Recent studies have
also demonstrated elevations in plasma cortisol con-
centration with caffeine ingestion and exercise (Laurent
et al. 2000). In addition to influencing performance,
these changes could also have important implications for
immune cell trafficking and function. Exercise-induced
increases in plasma catecholamine and cortisol concen-
trations are associated with the movement of immune
cells to and from the circulation and with alterations in
immune cell function following intensive exercise
(McCarthy and Dale 1988; Pedersen et al. 1997). How-
ever, to date, any effect of caffeine ingestion on immune
cell responses to exercise in healthy individuals has not
been investigated. Any such influence of caffeine is of
great relevance since the use of caffeine as an ergogenic
aid is likely to become even more widespread following
the recent removal of this substance from the World
Anti-Doping Agency list of prohibited substances.

To the authors’ knowledge there are only two pub-
lished studies that have directly investigated the effect of
caffeine on immune cell function. These reported that the
addition of pharmacological doses of caffeine to cell
culture media was associated with a dose-dependent
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inhibition of in vitro mitogen-stimulated proliferative
responses in rat (Kantamala et al. 1990), mice and human
(Rosenthal et al. 1992) T and B lymphocytes. However, in
vivo administration of 18 mg kg�1 day�1 of caffeine in
rats was associated with a significant increase in mitogen-
stimulated T cell proliferation, yet B cell proliferative re-
sponses to mitogen were significantly decreased following
administration of 6 mg kg�1 day�1 of caffeine.

Acute strenuous exercise is associated with significant
alterations in the circulating concentrations of total lym-
phocytes and subpopulations. Noticeable increases in
concentration are evident during exercise, followed by a
marked fall in numbers during recovery, often to values
below those at baseline (Gabriel et al. 1992; Nieman et al.
1995; Shek et al. 1995). In addition, acute intensive exer-
cise is associated with an increase in the state of lympho-
cyte subset activation in vivo, for example as measured by
the concentration of circulating lymphocytes expressing
cell surface markers of T cell activation, such as CD45RO
and the HLA-DR antigen (Gabriel et al. 1993; Gray et al.
1993). More recently, the effect of intense exercise on the
expression of the early activationmoleculeCD69has been
assessed both in vivo and following in vitro mitogenic
stimulation (DuBose et al. 2003;Green et al. 2003;Ronsen
et al. 2001). Resting (unstimulated) peripheral blood
lymphocytes do not usually express CD69, with only a
small number of circulating T lymphocytes expressing
low levels of this marker (Testi et al. 1994). Nevertheless,
it is induced quickly following stimulation of the T cell
receptor/CD3 complex, with transcription of CD69
evident after 30–60 min and surface expression detect-
able after 2–3 h (Testi et al. 1994; Ziegler et al. 1993). Two
studies to date have found that the in vivo expression of
CD69 onCD4+andCD8+ cells did not significantly alter
in response to exercise lasting approximately 1 h (Ronsen
et al. 2001; Green et al. 2003). A recent study of military
recruits, however, found a significant increase in the
percentage of CD8+ lymphocytes expressing CD69+ in
vivo following a 1.75–2-mile training run in warm
weather; this response tended to be greater in individu-
als with exertional heat injury (DuBose et al. 2003).

There is an association between caffeine, exercise and
stress hormone release and between elevations in plasma
concentrations of epinephrine and cortisol and immune
cell responses. Therefore, the purpose of the present
study was to investigate the effect of caffeine versus
placebo ingestion on plasma stress hormone concentra-
tion, numbers of circulating lymphocytes and CD4+

and CD8+ cell expression of the early activation
molecule CD69 in vivo following cycling for 90 min at
70% _V O2 max.

Methods

Subjects

Eight endurance trained males [mean (SE): age
24 (2) years; height 184 (2) cm; body mass 76.6 (3.4) kg;

_V O2 max 65.6 (2.3) ml kg�1 min�1] volunteered to par-
ticipate in the study. All subjects were informed about
the rationale for the study and the nature of the exercise
tests to be performed before providing written informed
consent. The Ethics Committee of Loughborough Uni-
versity approved the protocol. Subjects were required to
complete a comprehensive health-screening question-
naire prior to each exercise test and did not report any
symptoms of infection and had not taken any medica-
tion in the 4 weeks prior to the study, nor were they
currently on medication. Habitual caffeine consumption
among the subjects varied with two very light users
(ingesting £ 50 mg day�1), five moderate users
( £ 300 mg day�1) and one high user (>800 mg day�1),
as categorised by their responses to a questionnaire
administered at the beginning of the study.

