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Objectives: To examine the association between physical fitness, cardiac parasympathetic control, and inflammatory cytokine
responses to mental stress. Exercise and physical fitness may act as a buffer to the detrimental effects of psychosocial stress
exposure. Methods: Participants were 207 men and women (52 ⫾ 3 years) drawn from the Whitehall II epidemiological cohort.
Participants completed two mental stressors consisting of a 5-minute Stroop task and a 5-minute mirror tracing task. Blood samples
were obtained during baseline and 45 minutes post stress. Heart rate variability (HRV) was measured during baseline, stress, and
recovery. Physical fitness was assessed from a submaximal exercise test. Results: Interleukin (IL)-6 and IL-1 receptor antagonist
were increased significantly at 45 minutes post stress. Multiple linear regression analysis, adjusted for age, body mass index,
gender, smoking, alcohol, grade of employment, and basal levels of inflammatory markers demonstrated that exercise heart rate (a
fitness indicator) was related to IL-6 (␤ ⫽ 0.24; p ⫽ .005) and tumor necrosis factor (TNF)-␣ responses to stress (␤ ⫽ 0.27; p ⫽
.002). Exercise heart rate was also related to the HRV response to stress (␤ ⫽ ⫺0.23; p ⫽ .02). A higher systolic blood pressure
response to exercise was a predictor of TNF-␣ responses to stress (␤ ⫽ 0.18; p ⫽ .03). Conclusions: Physical fitness (as indexed
by lower exercise heart rate) is associated with smaller inflammatory cytokine responses to acute mental stress, an effect that may
be partly mediated through parasympathetic pathways. This may be one of the mechanisms by which physical fitness confers
protection against cardiovascular risk. Key words: exercise, cardiorespiratory fitness, psychosocial stress, inflammatory cytokines,
parasympathetic control, cardiovascular risk.
IL ⫽ interleukin; TNF ⫽ tumor necrosis factor; HRV ⫽ heart rate
variability; CHD ⫽ coronary heart disease; BMI ⫽ body mass index.

INTRODUCTION
he biological processes underlying the association between psychosocial stress and coronary heart disease
(CHD) are thought to involve hemodynamic, neuroendocrine,
inflammatory, and hemostatic pathways. Various parameters
including health behaviors and genetics may interact with
psychosocial factors to modify CHD risk. In particular, acute
exercise and cardiorespiratory fitness have been associated
with buffering cardiovascular responses to standardized behavioral challenges in the laboratory (1,2) although there are
inconsistencies reported in the literature (3,4). Similarities
between central and peripheral responses to exercise and psychological stressors have led to the theory of “cross-stressor
adaptation,” where adaptations resulting from regular exercise
lead not only to adaptations to exercise but also in response to
psychological stressors (5). These cross-stressor adaptations
seem to be associated with changes in autonomic control,
which may influence other important pathways such as
inflammatory processes. Observational studies have generally shown that physically active and fitter participants
demonstrate lower levels of baseline inflammatory markers, but randomized controlled trials show less consistent
results (6). It is possible that a reduction in stress-induced
inflammatory responses may be one of the mechanisms by
which physical fitness confers protection against cardiovascular risk (7), although the association between fitness and
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proinflammatory responses to mental stress has not been
previously examined.
Previous research has demonstrated that inflammatory cytokine responses to mental stress are delayed post stress (8)
and are highly reproducible (9). Prolonged increases in inflammatory cytokines post stress are more pronounced in
lower social class groups (10) and different patterns of response have been demonstrated in men and women (11,12).
Stress-induced inflammatory responses may have clinical relevance, as indicated in data showing that a higher interleukin
(IL)-6 response is associated with an increase in ambulatory
blood pressure over a 3-year follow up (13). Links with
atherosclerotic processes, obesity, and insulin resistance have
also been hypothesized (14,15). Paradoxically, the increases in
circulating IL-6 that are consistently observed after exercise
have been suggested to promote an anti-inflammatory environment by increasing IL-1 receptor antagonist (Ra) and IL-10
synthesis, but inhibiting tumor necrosis factor (TNF)-␣ release
(16). Thus, it is feasible that cross-stressor adaptations may
involve interaction between the pro- and anti-inflammatory
effects of IL-6 (17).
The aim of the present study was therefore to examine the
association between physical fitness and proinflammatory responses to mental stress. We hypothesized that higher fitness
would be related to lower stress-induced inflammatory cytokine responses. All analyses were adjusted for confounding
factors such as adiposity, gender, social class, smoking, and
alcohol intake, which have previously been associated with
inflammatory processes and are interrelated with exercise
behavior. The cardiovascular and cytokine responses from this
study have been published elsewhere (12) but have not been
related previously to physical fitness.
METHODS
Participants
Participants were drawn from the Whitehall II epidemiological cohort (18)
for a psychobiology substudy in which the laboratory stress testing was
performed in 1999 to 2000. The criteria for entry into the study included no
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history or objective signs of CHD, no previous diagnosis or treatment for
hypertension, inflammatory diseases, or allergies. Selection was stratified by
grade of employment to include higher, intermediate, and lower status participants. In addition, participants were prohibited from using any antihistamine or anti-inflammatory medication 24 hours before testing and were
rescheduled if they reported colds or other infections on the day of testing.
The 207 volunteers (112 men, 95 women) were of white European origin,
aged 45 to 59 years, lived in the London area, and were employed full time.
The participants gave informed consent to participate in the study and ethical
approval was obtained from the University College London Hospital Committee on the Ethics of Human Research.

