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a b s t r a c t
Mental stress has been identiﬁed as a trigger of myocardial infarction (MI), with inﬂammation and vascular responses to mental stress independently implicated as contributing factors. This study examined
whether inﬂammation moderates the vascular responses to mental stress. Eighteen healthy male participants completed a stress task under two counter balanced conditions. In the exercise condition, a morning bout of eccentric exercise (12  5 repetitions of unilateral eccentric knee extension at 120% intensity
of concentric one repetition maximum) was used to increase levels of inﬂammatory-responsive cytokines
during an afternoon stress session scheduled 6 h later. In the control condition, participants sat and
relaxed for 45 min, 6 h prior to the afternoon stress session. Forearm blood ﬂow, calf blood ﬂow (measured in the leg which completed the exercise task), blood pressure, heart rate and cardiac output were
assessed at rest and in response to mental stress. As expected, interleukin-6 was higher (p = .02) 6 h post
exercise, i.e., at the start of the stress session, as compared to the no-exercise control condition. Mental
stress increased forearm blood ﬂow, calf blood ﬂow, blood pressure, heart rate, and cardiac output in both
conditions (p’s < .001). Stress-induced calf blood ﬂow was attenuated in the exercise condition compared
to the control condition (p < .05) which was not the case for forearm blood ﬂow. This study found that the
inﬂammatory response to eccentric exercise attenuated the vascular responses to mental stress locally at
the site of eccentric exercise-induced inﬂammation. The observed impairment in vascular responses to
stress associated with increased levels of inﬂammation suggests a mechanism through which inﬂammation might increase the risk for MI.
Ó 2012 Elsevier Inc. All rights reserved.

1. Introduction
Acute mental stress has been identiﬁed as a possible of trigger
myocardial infarction (MI). For example, survivors of MI have mentioned episodes of emotional stress as a trigger for their MI (Strike
and Steptoe, 2005). Likewise, earthquakes (Leor et al., 1996a,b; Suzuki et al., 1995), war (Bergovec et al., 1992; Meisel et al., 1991),
and even key football matches (e.g., Carroll et al., 2002; WilbertLampen et al., 2010) have been associated with an increased incidence in MI. To explore the mechanisms through which stress
might lead to MI, laboratory studies have assessed mental stressinduced ischaemia, which is predictive of future cardiac events
and mortality (Babyak et al., 2010; Krantz et al., 1999). Mental
stress-induced ischaemia is associated with higher resting levels
of inﬂammation in cardiac patients (Shah et al., 2006). Also, mental
stress-induced ischaemia has been associated with impaired vas⇑ Corresponding author. Tel.: +44 121 414 4115; fax: +44 121 414 4121.
E-mail address: N.J.Paine@bham.ac.uk (N.J. Paine).
0889-1591/$ - see front matter Ó 2012 Elsevier Inc. All rights reserved.
http://dx.doi.org/10.1016/j.bbi.2013.01.082