Preliminary testing

Approximately 1 week before the beginning of the study
each subject performed a continuous incremental exer-
cise test on an electromagnetically braked cycle ergom-
eter (Lode Excalibur Sport, Groningen, the
Netherlands) to volitional exhaustion to determine
maximal oxygen uptake ( _V O2 max). Subjects began
cycling at 95 W, with increments of 35 W every 3 min
until volitional fatigue. Samples of expired gas were
collected in Douglas bags during the 3rd minute of each
work rate increment and heart rates were measured
continuously using short-range radio telemetry (Polar
Beat; Polar Electro, Oy, Finland). A paramagnetic
oxygen analyser (Servomex 1420B; Crowborough, UK)
and an infrared carbon dioxide analyser (Servomex
1415B) were used along with a dry gas meter (Harvard
Apparatus, Edenbridge, UK) for determination of _V E,
_V O2 and _V CO2. The work rate equivalent to 70%
_V O2max was interpolated from the _V O2-work rate rela-
tionship. Subjects then returned to the laboratory 2 days
later at a time of their choosing in order to acquaint
themselves with the exercise trials. During this famil-
iarisation trial, subjects cycled on an electrically braked
cycle ergometer for 90 min at 70% _V O2 max. Expired air
samples were obtained and analysed as described above
after the first 10 min and at 20-min intervals thereafter
in order to ensure that the subjects were exercising at
the required intensity. If the subject was exercising at
below 70% _V O2 max or in excess of 75% _V O2 max the
work rate was adjusted accordingly. Heart rates were
monitored throughout this familiarisation trial.

Experimental trial procedures

Each subject was given a comprehensive list of caffeine
containing foods and drinks and instructed to abstain
from these products during the 60 h preceding each
exercise trial. Subjects were also instructed refrain from
alcohol intake and not to participate in any sporting
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activity during the 24 h preceding each main experi-
mental trial. In an effort to standardise their nutritional
status, subjects were asked to eat the same foods and
drinks during the 24 h prior to both experimental trials.

For the main exercise trials, on two occasions, sepa-
rated by one week, subjects reported to the laboratory at
0800 hours following an overnight fast of at least 10 h
and were randomly assigned to either the caffeine (CAF)
or placebo (PLA) trial in a cross-over random block
design. Subjects were then required to empty their
bladder before body mass (in shorts only) was recorded.
After sitting quietly for 10 min, an initial resting blood
sample was obtained from an antecubital vein by vene-
puncture (pre-treatment blood sample). Following
blood sampling, in the CAF trial subjects were given
6 mg kg�1 body mass of caffeine dissolved in 3 ml kg�1

body mass of artificially sweetened (aspartame) lemon
flavoured water; in the PLA trial, subjects were given the
same volume of the lemon flavoured water containing
artificial sweetener but zero caffeine. Subjects then rested
quietly in the laboratory for 1 h before a further pre-
exercise venous blood sample was obtained from an
antecubital vein. Immediately after this sample had been
collected, subjects began cycling on an electromagneti-
cally braked cycle ergometer (Lode Excalibur Sport,
Groningen, the Netherlands) at the work rate equivalent
to 70% _V O2 max [222 (33) W] for 90 min. In order to
standardise fluid intake, subjects consumed a further
2 ml kg�1 body mass of plain water at 15-min intervals
throughout the exercise on both trials. Heart rates were
also recorded at these times. Samples of expired air were
collected into Douglas bags after 20 min of exercise and
every 30 min thereafter for determination of _V O2 and
_V CO2 to allow determination of fat and carbohydrate
oxidation and energy expenditure using stoichiometric
equations (Frayn 1983). A further venous blood sample
was obtained at immediately post-exercise before body
mass (in shorts only) was recorded. On both trials sub-
jects then consumed 5 ml kg�1 body mass of plain wa-
ter. A final venous blood sample was obtained at 1 h
post-exercise. For all samples, 12.8 ml of blood was
collected and all samples were obtained with the subject
in a seated position. No other fluid or food intake was
allowed until the blood sample had been collected at 1 h
post-exercise. Laboratory conditions were 21.1 (0.8)�C
and 52 (5)% relative humidity.