Psychobiological Testing
Testing was performed in either the morning or afternoon in a light
temperature-controlled laboratory (12). Participants were instructed to refrain
from drinking caffeinated beverages or smoking for at least 2 hours before the
study and not to have performed vigorous physical activity or consumed
alcohol the previous evening. Blood pressure was measured continuously
using a Portapres-2 device (Finapres Medical Systems, Amsterdam, Netherlands) and heart rate variability (HRV) was assessed as square root of the
mean of the sum of squared successive differences using the impedance based
Ambulatory Monitoring System (VU-AMS, Free University, Amsterdam,
Netherlands). Additional cardiovascular variables including cardiac output,
stroke volume, and total peripheral resistance were derived from the Portapres
device using the aortic flow waveform method developed by Wesseling and
colleagues (19). Data were transformed into cardiac index by correcting for
body surface area. After inserting a venous cannula for obtaining periodic
blood samples, participants rested for 30 minutes. Baseline cardiovascular
measures were recorded during the last 5 minutes of this period and a blood
sample was obtained to assess baseline inflammatory cytokines. Two behavioral tasks, designed to induce mental stress, were then administered in a
random order. The tasks were a computerized version of the Stroop task and
mirror tracing, both of which have been used extensively in psychobiological
research. The tasks each lasted for 5 minutes, during which cardiovascular
measurements were continuously assessed. Participants then rested for 45
minutes when a second blood sample was taken to assess poststress inflammatory cytokines. A 45-minute poststress sample was used because previous
data suggest that acute inflammatory responses to mental stress follow a
delayed time course (8).

Physical Fitness Assessment
After psychobiological testing, the participants were required to undergo
a submaximal exercise test. Participants exercised on a cycle ergometer
(Model 864, Monark, Sweden) for 8 minutes at a constant workload of 50
watts. Heart rate and blood pressure were measured during exercise and the
average heart rate during the last 2 minutes was used as a measure of physical
fitness, which is widely regarded as a reliable indicator (20). Cycle ergometry
testing is one of the most popular methods to assess physical fitness because
there are relatively small individual variations in mechanical efficiency. A
submaximal test with a light workload was adopted in the present study
because the sample consisted of older, mostly sedentary individuals.