cular responses to stress, characterised by either increases in vascular resistance (Goldberg et al., 1996; Jain et al., 1998) or
decreased peripheral dilation (Burg et al., 2009). Interestingly,
serological markers of inﬂammation and vasoconstriction were increased in patients admitted to hospital for MI during the 2006
Football World Cup compared to those admitted for MI during a
non-stressful period (Wilbert-Lampen et al., 2010). Therefore, both
inﬂammation and vascular responses to mental stress appear to
contribute to mental stress-induced MI (Paine et al., 2012c).
One mechanism that has received attention as a possible mechanism in stress-induced MI is inﬂammation. Both acute (Meier et al.,
1998) and chronic (Levy et al., 2008; Ridker et al., 2000) levels of
inﬂammation are associated with increased risk for MI. Both also
play a critical role in development and progression of cardiovascular
disease (CVD) (Hansson, 2005; Libby, 2006). The impact of inﬂammation on resting vascular function has been examined extensively;
studies have revealed inverse associations between vascular function and inﬂammation in clinical populations (Fichtlscherer et al.,
2004; Vaudo et al., 2004). However, the strength of the
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vascular-inﬂammation relationship weakens when classic risk factors are controlled for (Cleland et al., 2000; Vita et al., 2004), and thus
the sole inﬂuence of inﬂammation may be masked. Therefore, methods that experimentally induce inﬂammation in a healthy population have been used to directly examine the effects of
inﬂammation on vascular function without the presence of potentially confounding factors. Studies using this approach have demonstrated that inﬂammation in healthy participants causes transient
endothelial dysfunction at rest (Bhagat and Vallance, 1997; Clapp
et al., 2004; Hingorani et al., 2000; Kharbanda et al., 2002).
In healthy participants, mental stress causes vasodilation (Blair
et al., 1959; Dietz et al., 1994; Joyner and Halliwill, 2000), which is
reduced in populations at risk for cardiovascular disease (Hamer
et al., 2007) and patients with heart failure (Middlekauff et al.,
1997; Santos et al., 2005). Despite different mechanisms being proposed as the putative cause of stress-induced vasodilation, the
most consistent evidence implicates nitric oxide (NO) (Cardillo
et al., 1997; Dietz et al., 1994; Joyner and Dietz, 2003; Joyner and
Casey, 2009; Sarabi and Lind, 2001). In general, these studies reveal
that pharmacologically blocking NO production results in an attenuated dilatory response to mental stress (Cardillo et al., 1997; Dietz
et al., 1994; Joyner and Dietz, 2003; Joyner and Casey, 2009; Sarabi
and Lind, 2001).
The role of NO in stress-induced vasodilation is interesting, given the reciprocal relationship between NO and inﬂammation at
rest (De Martin et al., 2000; Hung et al., 2010; Verma et al.,
2002). Thus, given the common link between NO for maintaining
vascular function and stress-induced vasodilation, it has been
hypothesised that inﬂammation may also attenuate the vasodilatory response to mental stress (Paine et al., 2012c), particularly given that the impairment in resting endothelial function as a result
of increased inﬂammation has been attributed to a reduction in NO
(Clapp et al., 2004). Very few studies have examined the inﬂuence
of inﬂammation on stress-induced vasodilation, despite evidence
for an association between basal inﬂammation and mental
stress-induced ischaemia (Shah et al., 2006). In one of these studies, rheumatoid arthritis patients with high-grade systemic inﬂammation were found to display an increase in vascular resistance in
response to mental stress, which was not evident in patients with
low-grade inﬂammation (Veldhuijzen van Zanten et al., 2008).
Interestingly, poorer vascular responses to mental stress have also
been found in a healthy population when inﬂammation was induced using a typhoid vaccination (Paine et al., 2012a).
A potent, but less utilised, method to induce inﬂammation is
eccentric exercise. Eccentric exercise involves increasing the tension in a muscle as it elongates (e.g., gradually lowering a weight
against gravity) (Edwards et al., 2007; Proske and Morgan, 2001).
Eccentric exercise initiates a localised inﬂammatory response
through the ensuing myoﬁbril damage in the muscle (Nosaka
et al., 2002; Proske and Morgan, 2001). The extent of the inﬂammatory response has typically been characterised by the increase in
interleukin-6 (IL-6) (Croisier et al., 1999; Depner et al., 2008; Jackman et al., 2010; Miles et al., 2008; Steensberg et al., 2002, 2000;
Willoughby et al., 2003). IL-6 is an inﬂammatory-responsive cytokine that is involved in the acute-phase response that occurs as a
result of injury (Willoughby et al., 2003). The peak IL-6 response
is most commonly reported to be at 6 h post eccentric exercise
(MacIntyre et al., 2001; Paulsen et al., 2005; Philippou et al.,
2009; Willoughby et al., 2003). The magnitude of the response is
dependent on exercise duration, exercise intensity, and size of
the muscle used, such that extensive high intensity exercise using
a large muscle mass should result in the most substantial increases
in IL-6 (Febbraio and Pedersen, 2002). The exact sources from
which IL-6 is released are likely to involve both resident leukocytes
as well as the exercising muscle (Ostrowski et al., 1998; Willoughby et al., 2003).

