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a  b  s  t  r  a  c  t

Commuting  by bike  has  a  clear health  enhancing  effect.  Moreover,  regular  exercise  is  known  to improve
brain  plasticity,  which  results  in  enhanced  cognition  and  memory  performance.  Animal  research  has
clearly  shown  that  exercise  upregulates  brain-derived  neurotrophic  factor  (BDNF  –  a  neurotrophine)
enhancing  brain  plasticity.  Studies  in  humans  found  an  increase  in  serum  BDNF  concentration  in response
to  an  acute  exercise  bout.  Recently,  more  evidence  is emerging  suggesting  that  exposure  to  air  pollution
(such as  particulate  matter  (PM))  is higher  in  commuter  cyclists  compared  to  car  drivers.  Furthermore,
exposure  to PM  is  linked  to negative  neurological  effects,  such  as  neuroinflammation  and  cognitive
decline.  We  carried-out  a cross-over  experiment  to examine  the  acute  effect  of  exercise  on serum  BDNF,
and the  potential  effect-modification  by  exposure  to  traffic-related  air pollution.  Thirty  eight  physically
fit,  non-asthmatic  volunteers  (mean  age:  43,  26%  women)  performed  two cycling  trials,  one near  a major
traffic  road  (Antwerp  Ring,  R1,  up  to 260,000  vehicles  per day)  and  one  in an  air-filtered  room.  The  air-
filtered  room  was  created  by reducing  fine  particles  as  well  as  ultrafine  particles  (UFP).  PM10,  PM2.5  and
UFP were  measured.  The  duration  (∼20  min)  and  intensity  of cycling  were  kept  the same  for  each  vol-
unteer  for  both  cycling  trials.  Serum  BDNF  concentrations  were  measured  before  and  30 min after  each
cycling  trial.  Average  concentrations  of  PM10  and  PM2.5  were  64.9  �g/m3 and  24.6  �g/m3 in cycling  near
a  major  ring  way,  in  contrast  to 7.7 �g/m3 and  2.0  �g/m3 in  the  air-filtered  room.  Average  concentrations
of  UFP  were  28,180  particles/cm3 along  the  road  in contrast  to 496  particles/cm3 in the  air-filtered  room.
As  expected,  exercise  significantly  increased  serum  BDNF  concentration  after  cycling  in the  air-filtered
room  (+14.4%;  p = 0.02).  In contrast,  serum  BDNF  concentrations  did  not  increase  after  cycling  near the
major  traffic  route  (+0.5%;  p = 0.42).  Although  active  commuting  is considered  to be beneficial  for  health,
this  health  enhancing  effect  could  be  negatively  influenced  by  exercising  in  an environment  with  high
concentrations  of PM.  Whether  this  effect  is  also  present  with  chronic  exercise  and  chronic  exposure
must  be  further  elucidated.

© 2011 Elsevier Ireland Ltd. All rights reserved.

Physical activity has significant health benefits, for example in
the prevention of cardiovascular diseases [24]. Extensive research
is now showing that it also has substantial benefits for psy-
chological health and cognition [16]. Exercise not only improves
cognitive function in normal individuals, but is also associated with
a lower risk for depression, Alzheimer’s disease and other types of
neurodegenerative diseases [21]. Both clinical and animal stud-
ies have repeatedly demonstrated that exercise benefits neuronal
function [30], promotes brain vascularisation [18], stimulates neu-
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rogenesis and enhances learning [29]. Exercise elevates levels of
neurotrophic factors, factors that regulate the proliferation and dif-
ferentiation of cells in the central nervous system. Among these
factors brain-derived neurotrophic factor (BDNF) is a molecule that
is consistently demonstrated to be upregulated with exercise. BDNF
has been shown to be necessary for long-term potentiation, a neu-
ral analogue of long-term memory formation, and for the growth
and survival of new neurons. Both animal [7,29],  and human studies
[14,20] have demonstrated that BDNF increases with exercise.