Psychosocial, Subjective, and Adiposity Measures
Psychological well being was assessed from the 30-item General Health
Questionnaire (21), a measure of psychological distress devised for population studies. Participants were asked to report the number of times a week they
engaged in vigorous physical activity, their alcohol intake (units/wk), smoking habits, and level of education. Height and weight were recorded in light
clothing for the calculation of body mass index (BMI). Waist circumference
was measured with a metal anthropometric tape midway between the lower
rib margin and the iliac crest and hip circumference was measured at the level
of the great trochanters. Waist to hip ratio was calculated as a measure of
central adiposity.
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Cytokine Assays
Peripheral blood was collected in ethylenediaminetetraacetic acid-coated
tubes and spun at room temperature. All blood samples were frozen at ⫺20°C
until assay. The analysis of plasma IL-6 and TNF-␣ levels was performed
using high-sensitivity ELISA (R & D Systems, Oxford, UK). For the TNF-␣
assay, the limit of detection was 0.10 pg/ml, with intra- and interassay
coefficients of variation (CVs) of 6.9 and 8.4%, respectively. For IL-6, the
limit of detection was 0.09 pg/ml with intra- and interassay CVs of 5.3 and
9.2%, respectively. The determination of IL-1Ra was performed using a
commercial ELISA. The limit of detection was 15 pg/ml with intra- and
interassay CVs of ⬍10%.

Statistical Analysis
Complete fitness and blood pressure data were available for 207 participants, complete cardiac index and total peripheral resistance data for 178
participants, HRV data for 140 participants, and 186 participants with inflammatory cytokine data. The reasons for missing data included problems with
blood sampling and technical failure. The analysis of cardiovascular data were
split into four trials, which included a 5-minute baseline, aggregated average
task, post stress 1 (15–20 minutes), and post stress 2 (40 – 45 minutes).
Inflammatory cytokine data were analyzed over two trials, which were baseline and 45 minutes post stress. These data were analyzed (repeated-measures
analysis of variance) using the general linear model, with Greenhouse Geisser
adjustments employed where appropriate. Task and recovery responses were
calculated by subtracting baseline values from task and recovery values.
Linear regression analyses were used to examine the relationship between
fitness (heart rate during exercise) and stress reactivity and recovery, adjusting for a number of covariates including age, gender, BMI, employment grade
(as a measure of social class), smoking, and alcohol intake. The sample was
split into gender-specific fitness tertiles based on heart rate during exercise (a
lower exercise heart rate is indicative of greater physical fitness) for illustrative purposes. Comparisons between groups in demographic variables were
assessed using pairwise t tests with Bonferroni correction.

RESULTS
Participants’ Characteristics
Descriptive characteristics of the participants in relationship to fitness level are presented in Table 1. Men in the
medium fitness tertile had a significantly higher alcohol intake
(p ⫽ .04) compared with men in the higher and lower tertiles.
The men ranked with medium fitness were also marginally
older (p ⫽ .06) with slightly higher resting diastolic blood
pressure (p ⫽ .06). The only notable difference among females was a higher proportion of low-grade women in the
least fit group (p ⫽ .01).
There was, on average, a significant heart rate (64.9 ⫾ 0.6
to 82.3 ⫾ 1.2 beat/minute; p ⬍ .05 from baseline to exercise)
and blood pressure response (115.6 ⫾ 0.9 to 147.3 ⫾ 1.4
mm Hg; p ⬍ .05) to the submaximal exercise test (Table 1).
There was also a moderate inverse association between the
exercise heart rate and weekly participation in vigorous physical activity (r ⫽ ⫺.24; p ⫽ .001), indicating that less fit
individuals were more sedentary.
Responses to Mental Stress and Exercise Testing
Cardiovascular responses to stress and recovery are shown
in Table 2. There were significant main effects of trial for all
cardiovascular variables—systolic blood pressure (F(3,609) ⫽
319.2; p ⬍ .001); diastolic blood pressure (F(3,609) ⫽ 299.6;
p ⬍ .001); heart rate (F(3,600) ⫽ 334.9; p ⬍ .001); HRV
661
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TABLE 1.