The aim of the current study was to investigate the effect of
inﬂammation induced by a bout of acute eccentric exercise on
the vascular responses to mental stress in a healthy population.
To ensure a robust response, exercise was performed in the quadriceps muscle of the non-dominant leg. A previous study has examined the impact of eccentric exercise on resting vascular function,
revealing increases in resting arterial stiffness 48 h after performing eccentric exercise of the elbow ﬂexors (Barnes et al., 2010).
However, to our knowledge no study has investigated the effect
of eccentric exercise on stress-induced vascular responses, which
are of particular interest given their putative role in the triggering
of MI. Therefore, it is hypothesised that eccentric exercise-induced
inﬂammation will attenuate the vascular responses to mental
stress compared to a no-exercise control condition.
2. Methods
2.1. Participants
Eighteen male participants were recruited from the University
of Birmingham (mean age ± SE = 20.4 ± 1.2 years, mean body
mass index (BMI) ± SD = 23.7 ± 0.6 kg/m2). None were suffering
from an acute illness or infection, reported a history of inﬂammatory, cardiovascular or auto-immune disorders, or had taken any
medication in the last 4 weeks. None undertook any regular resistance exercise as greater amounts of muscle damage and inﬂammation have been demonstrated in those who are unaccustomed
to eccentric exercise (Sorichter et al., 2006). Participants reported
to the laboratory having refrained from vigorous exercise for at
least 24 h, from alcohol for at least 12 h and food or caffeine in
the 2 h prior to testing. The study was approved by the local Research Ethics Committee and all participants gave written informed consent.
2.2. Eccentric exercise task
The eccentric exercise task was undertaken using a Cybex leg
extension machine (Cybex International Medway, MA). The protocol was adapted from that used in a previous study (Jackman
et al., 2010). First, measurements of limb circumference of both
legs and assessments of muscle soreness were taken. After familiarisation with the equipment, each participant’s one repetition
maximum (1RM) of their non-dominant leg was determined.
Each participant concentrically lifted the weight from a position
of knee ﬂexion to knee extension, holding it outstretched for
2 s, before lowering it. Weight was added until the participant
could no longer lift the weight. Each 1RM was determined within
ﬁve attempts to minimise fatigue. Once this was determined, the
eccentric exercise task was explained before participants completed one set at a reduced weight (50% 1RM) to ensure understanding of the action. Participants were seated with their nondominant leg positioned at 90 degrees to their torso. Two experimenters lifted the weight to its starting position (with the exercising leg extended to approximately 15 degrees of ﬂexion), and
the participant lowered the weight until their knee was ﬂexed
at approximately 110 degrees. Participants lowered the weight
slowly over a 4 s period, resisting the weight at all times. If this
was not achieved, the weight was replaced at the starting position and the action repeated. Participants completed 12 sets of
ﬁve eccentric repetitions at 120% of their concentric 1RM. Five
seconds rest separated each repetition, with a 1 min rest at the
end of each set. At the end of the task, the ‘Borg scale’ (1970)
was used to assess perception of physical exertion during the
exercise task, using a 14 point scale, with anchors of 6 (‘no exertion at all’) and 20 (‘maximal exertion’).
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2.3. Rest task
Participants rested quietly for 25 min; they completed a questionnaire pack (data not reported) at the start.
2.4. Mental stress task
A version of the paced auditory serial addition test (PASAT) was
used as the mental stress task. The PASAT has been widely used to
elicit a stress response, even when the task is repeated several
times on separate days (Veldhuijzen van Zanten et al., 2005; Willemsen et al., 1998). During the PASAT, participants were presented with a series of single digit numbers, delivered using an
audio player, and were required to add each new number to the
number presented previously (Gronwall, 1977; Ring et al., 2002).
The task lasted a total of 16 min, split into two eight minute tasks
(referred to as Stress 1 and Stress 2, respectively), separated by one
minute rest. The numbers were delivered in four 2-min blocks,
with the numbers presented every 3.2, 2.8, 2.4 and 2.0 s for the ﬁrst
task, and every 2.4, 2.0, 1.6 and 1.2 s for the second task. This resulted in a progressive increase in task difﬁculty. The experimenter, who sat 1 m adjacent to the participant, checked their
responses against the correct answers. To enhance the stressfulness of the task several features were added that have been shown
to enhance stress responses in previous studies (Veldhuijzen van
Zanten et al., 2004). Participants heard a loud aversive noise blast
once in each block of 10 numbers, with the noise presented after
the participants’ ﬁrst incorrect response, or if they had not made
an error, the noise was delivered at the end of the block of 10 numbers. Participants were ﬁlmed with a video camera and were asked
to look at their faces displayed on a television screen while performing the task, which they were told was to be analysed. If participants looked away from the screen, they heard the aversive
noise and were reminded to continue to watch the screen. They
were told that a £10 gift voucher would be awarded for the best
performance on the task and a leader board with the highest ﬁve
scores achieved by the participants was displayed, to compare participant scores. They were also told that another £10 voucher
would be given to the participant recorded the greatest improvement in score between the two sessions. However, the latter of
these rewards was only announced before the start of the task
on the second day of testing, to eliminate the risk of a poor performance on the ﬁrst day of testing. These elements of social evaluation, competition, punishment and reward have been shown to
enhance the provocativeness of the task (Veldhuijzen van Zanten
et al., 2004). At the end of the stress task, participants were asked
to rate the task in terms of perceived difﬁculty, arousal, stressfulness, engagement, and perceived performance using a 7-point Likert scale, with anchors of 1 (‘not at all’) and 7 (‘extremely’).
2.5. Procedure
Participants completed two conditions scheduled seven days
apart (Fig. 1), with the order of the conditions counter balanced
across participants. The control condition consisted of a 45 min
rest session in the morning, whereas the exercise condition consisted of an eccentric exercise task in the morning. Six hours after
the morning session, the participant completed the stress session.
The time between the morning sessions and the stress reactivity
sessions was chosen in order to start the afternoon session close
to the peak inﬂammatory response to eccentric exercise (MacIntyre et al., 2001; Paulsen et al., 2005; Philippou et al., 2009; Willoughby et al., 2003). All procedures were performed in a
temperature controlled (18 °C) laboratory. The start times for both
sessions was the same for each participant, with morning session

Fig. 1. The study protocol.