Total lymphocyte count and plasma volume

Blood samples were collected into three separate
monovette tubes (evacuated blood collection tubes;
Sarstedt, Leicester, UK), one containing K3EDTA
(1.6 mg EDTA ml�1 blood) and two containing lithium
heparin (1.5 IU heparin ml�1 blood). Blood taken into
the K3EDTA monovette (2.7 ml) was used for haema-
tological analysis including haemoglobin, haematocrit
and total lymphocyte counts using a Sysmex SE9000 cell
counter (Sysmex UK, Milton Keynes, UK) at the

Chemical Pathology laboratories of Leicester Royal
Infirmary NHS Trust. All cell counts were corrected for
plasma volume changes relative to values from the first
(pre-treatment) blood sample, which were estimated
from the haemoglobin and haematocrit values according
to Dill and Costill (1974).

Assessment of lymphocyte subsets and CD69 expression

Expression of CD4, CD8 and CD69 by peripheral blood
cells was analysed by flow cytometry, using Pharmingen
monoclonal and isotype control antibodies purchased
from Becton Dickinson Biosciences, Oxford, UK. Whole
blood drawn directly into a 2.6-ml lithium heparin
monovette was placed on ice and regularly mixed by
hand before performing staining and analysis later the
same day. Aliquots of whole blood were labelled with a
cocktail of the following monoclonal antibodies against
human lymphocyte cell surface markers: fluorescein
isothiocyanate (FITC) conjugated anti-CD4, R-phyco-
erythrin-Cy5 (PE-Cy5) conjugated anti-CD8, and phy-
coerythrin (PE) conjugated anti-CD69. Labelling was
carried out on ice and the cells subsequently washed once
in ice-cold PBS containing 0.1% bovine serum albumin
(BSA) and 2 mM EDTA (PBS/BSA/EDTA), after which
the erythrocytes were lysed with FACS Lyse (Becton
Dickinson Biosciences, Oxford, UK), and the leukocytes
resuspended in PBS/BSA/EDTA. Three-colour flow
cytometric analysis was carried using a FACScan flow
cytometer with CellQuest analysis software (Becton
Dickinson, Oxford, UK). Side scatter versus forward
scatter plots were used to gate on the lymphocyte pop-
ulation by morphology, and 30,000 lymphocyte events
were acquired per analysis. Cells incubated with appro-
priate fluorescent-labelled isotype control antibodies
were used to define the threshold of positive staining for
CD4, CD8 and CD69, respectively. The percentage of T
cells expressing CD4 and CD8 was derived from quad-
rant analysis of FL1 (CD4 FITC) versus FL3 (CD8 PE-
Cy5) dot plots, and estimation of absolute CD4+ and
CD8+ numbers derived from the total lymphocyte
count. CD4 and CD8 positive cells were gated into sep-
arate regions, and CD69-PE histogram plots of the cells
in each of these regions were used to calculate the per-
centage of the CD4+ and CD8+ cells expressing CD69.

Plasma hormones and blood-borne metabolites

Heparinised plasma was obtained from blood collected
into a further lithium heparin monovette (7.5 ml). This
was spun at 1,500 g for 10 min in a refrigerated centri-
fuge (4�C) within 5 min of sampling. Of the plasma
obtained, 2 ml was immediately added to chilled tubes
containing 200 ll of preservative (pH 6.5) containing
EGTA (100 mM) and glutathione (100 mM) for later
determination of norepinephrine and epinephrine con-
centrations. The tubes were mixed and then immediately

608



frozen at �80�C. Plasma levels of catecholamines were
determined by HPLC with electrochemical detection as
previously described (Forster and Macdonald 1999).
Plasma catecholamine concentrations were determined
in seven of the eight subjects due to a technical problem
concerning the samples from one subject in both the
CAF and PLA trials.