Descriptive Characteristics of Participants in Relationship to Fitness Tertiles (mean ⴞ standard deviation)
Men

Variable

Age (years)
Body mass index (kg/m2)
Waist/hip ratio
% Low-grade employees
% Lower-education level
Current smoking (%)
Alcohol (units/wk)
GHQ
Baseline SBP (mm Hg)
Baseline DBP (mm Hg)
Baseline HR (bpm)
HR response to exercise
SBP response to exercise
Vigorous exercise (freq/wk)

Women

High Fit
(n ⫽ 37)

Medium Fit
(n ⫽ 37)

Low Fit
(n ⫽ 37)

High Fit
(n ⫽ 31)

Medium Fit
(n ⫽ 32)

Low Fit
(n ⫽ 32)

51.8 ⫾ 2.7
25.0 ⫾ 3.5
0.90 ⫾ 0.08
24.3
16.0
5.4
10.4 ⫾ 11.0
3.3 ⫾ 6.0
118.8 ⫾ 11.5
69.8 ⫾ 9.1
62.8 ⫾ 11.7
0.3 ⫾ 4.9a
22.9 ⫾ 11.6a
1.6 ⫾ 1.6

53.3 ⫾ 2.5
26.4 ⫾ 4.0
0.91 ⫾ 0.06
21.1
17.0
13.5
17.4 ⫾ 14.6b,c
3.0 ⫾ 5.8
120.5 ⫾ 14.1
74.8 ⫾ 9.4
63.3 ⫾ 9.5
10.1 ⫾ 2.7b,c
25.8 ⫾ 14.8
1.6 ⫾ 1.8

52.6 ⫾ 2.7
25.8 ⫾ 2.9
0.91 ⫾ 0.07
35.1
16.0
2.7
7.8 ⫾ 8.5
3.9 ⫾ 4.6
117.3 ⫾ 10.5
71.0 ⫾ 8.8
65.1 ⫾ 9.3
24.9 ⫾ 10.0
32.5 ⫾ 19.4
1.4 ⫾ 2.1

51.8 ⫾ 2.8
24.5 ⫾ 3.4
0.77 ⫾ 0.05
12.9
25.0
3.2
8.5 ⫾ 7.3
2.5 ⫾ 3.6
108.3 ⫾ 12.5
68.5 ⫾ 10.3
68.5 ⫾ 7.6
7.2 ⫾ 6.4a
28.1 ⫾ 17.6a
1.6 ⫾ 1.8

52.1 ⫾ 2.8
26.4 ⫾ 4.6
0.79 ⫾ 0.06
28.1
48.1
12.9
8.5 ⫾ 8.0
2.5 ⫾ 4.4
115.4 ⫾ 11.7
71.6 ⫾ 9.9
65.3 ⫾ 7.3
25.1 ⫾ 4.0b,c
36.4 ⫾ 19.7
1.6 ⫾ 1.7

51.6 ⫾ 2.8
25.5 ⫾ 4.3
0.80 ⫾ 0.07
48.4a
48.4
9.7
6.7 ⫾ 6.4
3.7 ⫾ 6.6
109.5 ⫾ 14.3
65.8 ⫾ 9.5
65.4 ⫾ 7.3
40.0 ⫾ 6.8
47.6 ⫾ 19.5
0.8 ⫾ 1.5

GHQ ⫽ general health questionnaire; SBP ⫽ systolic blood pressure; DBP ⫽ diastolic blood pressure; HR ⫽ heart rate.
a
Significant difference between high and low fit.
b
Significant difference between medium and low fit.
c
Significant difference between high and medium fit.
TABLE 2.