start times between 8:00 am and 10:00 am, and afternoon stress
sessions starting between 2:00 pm and 4:00 pm.
2.6. Morning session
Upon arrival in the laboratory, a blood sample was taken using a
21 gauge butterﬂy needle (Becton Dickinson, UK). Measures of limb
circumference and muscle soreness were obtained and participants
completed the eccentric exercise task or the rest task. After completion of these tasks, repeat measures of limb circumference and muscle soreness were taken. Both sessions lasted approximately 45 min.
2.7. Stress session
Upon arrival at the laboratory height and weight were measured, and the participant was instrumented with the cardiovascular equipment. The participant was then placed in a supine position
on a bed, where they remained throughout the session. Endothelial
function (a 12 min assessment) was assessed through ﬂow mediated dilation (data not reported). An 18 gauge cannula (Insyte, Becton Dickinson) was inserted into an antecubital vein of the
dominant arm of each participant. After the cardiovascular equipment was attached, the participant rested for 20 min (baseline rest
period) while watching a nature documentary (Life; BBC). Blood
ﬂow was measured during minutes 13, 15, 17 and 19. A resting
blood sample was taken at the end of the baseline rest period. After
practice of the mental stress task, participants completed two
8 min blocks of the mental stress task, with 1 min rest in between
blocks. During minutes 1, 3, 5 and 7 of each block, blood ﬂow was
recorded. ICG, ECG and blood pressure were recorded throughout
the session, however, ofﬂine analyses were conducted on only
the minutes during which blood ﬂow was measured.
2.8. Cardiovascular measures
Beat-to-beat arterial blood pressure was recorded continuously
during both the baseline and stress tasks using a Finometer (Finapres Medical Systems; Amsterdam, The Netherlands). A small cuff
was placed around the middle ﬁnger of the dominant hand of each
participant. From this output, continuous data was recorded via a
Power1401 (CED) connected to a computer programmed in Spike2
version 6 (CED). Cardiovascular parameters were derived from the
blood pressure waveform obtained from the recorded output and
this was then analysed ofﬂine. Systolic blood pressure (SBP) and
diastolic blood pressure (DBP) were calculated from each blood
pressure waveform recorded during the minute of assessment,
and then averaged for the periods of assessment. SBP and DBP were
used to calculate mean arterial pressure (MAP). Indices of cardiodynamic activity were recorded continuously using the Vrije Universiteit Ambulatory Monitoring System (VU-AMS, Amsterdam,
The Netherlands) (de Geus et al., 1995; Willemsen et al., 1996).
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This system used six Ag/AgCl spot electrodes (Invisatrace, ConMed
Corporation) to record electrocardiography (ECG) and impedance
cardiography (ICG), in line with published guidelines (Sherwood
et al., 1990). Ten second ensemble averages were scored and used
to determine Heart Rate (HR, bpm) and Cardiac Output (as a product of stroke volume and HR) (CO; l/min), Pre-Ejection Period (PEP;
ms) a measure of sympathetic activation, and the root mean square
of successive differences (rMSSD; ms) a measure of parasympathetic activation based on heart rate variability (HRV).
2.9. Blood ﬂow
Venous occlusion plethysmography, using a mercury-in-silastic
strain gauge, was used to measure forearm blood ﬂow (FBF) and
calf blood ﬂow (CBF). A strain gauge was ﬁtted around the widest
part of the non-dominant forearm and calf. One congestion cuff
was placed around brachial region of the upper arm and thigh
(SC12, Hokanson) and another at the wrist and ankle (TMC7,
Hokanson). The strain gauges were connected to a plethysmograph
(EC6, Hokanson), which produced a calibrated output voltage proportional to limb circumference with a frequency response of 0–
25 Hz. The plethysmograph signal was digitized at 100 Hz with
16-bit resolution, via a Power1401 (CED) connected to a computer
programmed in Spike2 version 6 (CED). The brachial and femoral
cuffs were inﬂated for 5 s to above venous pressure (40 mmHg),
using a rapid cuff inﬂator (E20, Hokanson) attached to an automated air source (AG101, Hokanson). This procedure allowed arterial inﬂow, while preventing venous return. After 15 s, the brachial
and femoral cuffs were inﬂated again. This was repeated three
times per minute. Throughout the minute of assessment, the wrist
and ankle cuff was manually inﬂated by Sphygmomanometer
(S300, Hokanson) to supra-systolic blood pressure (>200 mmHg),
to prevent any blood ﬂow into the hand and foot. Calibration and
blood ﬂow analysis was undertaken ofﬂine using Spike2 (CED). Increases in limb circumferences associated with inﬂation of the
cuffs were identiﬁed and for each of these, the slope was measured
between the upstroke of ﬁrst two pulses following cuff inﬂation.
The slope was assessed using a least squares ﬁt to the data to minimise the effects of outlying data points. Three measurements of
blood ﬂow (slopes in response to cuff inﬂation) occurred per minute, with these averaged to yield mean blood ﬂow per minute.
2.10. Limb circumference and muscle soreness
Limb circumference measurements were taken from the nondominant leg, with the participant asked to ﬂex their quadriceps,
to mark the widest part of the quadriceps. The participant then relaxed their leg in order to measure limb circumference. On a scale 1
(pain-free) to 100 (worst pain imaginable) (Melzack, 1987) participants rated the extent of their leg pain when resting (referred to
as resting leg pain) and when asked to mimic the exercise actions
(referred to as movement leg pain.
2.11. Blood sampling and analysis
Blood samples were taken at the start of each morning session
using a 21 gauge butterﬂy needle (Becton Dickinson, UK) inserted
to the antecubital vein of the non-dominant arm. During the stress
sessions a blood sample was taken using an 18 gauge cannula (Insyte, Becton Dickinson) inserted into an antecubital vein of the
dominant arm. Blood was collected into two 6 ml and one 2 ml
vacutainers containing potassium ethylene diaminetetraacetic acid
(K3EDTA) (Becton–Dickinson, UK). Both 6 ml samples were stored
on ice until centrifugation (1500g for 10 min at 4 °C) and plasma
was stored at 80 °C for later assessment of IL-6. Plasma IL-6
was measured in duplicate using high-sensitivity ELISA (Quantiki-