The remaining heparinised plasma was immediately
stored at �80�C for later analysis. Plasma cortisol was
determined by 125I radioimmunoassay (ICN Pharma-
ceuticals, Costa Mesa, Calif., USA). Plasma lactate was
determined in deproteinised plasma using a standard
spectrophotometric method, as described by Fink and
Costill (1995). Commercially available kits were used to
determine plasma concentrations of glucose (GOD-PAP
method; Randox Laboratories, Co. Antrim, N. Ireland)
and free fatty acids (FFA) (Wako Chemicals, Neuss,
Germany) for an automated system (COBAS Mira Plus;
Roche Diagnostic Systems, Switzerland).

The intra-assay co-efficient of variation was 1.9%
and 6.6% for norepinephrine and epinephrine, respec-
tively. In addition, the intra-assay co-efficient of varia-
tion was 1.8% for cortisol, 2.8% for lactate, 1.6% for
glucose and 1.4% for FFA.

Statistical analysis

Data in the text, tables and figures are presented as
mean (SE). The data were examined using a two-factor
(trial·time of measurement) ANOVA with repeated
measures design. If a data set was not normally dis-
tributed, statistical analysis was performed on the log-
arithmic transformation of the data. Assumptions of
homogeneity and sphericity in the data were checked
and, where appropriate, adjustments in the degrees of
freedom for the ANOVA were made using the Huynh-
Feldt method of correction. Any significant F ratios
subsequently shown were assessed using Student’s
paired t-tests with Bonferroni correction for multiple
comparisons applied to the unadjusted P value. Where
significant interactions between trial and time of mea-
surement have been found, these are reported. If the
interaction between trial and time was non significant
but a significant main effect of trial or main effect of time
was found, the main effects only are reported. Single
comparisons between trials for overall exercise intensity,
fat and carbohydrate oxidation rates, rate of energy
expenditure and percentage contribution of substrate to
energy expenditure were made using Student’s paired
t-tests. Statistical significance was accepted at P<0.05.

Results

Exercise intensity, heart rate and indirect calorimetry

Exercise intensity did not differ between the trials; mean
% _V O2 max during exercise was 74.8 (0.6)% and

73.9 (0.5)% in CAF and PLA, respectively. Likewise,
heart rates were similar between trials throughout the
exercise [CAF: 157 (3) beat min�1, PLA: 155 (3)
beat min�1; mean of all recordings]. Respiratory ex-
change ratio (RER) values were significantly lower in the
CAF trial compared with PLA [0.92 (0.01) and
0.95 (0.01) on CAF and PLA, respectively, t=3.4,
P=0.01]. Similarly, rates of fat oxidation were signifi-
cantly higher during exercise in CAF than PLA [CAF:
0.46 (0.06) g min�1, PLA: 0.32 (0.04) g min�1; t=3.7,
P<0.01] but there were no significant differences in rates
of carbohydrate oxidation during the exercise
[3.4 (0.3) g min�1 and 3.6 (0.2) g min�1 on CAF and
PLA, respectively, t=2.2, P=0.07]. Energy expenditure
was similar in both trials [CAF: 76 (3) kJ min�1, PLA
74 (3) kJ min�1] but the percentage contribution of fat
oxidation was significantly higher in the CAF trial
compared with PLA [24 (3)% versus 17 (3)%, t=3.2,
P=0.02].

Changes in body mass and plasma volume

After exercise changes in body mass (corrected for fluid
intake) were similar in both trials [�2.6 (0.3) kg and
�2.4 (0.1) kg on CAF and PLA, respectively]. There
was no significant time·trial interaction for changes in
plasma volume relative to the pre-treatment sample;
after exercise plasma volume had decreased by
11.2 (1.1)% and 11.0 (1.5)% in the CAF and PLA trials,
respectively.