Cardiovascular and Biological Responses to Mental Stress (mean ⴞ standard error of the mean)

Variable

Baseline

Task Mean

Post Stress 1

Post Stress 2

SBP (mm Hg)
DBP (mm Hg)
HR (bpm)
HRV (ms2)
CI (L/min/m2)
TPR (dyne䡠s/cm5)
IL-6 (pg/ml)
IL-1ra (pg/ml)
TNF-␣ (pg/ml)
Stress rating

115.5 ⫾ 0.9
70.5 ⫾ 0.7
64.9 ⫾ 0.6
29.4 ⫾ 1.2
3.4 ⫾ 0.04
719.7 ⫾ 13.3
1.25 ⫾ 0.06
229.3 ⫾ 7.3
2.37 ⫾ 0.08
1.4 ⫾ 0.05

138.6 ⫾ 1.4a
84.2 ⫾ 0.8a
71.8 ⫾ 0.7a
26.9 ⫾ 1.2a
3.7 ⫾ 0.05a
860.0 ⫾ 15.2a

121.0 ⫾ 1.1b
74.9 ⫾ 0.7b
62.4 ⫾ 0.6b
36.0 ⫾ 1.3b
3.1 ⫾ 0.04b
871.7 ⫾ 16.5b

121.3 ⫾ 1.1b
75.5 ⫾ 0.7b
62.9 ⫾ 0.6b
36.0 ⫾ 1.3b
3.1 ⫾ 0.04b
890.3 ⫾ 16.7b
1.35 ⫾ 0.06b
235.9 ⫾ 7.4b
2.42 ⫾ 0.08
1.4 ⫾ 0.05

4.0 ⫾ 0.1a

SBP ⫽ systolic blood pressure; DBP ⫽ diastolic blood pressure; HR ⫽ heart rate; HRV ⫽ heart rate variability; CI ⫽ cardiac index; TPR ⫽ total peripheral
resistance; IL-6 ⫽ interleukin 6; IL-1ra ⫽ interleukin 1 receptor antagonist; TNF ⫽ tumor necrosis factor.
a
Task mean significantly different compared with baseline (p ⬍ .05).
b
Post task significantly different compared with baseline (p ⬍ .05).

(F(3,417) ⫽ 51.6; p ⬍ .001); cardiac index (F(3,531) ⫽
233.5; p ⬍ .001); and total peripheral resistance (F(3,531) ⫽
153.2; p ⬍ .001). Blood pressure and peripheral resistance
were significantly increased during the stress tasks and remained elevated during post stress. Heart rate increased during
the tasks returning to below baseline during post stress and
HRV was reduced during tasks but increased above baseline
during post stress. Cardiac index increased during tasks and
returned below baseline during post stress. The inflammatory
cytokine responses to mental stress are also shown in Table 2.
There was no significant change in TNF-␣ over time
(F(1,187) ⫽ 2.3; p ⫽ .13), although both IL-6 and IL-1Ra
were increased 45 minutes post stress (Fs(1,187) ⫽ 12.7, 4.6;
p ⬍ .05). There were marked individual differences in responses in all three cytokines, ranging from ⫺1.03 to 2.01
pg/ml in IL-6, ⫺81.02 to 258.95 pg/ml in IL-1Ra, and ⫺1.76
to 1.41 pg/ml in TNF-␣. Subjective ratings of stress were
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significantly increased during the tasks returning to baseline
during post stress (p ⬍ .001).
Association Between Fitness and Stress Responses
After adjustment for age, BMI, gender, smoking, alcohol,
grade of employment, and basal levels of inflammatory markers, a greater heart rate during exercise (lower fitness) was
related to higher IL-6 (␤ ⫽ 0.24; p ⫽ .005) and TNF-␣
responses to stress (␤ ⫽ 0.27; p ⫽ .002). Figure 1 shows that
TNF-␣ responses in the low fitness group were approximately
five-fold greater than those in the high fitness group. When
self-reported level of vigorous physical activity was included
as a covariate, this did not change any of the associations
(Table 3). In addition, the systolic blood pressure response to
exercise was a predictor of TNF-␣ responses to stress after
adjustment for covariates (␤ ⫽ 0.18; p ⫽ .03). IL-1Ra stress
Psychosomatic Medicine 69:660 – 666 (2007)
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TABLE 3.