The health-enhancing potential of physical activity can be
accomplished by incorporating physical activity into the daily
life routine, this can be performed by active commuting to work
(commuter cycling). Our previous studies clearly showed that
cycling to work improves physical performance in untrained
middle-aged men and women and decreases the risk of coro-
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nary heart diseases [9,10].  However, most of the commuting is
performed in urbanised environment where traffic-related air pol-
lution is becoming increasingly important [33]. Moreover, exercise
increases ventilation. Recently, Int Panis et al. [17] calculated that
minute ventilation while cycling is on average 4.3 times higher
compared to driving a car, with significant increases in inhaled �g
PM2.5/km and �g PM10/km as a result. Evidence showed that an
athlete running at 70% of maximal oxygen uptake for the length of
a marathon (ca 3 h) inhales the same volume of air as a sedentary
person would in 2 days [22]. In addition to the elevated ventilation
rate, the switch from nasal to mouth breathing during intensive
exercise and an increased airflow velocity carries pollutants deeper
into the lungs, and further amplifies the subject’s inhaled dose of
pollutants [22].

It is now reasonably well established that both short-term
and chronic air pollution exposures are related to cardiovascu-
lar diseases, but there is also mounting evidence that exposure
to air pollution can cause brain damage and neurodegeneration.
Calderon-Garcidueñas et al. [5] have previously shown that long-
term exposure to air pollution causes neuroinflammation and a
disruption of the Blood-Brain Barrier. These authors documented
with MRI  prefrontal lesions and cognitive deficits in children
exposed to ambient air pollution in Mexico City [5].  Also other
studies emerged showing associations between long-term expo-
sure and cognitive impairments in healthy adults and children
[25,31]. The molecular toxicity of air pollution and especially diesel
exhaust is suggested to include oxidative stress-mediated inflam-
mation [8].  The smaller fraction of inhaled PM is able to move to the
brain via olfactory nerves, or through inhalation and circulation,
but it also indirectly affects the brain through induction of sys-
temic inflammation [2]. We  recently found that cyclists that were
briefly exposed to traffic-related air pollution showed an increase
in inflammatory blood cells [19].

It is clear that exercise has positive effects on brain health, and
that air pollution can negatively influence cognition. Since expo-
sure during commuting may  represent an important fraction of
the daily exposure to air pollution [11], we designed a controlled
cross-over experiment in which we measured the exercise-induced
release of BDNF in healthy subjects while cycling near a major
motorway with busy traffic and in a room with filtered air. We
hypothesize that the exercise-induced increase of serum BDNF will
be reduced while cycling in polluted air.

All subjects were taking part in the ‘SHAPES injury surveillance
system’ [17]. A part of this study was already published, see Jacobs
et al. [19], for detailed materials and methods.

The study was approved by the Ethics Review Board of the Med-
ical Faculty of the Free University of Brussels. All subjects signed a
written informed consent. Participants performed two  cycling tri-
als, one near a major traffic road and one in a “clean room”, 12–29
days apart. The major traffic road, called the Antwerp Ring, is a
10-lane motorway with approximately 260,000 vehicles (includ-
ing ∼50,000 trucks) per day, making it the busiest road section
in Belgium. The preselected route along the Antwerp Ring is a
dedicated cycling path situated between 10 and 100 m from the
edge of the motor way. Participants cycled at the same intensity
and speed as their everyday cycling to and from work, carrying
a heart rate monitor (Polar X-Trainer Plus, Polar Electro OY, Kem-
pele, Finland). The bicycle was equipped with a GRIMM (1.108 Dust
Monitor) measuring PM10 and PM2.5 and a P-TRAK Ultrafine Parti-
cle Counter (TSI Model 8525) measuring UFP. PM10, PM2.5 and UFP
were removed from the air in the clean room by use of a Bionaire®

Mini Tower air purifier (The Holmes Group, Inc., Milford, USA),
MadicCleanAir® (Häri-Prolectron AG, Bronschhofen, Switzerland)
and the Genano® 310 (Genano OY, Espoo, Finland). In the clean
room, load of the cycle ergometer was adapted for each partici-
pant to achieve a steady state heart rate equal to the individual
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Fig. 1. Concentrations of PM10 and PM2.5 in �g/m3 in the clean room and road test
(mean ± SD). Particle concentrations of PM10 and PM2.5 were significantly higher
during the road test compared to the clean room (*p < 0.001).

average heart rate reached during the road test. Duration of the
trial was for each individual equal to that of the road test. GRIMM
and PTRAK measured particles in the direct surrounding of the
participant. Temperature and relative humidity were constantly
measured using a portable thermo-Hygro-Barometer (ATC-09, Atal
Commeter, Purmerend, The Netherlands) and adjusted if necessary.