Plasma hormones and blood-borne metabolites

A significant time·trial interaction was found for
plasma epinephrine concentration, which was higher in
the CAF trial compared with PLA at pre- and
immediately post-exercise (F2,12=12.02, both P<0.01;
Fig. 1). A significant main effect of time only was
found for plasma norepinephrine levels, with values
elevated above pre-treatment levels at pre-exercise and
immediately post-exercise independently of the trial
followed (F2,12=55.1, both P<0.01, Table 1). There
was a main effect of trial only for plasma cortisol with
concentrations higher in CAF compared with PLA
(F1,7=6.2; P<0.05; Table 1). A significant time·trial
interaction was found for plasma FFA concentration,
with values increasing from pre-treatment to pre-
exercise in the CAF trial only (F3,21=3.1; P<0.05,
Table 1). At 1 h post-exercise, plasma FFA concen-
tration was significantly higher in CAF than PLA
(P<0.05). There was no significant trial·time inter-
action or significant main effects for plasma glucose
concentration (Table 1). A significant main effect of
time only was found for plasma lactate with
levels higher after exercise compared with pre-exercise
and pre-treatment (F2,14=55.2, both P<0.01,
Table 1).
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Lymphocyte concentrations and expression of CD69

There was a significant trial·time interaction for num-
bers of circulating lymphocytes, which were higher on
CAF compared with PLA at pre-exercise (F3,21=5.3,

P<0.01; Fig. 2). A significant time·trial interaction was
also found for numbers of CD4+ cells, with the CD4+

cell count lower at pre-exercise and 1 h post-exercise
compared with pre-treatment on the CAF trial only
(F3,21=7.0, both P<0.01; Fig. 3a). CD4+ cell count did
not change significantly over the sample time points in
PLA. There was significant interaction between trial and
time for numbers of circulating CD8+ cells, which were
higher in CAF than in PLA at pre-exercise (F3,21=6.5,
P<0.01; Fig. 3b). A significant fall in CD8+ cell num-
ber was observed at 1 h post-exercise in the CAF trial
only (P<0.01, compared with pre-treatment). A sig-
nificant time·trial interaction was found for the per-
centage of CD4+ cells expressing CD69, which were
higher in CAF than PLA at pre-exercise, post-exercise
and 1 h post-exercise (F3,21=5.4, P<0.05 except 1 h
post-exercise, P=0.01; Fig. 4a). A significant time·trial
interaction was also found for the percentage of CD8+

cells expressing CD69, which were higher on CAF than
PLA at pre-exercise and post-exercise (F3,21=3.5, both
P<0.05; Fig. 4b).

Discussion

The findings of the present study suggest that caffeine
ingestion 1 h prior to exercise is associated with greater
elevations is plasma epinephrine and larger perturba-
tions in the circulating concentration of total lympho-
cytes and CD4+ and CD8+ lymphocyte subsets both
pre-exercise and 1 h post-exercise. Furthermore, caffeine

Fig. 1 Plasma epinephrine concentration during the caffeine (CAF)
and placebo (PLA) trials. Values are mean (SE), n=7. Time �60,
pre-treatment; time 0, pre-exercise; time 90, post-exercise. Asterisk
Significantly different from pre-treatment within trial (P<0.01);
cross significantly higher than PLA at that time point (P<0.01)

Table 1 Plasma concentrations of norepinephrine, cortisol and
blood-borne metabolites during the caffeine (CAF) and placebo
(PLA) trials. Values are mean (SE), n=8

Pre-treatment Pre-exercise Post-exercise 1 h post-exercise

Norepinephrine (nmol l�1)4*

CAF 1.2 (0.2) 1.6 (0.2) 8.3 (1.3) -
PLA 1.1 (0.2) 1.1 (0.3) 6.5 (0.8) -

Cortisol (nmol l�1)5*

CAF 593 (30) 609 (38) 668 (74) 617 (106)
PLA 599 (38) 519 (43) 646 (70) 512 (66)

Free fatty acids (mmol l�1)
CAF 0.34 (0.08) 0.51 (0.07)*,� 1.11 (0.17)** 1.23 (0.20)**,�
PLA 0.24 (0.04) 0.21 (0.06) 0.87 (0.12)** 0.64 (0.13)

Glucose (mmol l�1)
CAF 4.8 (0.2) 5.1 (0.2) 5.4 (0.3) 4.7 (0.1)
PLA 4.8 (0.2) 4.6 (0.2) 4.8 (0.2) 4.5 (0.2)

Lactate (mmol l�1)4*

CAF 1.4 (0.1) 1.8 (0.1) 4.3 (0.5) -
PLA 1.4 (0.1) 1.3 (0.3) 4.0 (0.6) -

*P<0.05, **P<0.01: significantly different from pre-treatment
within trial
�Significantly higher than PLA, P<0.05
4*Main effect of time; significantly higher than pre-treatment at pre-
exercise and post-exercise, P<0.01
5*Main effect of trial; significantly higher on CAF than PLA,
P<0.05