ne HS Human IL-6 ELISA, R&D Systems, UK) in accordance with the
manufacturer’s instructions. The reported sensitivity of the assays
was 0.039 pg/ml, with recorded intra-assay and inter-assay variations both <10%.
2.12. Data reduction and statistical analysis
For all cardiovascular variables, each of the four measurements
taken during baseline, Stress 1, and Stress 2 were averaged to establish a single Baseline, Stress 1, and Stress 2 value, respectively. Due to
the skewed distribution of the IL-6 data, IL-6 levels were logarithmically transformed to the base 10 and subsequent analyses were conducted on the log10 values. Analysis of Variance (ANOVAs) was
conducted on all baseline values in the control and exercise sessions.
Two Condition (Control, Exercise) by three Time (Baseline, Stress 1,
Stress 2) repeated measures ANOVAs were conducted on cardiovascular and vascular measurements, with Greenhouse-Geisser correction (Vasey and Thayer, 1987). For all ANOVAs, eta squared (g2) was
used as a measure of effect size, and, where appropriate, Newman–
Keuls post hoc comparisons are reported. Occasional missing data
are reﬂected in the reported degrees of freedom.
Reactivity (i.e., change) scores for all cardiovascular and vascular measures were calculated as the difference between the average stress value (calculated as the average between Stress 1 and
Stress 2) and the baseline value. Subsequently, Pearson correlations were conducted to examine the associations between the
resting inﬂammatory marker (IL-6) and vascular as well as cardiovascular reactivity. These analyses were conducted for the control
and exercise condition separately.
3. Results
3.1. Responses to the rest and eccentric exercise task
Table 1 displays the self-reported pain ratings and changes in
limb circumference, pre- and post-task for both the rest and exercise conditions, with a series of two time (pre-task, post-task) by
two condition (rest, exercise) ANOVAs conducted. In the exercise
condition, increases in limb circumference from pre- to post-task
as a result of exercise were demonstrated (F(1, 17) = 22.86,
p < 0.001, g2 = .57). Also higher self-reported pain in the exercising
leg at rest (F(1, 17) = 20.38, p < 0.001, g2 = .55) and when mimicking the exercise action (F(1, 17) = 17.33, p = .001, g2 = .51) were reported in comparison to the non-exercising leg. The mean average
self perceived exertion score for the exercise task was 15.9 ± 2.5,
with the mean weight used for the task 72.1 ± 14.7 kg. As expected,
no changes in limb circumference or pain were observed in the rest
condition (p’s > .05).
Analysis of the changes in IL-6 as a result of the exercise and
rest tasks were conducted through a two condition (control, exercise) by two time (pre-task, baseline) repeated measures ANOVA,
and is illustrated in Fig. 2.This analysis revealed a condition by
time interaction effect (F(1, 15) = 7.94, p = .013, g2 = .35), with further interrogation of this effect revealing that IL-6 was higher in
the exercise condition (F(1, 14) = 8.53, p = .011, g2 = .38) at the
baseline period in the stress reactivity session. No increases in IL6 were observed in the control (rest) condition. No difference in
IL-6 were observed in the blood samples obtained before the start
of the exercise and rest tasks (p’s > .05).
3.2. Self-reported task ratings
No differences in the performance score, perceived performance, perceived levels of stress, arousal, and engagement were
observed between conditions (p’s > .05).
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Table 1
Self reported pain responses and limb circumference changes to the task for both the exercise and rest condition.

EXERCISE TASK
Movement pain
Resting pain

Pre-task

Immediately post-task

Non-exercising leg
Exercising leg
Non-exercising leg
Exercising leg

2.44 (3.42)
2.83 (3.26)
1.83 (2.57)
1.83 (2.55)
50.27 (4.37)

3.72 (6.98)
22.17 (21.30)
2.44 (5.10)
15.11 (13.92)
51.16 (4.20)

F(1, 17) = 1.02, p > .05, g2 = .06
F(1, 17) = 17.33, p = .001, g2 = .51
F(1, 17) = .72, p > .05, g2 = .04
F(1, 17) = 20.38, p < 0.001, g2 = .55
F(1, 17) = 22.86, p < 0.001, g2 = .57

Non-exercising leg
Exercising leg
Non-exercising leg
Exercising leg

3.44
3.11
2.33
2.28
49.62

3.50
3.22
2.61
2.44
49.65

F(1, 17) = .07, p > .05, g2 = .00
F(1, 17) = .24, p > .05, g2 = .01
F(1, 17) = 2.03, p > .05, g2 = .11
F(1, 17) = .81, p > .05, g2 = .05
F(1, 17) = .46, p > .05, g2 = .03

Limb circumference (cm)
REST TASK
Movement pain
Resting pain
Limb circumference (cm)

(4.34)
(3.58)
(5.31)
(4.96)
(4.89)

(4.18)
(3.69)
(5.37)
(5.04)
(4.80)

Note: Values reported as mean ± SD. Movement pain refers to mimicking the exercise action; resting pain refers to the leg when resting in a stationary position with the knee
ﬂexed at 90 degree. Both pain scales rated using a scale of 0–100; 0 = no pain, 100 = worst pain imaginable.

0.2

Control (rest)
Exercise

3.4. Associations between inﬂammation and physiological responses to
mental stress

*

0.1

Pearson correlation analyses were undertaken to examine the
relationships between the marker of inﬂammation and the physiological responses to mental stress in both the control and exercise
conditions. These analyses revealed no associations between IL-6
and any of the vascular assessments.

log10 IL6 (pg/ml)

0.0
-0.1
-0.2

4. Discussion
-0.3
-0.4
-0.5
Pre-task

Baseline

Fig. 2. The IL-6 responses to the rest and exercise tasks
between condition (p < .02).