Regression of Exercise Heart Rate on TNF-␣ Stress
Response and IL-6 Stress Response

Variable

Figure 1. Association between physical fitness and the change in tumor
necrosis factor (TNF)-␣ (upper panel) and interleukin (IL)-6 (lower panel)
between baseline and poststress samples. Data are presented as mean ⫾
standard error of the mean values, adjusted for age, gender, body mass index,
employment grade, smoking, alcohol, and basal levels of inflammatory cytokines. Physical fitness tertiles based on heart rate response to cycling
ergometry exercise at a standardized workload.

responses were not related to physical fitness or physical
activity. In relation to the possible diurnal variation in cytokine levels, we repeated the analyses including time of testing
(AM or PM) as an additional covariate. This did not, however,
alter the pattern of results.
Exercise heart rate response was related to the heart rate
response to stress (r ⫽ .23; p ⫽ .001), although the association
did not persist after adjustment for covariates. However, exercise heart rate was also associated with the HRV response to
stress, which remained significant after adjusting for covariates (␤ ⫽ ⫺0.23; p ⫽ .02). This association is displayed in
Figure 2, demonstrating that fitter participants (with lower
exercise heart rate) had less pronounced reductions in HRV
during stress. There was a significant correlation between the
HRV response and TNF-␣ response to stress (r ⫽ ⫺0.20; p ⫽
.01), indicating that participants with a greater reduction in
HRV showed greater increases in TNF-␣. We did not, however, observe any associations between HRV reactivity and
the IL-6 stress response. We tested whether parasympathetic
responses mediate the association between fitness and TNF-␣
stress response by introducing HRV reactivity as an additional
covariate in the regression model. In this model, the association between exercise heart rate and TNF-␣ stress response
was attenuated but remained significant (␤ ⫽ 0.23; p ⫽ .03),
although HRV reactivity was no longer a predictor (␤ ⫽
⫺0.15; p ⫽ .09). Thus, HRV reactivity seemed to explain only
a small amount of the association between fitness and TNF-␣
stress responses.
Psychosomatic Medicine 69:660 – 666 (2007)

TNF-␣ stress
responsea
Gender
Age
Body mass index
Employment
grade
Smoking
Alcohol
Vigorous
exercise
Baseline TNF-␣
Exercise heart
rate
IL-6 stress
responseb
Gender
Age
Body mass index
Employment
grade
Smoking
Alcohol
Vigorous
exercise
Baseline IL-6
Exercise heart
rate

Standardized ␤

B (95% CI)

p

⫺0.20
0.05
0.10
⫺0.01

⫺0.19 (⫺0.331–⫺0.039)
0.009 (⫺0.016–0.034)
0.01 (⫺0.006–0.031)
0.008 (⫺0.095–0.080)

.01
.48
.17
.86

⫺0.05
0.06
0.10

0.07 (⫺0.305–0.164)
0.003 (⫺0.004–0.010)
0.02 (⫺0.011–0.061)

.55
.42
.17

⫺0.20
0.27

⫺0.08 (⫺0.141–⫺0.025) .005
0.007 (0.003–0.012)
.002

⫺0.05
⫺0.14
0.13
⫺0.04

⫺0.04
⫺0.02
0.01
⫺0.02

(⫺0.162–0.084)
(⫺0.041–0.001)
(⫺0.002–0.030)
(⫺0.092–0.052)

.53
.07
.01
.58

⫺0.07
⫺0.03
0.10

⫺0.08 (⫺0.278–0.109)
⫺0.001 (⫺0.007–0.005)
0.02 (⫺0.010–0.051)

.39
.72
.18

⫺0.03
0.24

⫺0.01 (⫺0.090–0.062)
0.005 (0.002–0.009)

.71
.005

TNF ⫽ tumor necrosis factor; IL ⫽ interleukin; CI ⫽ confidence interval.
a
R2 ⫽ 0.13; adjusted R2 ⫽ 0.08.
b
R2 ⫽ 0.12; adjusted R2 ⫽ 0.07.