A venous blood sample was  drawn, before and 30 min  after
the exercise bout. Serum was analyzed for concentration of BDNF
(ELISA; Chemicon, Temecula, CA).

Differences in concentrations of PM10, PM2.5 and UFP between
road test and clean room test were compared by paired T-test
statistics. Duration and intensity of cycling as well as average venti-
lation per minute was compared by paired T-test statistics. Baseline
BDNF concentrations of both exposure scenarios (clean room and
Antwerp Ring) as well as the post-cycling concentrations were
compared by analysis of variance (Friedman post test).

Thirty-eight non-asthmatic, physically fit subjects (26% women,
mean age 43 years, mean BMI  24 kg/m2) participated in this study.
Three subjects were excluded from the data analysis due to tech-
nical failure. Participants cycled at 74.0 ± 8.6% and at 74.1 ± 8.8%
of the maximal heart rate in the road test and in the clean room,
respectively. The duration of cycling, the heart rate and the aver-
age ventilation per minute did not differ significantly between the
two experimental settings (Antwerp ring and clean room). Average
temperature was higher in the clean room and relative humidity
was lower.

The ambient air pollution (PM10), measured in the automatic
monitoring network, was  the same in the week of the road test
compared with the week of the ‘clean room’ (24.4 �g/m3 versus
23.3 �g/m3, p = 0.77). The average concentrations of particles the
participants were exposed to during the road test were significantly
higher compared to the test in the clean room. Average concen-
trations of PM10 and PM2.5 were 64.9 �g/m3 and 24.6 �g/m3

respectively, in contrast to 7.7 �g/m3 and 2.0 �g/m3 in the clean
room (Fig. 1). The average concentrations of UFP  were 28,180
particles/cm3 along the road in contrast to 496 particles/cm3 in
the clean room (Fig. 2).

Comparison of serum BDNF concentrations in the four condi-
tions, which were before and after cycling in Antwerp and in the
clean room, showed a significant difference in the serum BDNF
concentrations (p = 0.04). Serum BDNF concentrations increased
significantly after cycling in the clean room (p = 0.02; Fig. 3). In
contrast, BDNF serum concentrations pre/post cycling along the
Antwerp Ring did not differ significantly (p = 0.42; Fig. 3). Baseline
values of BDNF (before cycling) did not differ significantly between
the clean room test and the road trial (p = 0.07; Fig. 3). Comparison
of the values post-cycling did not show any significant differences
(p = 0.74; Fig. 3).

BDNF values pre/post cycling showed a significant increase after
cycling in the clean room, which was not found in response to
cycling along the Antwerp Ring.
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Fig. 2. UFP concentration in particles/cm3 in the clean room and road test
(mean ± SD). UFP concentration was significantly higher during the road test com-
pared to the clean room (*p < 0.001).

The average UFP concentration measured along the road was
28,867 particles/cm3, which is lower compared to Strak et al. [27]
and McCreanor et al. [23], in which participants were exposed to a
mean particle number concentration of 44,090 particles/cm3, and
64,000 particles/cm3 respectively. However, these studies com-
pared the high exposure scenarios with low-exposure scenarios,
which still had an average concentration of 27,813 particles/cm3

and 18,300 particles/cm3. Unlike these studies, the low exposure
scenario in our study was done in an air-filtered room, with an
UFP concentration as low as 496 particles/cm3. Exposure duration
of 20 min  was short compared to 1 h in Strak et al. [27] and 2 h in
McCreanor et al. [23]. However, in this study participants cycled
at 75% VO2 max, which results in enhanced ventilation rate and
increases exposure compared to walking which was  performed by
the participants in McCreanor et al. [23].