⁄

indicates differences

3.3. Physiological responses to mental stress
3.3.1. Cardiovascular responses to mental stress
Fig. 3 depicts the HR, CO, PEP, rMSSD, SBP and DBP responses to
mental stress in the control and exercise conditions. Separate 2
Condition (Control, Exercise) by 3 Time (Baseline, Stress 1, Stress
2) repeated measures ANOVAs yielded main effects for time for
HR (F(2, 16) = 31.47, p < .001, g2 = .74), CO (F(2, 14) = 8.87,
p = .022, g2 = .26), PEP (F(2, 9) = 11.46, p = .002, g2 = .52), rMSSD
(F(2, 14) = 16.15, p < .001, g2 = .63), SBP (F(2, 16) = 26.47, p < .001,
g2 = .61) and DBP (F(2, 16) = 23.06, p < .001, g2 = .54). Newman–
Keuls post hoc analyses revealed that HR, CO, SBP, and DBP increased, whereas PEP and rMSSD decreased in response to stress.
No condition effects or condition by time interaction effects were
seen for CO, HR, PEP, rMSSD, SBP and DBP (all p’s > .05).
3.3.2. Vascular responses to mental stress
Forearm and calf blood ﬂow responses to mental stress are
illustrated in Fig. 4. The 2 Condition  3 Time ANOVAs revealed
signiﬁcant main effects for time for forearm (F(2, 16) = 21.40,
p < .001, g2 = .66) and calf (F(2, 15) = 8.08, p = .004, g2 = .31)) blood
ﬂow. No condition effects were evident for FBF or CBF, but a condition by time interaction effect was evident for CBF (F(2, 15) = 6.83,
p = .002, g2 = .32). Newman–Keuls post hoc analysis of this interaction effect for CBF, revealed a greater stress-induced increase in
CBF in the control condition compared to the exercise condition.
No interaction effect was observed for FBF (p > .05).

The aim of this study was to determine whether exercise-induced inﬂammation moderated the vascular responses to mental
stress, and thereby evaluate the possibility that inﬂammation
might be a contributory factor for the triggering of myocardial
infarction by stress. Our eccentric exercise task successfully induced an acute systemic inﬂammatory response: the eccentric
exercise task caused an increase in IL-6 level reaching 2.5 pg/ml
on average, which is similar to the levels of inﬂammation induced
by a vaccination in healthy participants (Paine et al., 2012a).
Importantly, these levels of IL-6 are also similar to those found in
patients with coronary artery disease (Kop et al., 2008) and myocardial infarction (Ridker et al., 2000). Likewise, limb circumference and self-reported pain increased immediately post exercise,
providing corroborative evidence for an inﬂammatory state.
Importantly, prior eccentric exercise attenuated the vasodilatory
response to mental stress in the calf (i.e. the limb where the exercise had been undertaken). However, exercise did not inﬂuence
either blood ﬂow responses in the forearm or cardiovascular reactions to stress. Taken together, our ﬁndings reveal that the effects
of exercise-induced inﬂammation were conﬁned to the site of muscle damage and were not widespread. Thus, we show here that
eccentric exercise is capable of producing local rather than systemic inﬂammatory effects.
The effect of eccentric exercise-induced inﬂammation was speciﬁc to the measure of vascular function, as no changes in any of
the cardiovascular measures (HR, SBP, DBP or CO) were observed.
This provides further evidence that inﬂammation may not alter
these variables at rest or in response to stress, as has been observed
in other studies (Paine et al., 2012a). As the current study design
was counter balanced and as no differences in the perception of
the stress task were observed, the lack of any cardiovascular
changes cannot be attributed to habituation to the task. Indeed,
habituation is not a characteristic of this stress task (Paine et al.,
2012a; Veldhuijzen van Zanten et al., 2009, 2005; Willemsen
et al., 1998).
The attenuated calf blood ﬂow responses to mental stress in the
exercise-based exercise condition may be attributable to several
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Fig. 3. Mean ± SE responses to mental stress for HR, CO, PEP, HRV, SBP and DBP.

mechanisms. For example, sympathetic activation has been demonstrated to be involved in the vasodilatory response to mental
stress (Lindqvist et al., 1997, 1999). However, no changes in cardiac
sympathetic activation (reﬂected by a reduction in the cardiac preelection period) or parasympathetic withdrawal (reﬂected by our
reduced measure of heart rate variability) were evident between
the exercise and control conditions, and therefore it is unlikely that
the attenuated dilation demonstrated here could be attributed to
changes in sympathetic activation or parasympathetic withdrawal.
In addition, the stress-induced changes in cardiac sympathetic and
parasympathetic activity in both the control and exercise condition
were not associated with changes in stress-induced blood ﬂow.
However, local sympathetic activation was not measured in this
study, and as such the role of local sympathetic activation in
stress-induced vasodilation at the site of the vasculature remains
to be determined.

⁄

represents signiﬁcantly different from baseline (p < .05).