Fig. 2 Circulating concentrations of lymphocytes during the CAF
and placebo PLA trials. Values are mean (SE), n=8. Time �60,
pre-treatment; time 0, pre-exercise; time 90, post-exercise; time
+60, 1 h post-exercise. Asterisk Significantly different from pre-
treatment within trial (P<0.01); cross significantly different from
pre-exercise within trial (P<0.01); double cross: significantly higher
than PLA at that time point (P<0.01)
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ingestion was associated with an increase in the natural
state of lymphocyte activation in vivo, as assessed by the
increased percentage of CD4+ and CD8+ cells
expressing the early activation marker, CD69, both
before and after exercise.

The main finding of the study is an increase in the
natural state of activation of CD4+ and CD8+ cells both
before and after exercise with pre-exercise caffeine
ingestion only. Previous studies that have determined cell
surface expression of CD69 on CD4+ and CD8+ cells
following exercise lasting approximately 1 h have found
that exercise alone has little influence on this marker of
early cell activation (Green et al. 2003; Ronsen et al.
2001). The findings in the PLA trial in the present study

are consistent with this. However, a recent study reported
a significant increase in the percentage of CD8+CD69+

cells in vivo following a 1.75- to 2-mile training run in
warm weather in military recruits that lasted less than
15 min (DuBose et al. 2003). Reasons for these incon-
sistent findings are not immediately apparent, although
differences in exercise duration, ambient conditions or
overall exercise intensity may be responsible.

In vivo CD69 is expressed rapidly following engage-
ment of the T cell receptor (Testi et al. 1994) and
expression of this molecule is associated with subsequent

Fig. 3 Circulating concentrations of CD4+ (a) and CD8+ cells (b)
during the caffeine (CAF) and placebo (PLA) trials. Values are
mean (SE), n=8. Time �60, pre-treatment; time 0, pre-exercise;
time 90, post-exercise; time +60, 1 h post-exercise. Asterisk
Significantly different from pre-treatment within trial (P<0.01);
cross significantly higher than PLA at that time point (P<0.01)

Fig. 4 Percentage of CD4+ (a) and CD8+ (b) cells expressing
CD69 during the CAF and placebo PLA trials. Values are
mean (SE), n=8. Time �60, pre-treatment; time 0, pre-exercise;
time 90, post-exercise; time +60, 1 h post-exercise. Asterisk
Significantly different from pre-treatment within trial (P<0.05);
cross significantly higher than PLA at that time point (P<0.05)
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T cell proliferation and cytotoxic activity (Mueller et al.
2002). In the present study, the increased percentage of
CD4+ and CD8+ cells expressing CD69 with caffeine
ingestion and exercise could be interpreted in two ways,
which may occur simultaneously. On one hand, it might
be that the increase in the proportion of circulating
CD4+ and CD8+ cells expressing CD69 with exercise
and caffeine ingestion simply indicates that caffeine en-
hances the recruitment of a subpopulation activated cells
into the circulation, perhaps via catecholamine influ-
ences on cell adhesion molecules and enhanced shear
stress. At pre-exercise, plasma epinephrine was markedly
elevated in the CAF versus PLA trial and this could
explain why the concentration of total lymphocytes was
higher in the CAF trial compared with PLA at this time.
Although lymphocytes exhibit a circadian rhythm, the
fall in the total lymphocyte count in the PLA trial at this
time is greater than the reported diurnal changes in the
circulating concentration of these cells (Cannon 1993).
The reason for this relatively large decline in total lym-
phocyte count is not clear. However, this cannot be an
effect of hemodilution since all cell counts were adjusted
for changes in plasma volume.