The increase in serum BDNF (+14%) after exercise in the clean
room is consistent with literature, where a transient increase of
BDNF in serum is found in response to a single exercise bout [15,20].
Most studies on human subjects found an increase in BDNF rang-
ing from 11.7% to 410.0% following acute exercise, with acute high
intensity exercise protocols having larger increases in BDNF con-
centrations than acute low intensity exercise protocols [20]. The
exercise intensities in both experimental settings described in this
paper were mild, being 75% of maximal heart rate. The duration of
both cycling trials was the same and set to be approximately 20 min,
as this is the duration of an average commuting trip. The short dura-
tion and moderate intensity of the exercise trials can explain the
rather small increase of 14% in peripheral BDNF after cycling in the
clean room.

Studies in humans exposed to experimentally controlled air pol-
lution in exposure chambers as well as real-life exposure along
traffic routes already showed acute increases in both lung and
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Fig. 3. Serum BDNF concentrations (ng/mL) before and after cycling in the road test
and the clean room test (mean ± SD). Serum BDNF concentrations were significantly
different (p = 0.04). BDNF concentrations increased significantly after cycling in the
clean room (*p = 0.02; n = 35).

systemic inflammation markers [3,13,23,27]. We  suggest that the
exposure to air pollution resulted in activation of an inflammatory
response and that this could be a potential cause of the blunted
exercise-effect on BDNF-levels. This is supported by the finding
that the percentage of blood neutrophils was  increased after cycling
along the Antwerp Ring, previously reported by Jacobs et al. [19].

Multiple studies have linked systemic inflammation with an
acute reduction of hippocampal BDNF levels. Recently Wu et al. [32]
found that inducing systemic inflammation by injecting in rats LPS
intraperitoneally, caused within 3 h an inflammatory status in the
substantia nigra and striatum and reduced the BDNF levels in the
substantia nigra (not in striatum). It is known that older individuals
frequently suffer from significant cognitive decline after an inflam-
matory event like an injury, surgery or infection [12,28].  In aged
rodents, induction of systemic inflammation by an intraperitoneal
injection of E. coli reduces mature BDNF concentration in hip-
pocampus and disrupts hippocampus-dependant memory, which
is strongly dependant on BDNF [1].  It is thought that systemic
infection disrupts the production of mature BDNF by increased
expression of IL1�, because administration of IL1 receptor antago-
nist can block the reduction of BDNF levels. In these animals, events
that triggered the activation of the peripheral innate immune sys-
tem induced an inflammatory response in the hippocampus, which
reduced the hippocampal BDNF levels [6].

On the other hand, it is suggested that exercise increases serum
BDNF levels, by increasing production and release from brain
regions like hippocampus [26]. Considering that systemic inflam-
mation is linked to a reduction of the hippocampal BDNF levels, it
is plausible that both effects counteracted in the cycling trial along
the Antwerp Ring.

Strength of the study is that differences in BDNF concentrations
cannot be caused by interplate differences because all BDNF values
were analyzed on the same ELIZA plate.

The study has limitations. Serum BDNF is known to originate
from multiple sources, for instance neurons, immune cells, etc. In
addition, serum BDNF levels vary in response to multiple triggers,
like time of the day, stress, diseases, etc. [4].  Although the study was
tightly controlled, for example for time of day, both trials were done
on different days and in different environments. The possibility
exists, therefore, that confounding factors coupled to the different
days or environments, other than air pollution exposure, influenced
the changes in BDNF levels during cycling. In other words, we do
not exclude that other factors along the Antwerp Ring could have
interfered with the exercise and affect the BDNF levels. However,
knowledge about determinants that influence BDNF is lacking and
only recently studies addressing this puzzle are emerging [4].

This study showed that exercise-induced increase in BDNF is
absent while cycling near a busy road where the concentration of
PM en UFP is much higher than in a controlled clean room. Although
it is tempting to speculate that the inflammation caused by PM
could be the explanation for these results, further research is nec-
essary to confirm this finding and to detect the possible mechanism.
It is suggested that increases in serum BDNF levels in response to
exercise, originate from increased production and release from the
brain [26]. For this reason, exercise is believed to benefit brain
plasticity and cognition. More research is needed to investigate
the effects of air pollution exposure on the neurological benefits
of acute and regular exercise.
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