Another putative mechanism concerns NO. Its availability is the
most consistently cited mechanism for stress-induced vasodilation
(Joyner and Dietz, 2003; Joyner and Casey, 2009), with previous research establishing that blocking NO production results in an
attenuated stress-induced vasodilation (Cardillo et al., 1997; Dietz
et al., 1994; Joyner and Dietz, 2003; Joyner and Casey, 2009; Sarabi
and Lind, 2001). Increases in blood ﬂow in response to mental
stress occur through up-regulation of eNOS in the vascular endothelium (due to increases in shear stress), which consequently increase NO availability (Nishida et al., 1992). Moreover,
inﬂammation has been shown to reduce endothelial function at
rest via reduced NO availability (Clapp et al., 2004). Unfortunately,
to test the effect of inﬂammation on NO, direct measurements of
NO would be needed, which are notoriously difﬁcult and unreliable
(Wadley et al., 2012) and therefore the direct inﬂuence of inﬂammation on NO in vivo must remain speculative. Indeed, it is cur-
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rently not known if inﬂammation affects NO uptake or usability.
NO levels may be lowered through enhanced NO removal through
increases in oxidative stress (Gao et al., 2007), reductions in eNOS
activation (Goodwin et al., 2007), or eNOS uncoupling (Rabelink
and van Zonneveld, 2006). Elevations in oxidative stress, as a consequence of systemic inﬂammation (Forstermann, 2008), would
lead to increased synthesis of reactive oxidative species (ROS) in
the vascular wall and reduced NO (Forstermann, 2008). Eccentric
exercise has previously resulted in increases in markers of oxidative stress such as free radicals, glutathione, lipids and protein oxidation (Nikolaidis et al., 2008; Theodorou et al., 2011), as well as
increases in intra-muscular TNF-a (Peake et al., 2005b), which contributes to increases in oxidative stress (Zhang et al., 2009). Increases in superoxide production and reactive oxidative species
(ROS) can lead to reduction in BH4 (Cosentino and Luscher, 1999;
Sindler et al., 2009; Vásquez-Vivar et al., 1998), which enhances
eNOS uncoupling and reduces NO production. To our knowledge,
little is known about the effects of acute eccentric exercise with
BH4. However, increases in vaccine-induced increases in inﬂammation can reduce BH4 availability, and result in endothelial dysfunction (Antoniades et al., 2011). Therefore, a reduction in BH4
availability is important, given the roles of BH4 in maintaining
endothelial function and protecting the vasculature from inﬂammation induced endothelial dysfunction (Antoniades et al., 2011).
BH4 is critical to NO production through other pathways such as
eNOS activation, where L-arginine is converted to produced NO
(van Zonneveld et al., 2010; Zhang, 2008), can only occur in the
presence of BH4 (Delp et al., 2008; Sindler et al., 2009). Therefore,
a reduction in L-arginine would result in decreases in eNOS activation (Darley-Usmar et al., 1995; Förstermann and Münzel, 2006;
Morris, 2000). Increases in inﬂammatory markers in vitro have
been demonstrated to reduce L-arginine in aortic endothelial cells,
and thus may be a mechanism for reduced NO (Goodwin et al.,
2007; Zhang et al., 2009). However, despite increases in inﬂammation reducing NO levels through these outline pathways, the methodological issues with measuring NO in blood (Wadley et al., 2012)
mean that these must remain speculative, and require further
investigation.
In contrast to other protocols that have been used to determine
the effects of inﬂammation on vascular responses to stress (Paine
et al., 2012a), the current eccentric exercise protocol attenuated
vascular response in the calf but not in the arm. The discrepant
ﬁndings could be due to the different methods used to induce
inﬂammation; vaccination versus eccentric exercise. The inﬂammatory response to vaccination occurs in response to the bacterial
infection which is injected into the muscle, with the innate immune system instigating the response (Medzhitov, 2008). In con-