The elevation in total numbers of circulating lym-
phocytes in the CAF trial at pre-exercise was reflected in
the numbers of CD8+, but not CD4+ cells (which
actually fell to below pre-treatment values). This is most
likely because CD8+ cells express a greater density of
b-receptors than CD4+ cells (Maisel et al. 1990; Murray
et al. 1992). Therefore, while increased recruitment of
CD8+ cells into the circulation may account for the
increased proportion of circulating CD8+CD69+ cells
in the CAF trial at pre-exercise, it does not easily explain
the more marked increase in the proportion of
circulating CD4+CD69+ cells with caffeine ingestion.
Furthermore, at 1 h post-exercise the percentage of
CD4+ cells expressing CD69 remained markedly above
pre-treatment values, although the circulating concen-
tration of CD4+ cells had decreased below pre-treat-
ment values at this time. These findings suggest that any
epinephrine-mediated recruitment of cell subpopulations
cannot completely explain the observed changes in
CD4+ and CD8+ expression of CD69 associated with
caffeine ingestion and exercise.

Alternatively, it could also be argued that the
recruitment of cells expressing the CD69+ phenotype
into the circulation was induced by a stimulus, other
than the exercise. For example, an antigen challenge
may have occurred prior to, or during, the exercise
trials. However, any subjects with symptoms of infec-
tion or taking medication during the 4 weeks prior to
the study were excluded from the trials, with the aim of
reducing the likelihood of this possibility. Furthermore,
none of the subjects demonstrated symptoms of infec-
tion during the week following the trials, suggesting
that the subjects were not incubating an infectious
agent during the trials.

A further explanation for the higher percentage of
CD4+ and CD8+ cells expressing CD69 in the CAF

trial might be that in addition to some influence on the
redistribution of cells between the tissues and circula-
tion, caffeine has the ability to induce the activation of
CD4+ and CD8+ cells. It could be speculated that this
might be via the effect of caffeine on intracellular cAMP
concentration since alterations of intracellular cAMP
levels have been shown to be involved in the regulation
of lymphocyte activation (Grader-Beck et al. 2002;
Kammer 1988). Caffeine might modify intracellular
levels of cAMP in a number of ways including via cat-
echolamine stimulation of b2-adrenergic receptors
(Ganong 1993) or via adenosine receptor antagonism
(Greer et al. 2000). Nevertheless, intracellular cAMP
levels would need to be determined to lend any support
to this speculation. It is also important to acknowledge
that the increase in the natural state of activation of
CD4+ and CD8+ cells observed here does not neces-
sarily suggest enhanced effector function. These path-
ways require many other co-stimulatory signals,
including specific antigen encounters, without which the
cells may enter a state of anergy (Roitt and Delves 2001).

One limitation of the present study was that plasma
caffeine levels were not explicitly measured. However, the
lower RER values, higher rates of fat oxidation and
greater epinephrine and FFA responses in the CAF trial
compared with PLA are suggestive of enhanced plasma
caffeine levels (Greer et al. 2000; Laurent et al. 2000) and
that the dose administered in the present study design
was effective in causing altered metabolic and hormonal
responses. Furthermore, in a follow-up study, we have
since measured serum caffeine concentration in response
to the same protocol in a similar group of subjects: Mean
serum caffeine concentration was <0.05 lmol l�1 at rest
in both trials and increased to �60 lmol l�1 in the caf-
feine trial 1 h after ingestion. Serum caffeine concentra-
tion remained at this level at completion of the 90 min
exercise, before beginning to decline (�40 lM) at 1 h
post-exercise. Values remained at <0.05 lM at all
sample collection times on the placebo trial (unpublished
data). Although not directly linked to the findings of
this particular study, these data do provide support for
the success of the caffeine supplementation in elevating
circulating levels of caffeine in this study.

In conclusion, this study has demonstrated that caf-
feine compared with placebo ingestion 1 h before a bout
of intensive endurance exercise was associated with ele-
vated concentrations of epinephrine before and after
exercise and greater perturbations in numbers of circu-
lating lymphocytes, CD4+ and CD8+ cells. Moreover,
caffeine ingestion was associated with an increased per-
centage of CD4+ and CD8+ cells expressing the early
activation marker CD69 in vivo before and after exer-
cise. Although these findings suggest that caffeine
ingestion prior to intensive exercise influences lympho-
cyte recruitment and natural state of activation, they
now raise the question of whether these effects initiate
altered lymphocyte responsiveness to mitogenic and
antigenic stimuli both at rest and in response to stren-
uous endurance exercise.
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