Figure 2. Association between physical fitness and heart rate variability
(HRV) responses to mental stress. Data are presented as mean ⫾ standard
error of the mean values, adjusted for age, gender, body mass index, employment grade, smoking, alcohol, and baseline HRV. Physical fitness tertiles
based on heart rate response to cycling ergometry exercise at a standardized
workload.

There were no associations between fitness and any other
cardiovascular responses to stress or during the poststress
recovery phase, or with subjective stress responses. However,
there were significant correlations of exercise heart rate with
baseline IL-6 (r ⫽ .19; p ⫽ .008) and HRV (r ⫽ ⫺.26; p ⫽
.002), indicating greater inflammatory status and lower parasympathetic influence in less fit participants, although the
association with IL-6 did not persist after adjustment for
covariates.
663

M. HAMER AND A. STEPTOE
DISCUSSION
The aim of the present study was to examine the association between physical fitness and cardiovascular and inflammatory cytokine responses to mental stress in a sample of
healthy men and women. In comparison with previous research, we used a large sample to examine the fitness-stress
reactivity relationship with an objective measure of physical
fitness. We found that cardiovascular reactivity and recovery
from two behavioral laboratory stress tasks was generally not
associated with fitness, and there were also no associations
between fitness and psychological well-being. However,
higher physical fitness (but not self-reported vigorous physical
activity) was associated with lower inflammatory cytokine
stress responses and a less pronounced reduction in HRV after
controlling for confounding factors. There was also an inverse
association between fitness and baseline IL-6, although this
was confounded by BMI and age. We did not include a no
stress comparison condition in this study because we have
previously shown that cytokine levels do not change with
repeated blood sampling over comparable time periods (8,10).
This is the first study, to our knowledge, that has examined
the association between fitness and inflammatory cytokine
responses to mental stress. Previous work has shown that
regular exercisers had attenuated leukocyte trafficking and
adhesion molecule expression in response to a speech task
stressor compared with sedentary participants (22). The
present findings are also consistent with the observation that
fitter and physically active participants generally demonstrate
lower levels of inflammatory markers at rest although it is
unclear if these effects are mediated by adiposity (6). We
found that adiposity confounded the inverse association between physical fitness and proinflammatory markers at rest,
and this finding is consistent with some but not all studies (6).
However, during stress, the effects were not confounded by
adiposity, which may indicate that the inflammatory stress
response is an independent risk factor that operates through
different pathways. Our findings relating to cardiovascular
stress responses are not entirely consistent with previous research. In a meta-analytic review of 34 studies, aerobic fitness
was associated with nearly half a standard deviation reduction
in blood pressure stress reactivity (2), although recently updated reviews suggested both positive and inverse associations
between fitness and heart rate reactivity (3,4). Nevertheless,
reactivity effects were not different from zero in randomized,
controlled exercise training studies and when fitness was
measured as peak oxygen uptake (3). Also, the inverse association between fitness and heart rate reactivity was observed
from an arguably stronger analysis that only selected studies
demonstrated evidence of an exercise training effect (4).
These inconsistencies may also be due, in part, to small
sample sizes, inconsistencies in methodology (i.e., design,
types of stressors, types of stress response measures), failure
to account for the after-effects of a recent bout of acute
exercise and other confounding factors. It should also be noted
that previous studies have generally measured blood pressure
664