trast, eccentric exercise results in a more substantial localised
inﬂammatory response (Bruunsgaard et al., 1997; Willoughby
et al., 2003), than the response that occurs to vaccination (Medzhitov, 2008), and induces a localised inﬂammatory response as a result of myoﬁbril damage and disruption of sarcomere excitationcoupling (Nosaka et al., 2002; Proske and Morgan, 2001). Increases
in leukocytes in response to leg eccentric exercise have been demonstrated as soon as one hour posts exercise (Paulsen et al., 2005).
As more is known about the inﬂammatory response to infection
than to tissue injury (Medzhitov, 2008), the exact mechanisms
through which muscle damage can induce an inﬂammatory response currently remain speculative.
The current study demonstrated an increase in the markers that
indicate a localised inﬂammatory response (i.e., limb circumference and pain). Thus, the differences in the inﬂammatory responses to vaccination and exercise may be the reasons for the
attenuation in blood ﬂow, which was only evident at the site proximal to the site of the inﬂammatory stimulus (i.e., the leg muscles).
However, it should be noted that IL-6 increased, indicating that a
systemic response to eccentric exercise was also observed in addition to these local indicators of inﬂammation. This ﬁnding is in line
with previous research (Edwards et al., 2007, 2010; Hirose et al.,
2004). Thus, even though it is acknowledged that the inﬂammatory
response to eccentric exercise is induced locally, an increase in
inﬂammation is also detected systemically. This is in line with
the work conducted in dental surgery, where an invasive local procedure results in a systemic increase in inﬂammation (D’Aiuto
et al., 2005; Graziani et al., 2010; Tonetti et al., 2007). Interestingly,
the incidence of acute cardiac events is increased following a dental procedure (Minassian et al., 2010), which is most likely due to
the increase in inﬂammation.
To the best of our knowledge, only one study has examined the
effects of acute eccentric exercise on the vasculature. This study revealed that both arm and leg eccentric exercise induced signiﬁcant
increases in pulse wave velocity, measured between the carotid
and femoral artery, indicative of increases in arterial stiffness
(Barnes et al., 2010). However, these increases were only relatively
small (3–5% changes), which suggests that greater increases might
have been detected if the vascular assessment was undertaken at a
site more proximal to the source of inﬂammation.
The differences in the calf and forearm blood ﬂow responses to
stress observed in the current study may not be as a result of the
inﬂammation and other changes evoked by eccentric exercise. Indeed, as other studies have also noted differences in the FBF and
CBF responses to stress (Carter et al., 2005; Paine et al., 2012a).
Such limb-related differences in blood ﬂow have been hypothesised to be due to differences between vascular beds, with further
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evidence of differences in the responses to stress of different organs (Hayashi et al., 2006). Likewise, limb vascular responses have
been found to be unrelated to systemic vascular responses to stress
(Paine et al., 2012b), and thus the observed differences among
measures collected from the different areas of the vasculature
may be an alternative reason for the differences in calf and forearm
blood ﬂow observed in this study.
No associations were observed between IL-6 and the vascular
responses to stress. IL-6 was chosen as a marker of inﬂammation
due its role in altering NO availability in vitro (Hung et al., 2010),
as well as its prominent appearance after eccentric exercise (Croisier et al., 1999; Depner et al., 2008; Jackman et al., 2010; Miles
et al., 2008; Steensberg et al., 2002, 2000; Willoughby et al.,
2003). Given that the peak IL-6 response is most commonly reported to be at 6 h post eccentric exercise (MacIntyre et al.,
2001; Paulsen et al., 2005; Philippou et al., 2009; Willoughby
et al., 2003), associations between IL-6 and vascular measures taken in this study were examined when IL-6 levels were maximal.
Associations between inﬂammatory markers and SBP have been
demonstrated in a middle aged population in response to aerobic
exercise (Hamer and Steptoe, 2012), however, the lack of associations between IL-6 and vascular responses to mental stress have
been reported in another study (Paine et al., 2012a). Therefore,
IL-6 increases may be representative of an inﬂamed state rather
than being a direct cause for the attenuated stress-induced vascular responses.
Another reason for the lack of association between inﬂammation and the blood ﬂow responses to stress may be down to the
choice of inﬂammatory marker. Indeed, it is important to note that
only IL-6 was assessed as an indication of increased inﬂammation
and this could be considered a potential limitation. IL-6 was chosen
for two reasons. First, the appearance of IL-6 in response to exercise should indicate the presence of other unmeasured pro-inﬂammatory cytokines, such as TNF-a and IL-1, since this key
inﬂammatory-responsive cytokine is an important mediator of
the acute inﬂammatory phase response (Moldoveanu et al.,
2001). IL-6 also induces anti-inﬂammatory effects, such as increasing the production of C-reactive protein (CRP) (Ekstrom et al.,
2008; Möller and Villiger, 2006), and thus is a suitable marker to
indicate increases in inﬂammation. Second, IL-6 has been consistently shown to be present in the blood following eccentric exercise. The evidence for systemic increases in other inﬂammatory
markers is more equivocal in contrast to their increases when measured intra-muscularly (e.g., TNF-a (Peake et al., 2005a; Ross et al.,
2010; Steensberg et al., 2002)). Moreover, evidence shows that
these other cytokines are frequently not elevated 6 h post exercise
(e.g., CRP (Paulsen et al., 2005; Barnes et al., 2010)). Finally, a recent review suggested that concluded that increases in IL-6 in response to exercise may also be as a result of skeletal muscle
contractions (Pedersen and Febbraio, 2012), in addition to the
inﬂammatory response.
Despite this mixed evidence, a fuller investigation into the effects of other inﬂammatory cytokines on vascular responses to
stress seems warranted. For example, previous observational studies have seen associations between inﬂammation (as indexed by
CRP) and vascular function at rest (e.g., (Cleland et al., 2000; Verma
et al., 2002, 2004). Moreover, the greatest increases in total vascular resistance in response to stress were demonstrated in patients
with the greatest levels of CRP (Veldhuijzen van Zanten et al.,
2008), while basal CRP levels have been linked to the presence of
mental stress-induced ischaemia (Shah et al., 2006). However, elevations in CRP have only been noted at least 24 h post eccentric
exercise (Barnes et al., 2010; Paulsen et al., 2005), and, therefore,
we expected that CRP would not have been elevated 6 h post exercise, which was the time point at which the stress task was conducted. Indeed, IL-6 increases occur more quickly than CRP and

can stimulate CRP production (Zakynthinos and Pappa, 2009).
Whilst CRP is an acute phase protein, it has also been used in studies as a marker to indicate chronic levels of inﬂammation, and may
therefore be indicative of an inﬂamed state (Libby, 2006). However,
recently published large-scale studies have questioned the role of
CRP as a predictor of cardiovascular disease (Emerging Risk Factors
Collaboration et al., 2010; Heart Disease Genetics Collaboration
CRPC, 2011), and thus the utility of CRP as a predictor of the responses to stress has still to be determined.
In conclusion, eccentric exercise-induced inﬂammation induced
an attenuation of the vasodilatory response to mental stress. This
key ﬁnding is similar to that found in a previous study that used
vaccination to cause inﬂammation (Paine et al., 2012a). Here, the
effect of prior exercise on the vasculature was only seen in the limb
that had performed the exercise, indicating a localised effect of
inﬂammation. However, even though inﬂammation was induced
locally, an increase in systemic inﬂammation was detected. This
is in line with evidence in dental studies, where a dental procedure
locally induced inﬂammation that caused systemic inﬂammation,
which is associated with an increased risk for acute cardiac events
(D’Aiuto et al., 2005; Graziani et al., 2010; Minassian et al., 2010;
Tonetti et al., 2007). The ﬁndings of the current study indicate that
inﬂammation plays a role in inﬂuencing the vascular responses to
stress. Given that elevated inﬂammation is a risk factor for myocardial infarction, the responses of the vasculature to mental stress
observed during elevated levels of inﬂammation may represent a
pathway through which mental stress could trigger myocardial
infarction. Future studies assessing the effect of experimentally induced inﬂammation on stress-induced myocardial ischaemia are
necessary to conﬁrm this. In addition, future research should continue to explore the mechanisms through which elevations in
inﬂammation may attenuate the vascular responses to stress. Studies designed to examine the effects of reducing inﬂammation on
vascular responses to stress are now required particularly given
evidence that the effects of acute inﬂammation on resting vascular
function are reversible (Bhagat and Vallance, 1997).
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