intermittently with conventional arm cuffs, in contrast with the
continuous measure used in this study. In the present study,
we can discount the confounding impact of acute exercise
because participants were instructed not to exercise the day
before testing. We also controlled for a number of other
potentially confounding factors in the analyses, including age,
gender, BMI, social class, smoking, and alcohol intake. The
inverse association between fitness and heart rate reactivity
was confounded by social class and BMI in the present study.
Interestingly, the self-reported level of vigorous physical activity was unrelated to any psychobiological measures, which
suggests that objective measures of physical fitness are more
robust predictors of these responses and may reflect inaccuracy of self-report measures. Furthermore, we used two highly
standardized behavioral stress tasks that elicited relatively
large and robust physiological stress responses that added to
the strengths of the present study.
Previous research has indicated an intriguing link between
efferent cholinergic activity of the vagus nerve (the parasympathetic arm of the autonomic nervous system) and inhibition
of inflammatory processes (23). The present findings indicated that the fitter individuals who maintained greater parasympathetic control during mental stress also demonstrated
the lowest TNF-␣ stress responses. This association between
HRV reactivity to mental stress and TNF-␣ levels at 45
minutes post stress most likely reflects the delayed time
course of the stress-induced inflammatory response. The decline in parasympathetic control with ageing is attenuated with
regular exercise training (24). However, given the small
amount of variance explained and that we did not observe any
associations between HRV reactivity and the IL-6 stress response, fitness-related improvements in parasympathetic activity may only play a small role in mediating the inhibition of
stress-induced inflammatory processes. Thus, other mechanisms are also likely to be important. For example, exercise
has a favorable impact on insulin sensitivity (25) and recent
research has shown that the highest inflammatory cytokine
responses to stress were in participants with the greatest levels
of insulin resistance (26). Another important modulator of the
immune system during stress is the hypothalamic-pituitary
adrenal axis, with suppressive effects on proinflammatory
cytokine production (27). In comparison with sedentary controls, trained individuals demonstrate acute exercise-induced
increases in glucocorticoid sensitivity (28), which may play an
important role in the anti-inflammatory effects. Other potential mediating effects may involve high-density lipoprotein
cholesterol, adiponectin, and reduced reactive oxygen species—all of which demonstrate anti-inflammatory actions
(29 –31) and are influenced by exercise training.
In addition to the associations between exercising heart rate
and stress-induced inflammatory responses, we also observed
associations using the systolic blood pressure response to
exercise as a predictor. An exaggerated systolic blood pressure
response to exercise is a strong independent predictor of
carotid atherosclerosis (32), hypertension (33), cardiovascular
disease mortality (34), and impaired arterial function (35). Jae
Psychosomatic Medicine 69:660 – 666 (2007)
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et al. (36) have also shown that there is an association between
the exercise blood pressure response and white blood cell
count although not with C-reactive protein levels. Thus, our
findings add to previous literature and suggest that inflammatory processes may be one of the underlying mechanisms
mediating the associations between exaggerated exercise
blood pressure responses and cardiovascular risk.
The limitations of this study should be recognized. We
used a submaximal exercise test with a light workload and
therefore did not obtain an indication of maximal aerobic
capacity. The heart rate response to exercise is strongly predictive of physical fitness and it was not feasible to perform
tests of maximal capacity in the present sample of older
sedentary participants. We used time rather than frequency
domain measures of HRV, and different results might have
emerged if spectral analysis had been carried out. Additionally, we did not measure breathing patterns, and respiratory
rate and depth are known to influence HRV. However, measures of parasympathetic modulation of heart rate that are
uncorrected for respiration seem to be acceptable to index
within subject changes in most stress studies (37).
The strengths of this study are that we examined a relatively large sample of men and women, controlling for a
number of potentially confounding factors, which had been
areas of weakness in previous research. The inverse association between physical fitness and stress induced inflammatory
responses may highlight one of the mechanisms through
which physical fitness confers protection against cardiovascular risk.
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