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Exercise conditioning in acute ischemic stroke
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Abstract: In this article, we review the ways in which exercise promotes conditioning and neuroprotection in both clinical 
and scientific studies on acute ischemic stroke (AIS). The use of exercise as a preconditioning method for patients at risk for 
AIS is captivating to physicians because it is a cost-effective way to promote patient well-being. In fact, exercise is already an 
established rehabilitative method for AIS recovery. The effects of various exercise preconditioning intensities, intervals, and 
styles in animal and human studies are summarized in this review, including a brief summary of research trends in post-
stroke exercise. The potential mechanisms involved in exercise conditioning and neuroprotection are described, including 
interactions at the blood-brain barrier (BBB) and regulation of neuronal apoptosis, inflammation, and metabolism. We also 
consider limitations and raise recommendations for prospective future research in exercise conditioning and neuroprotection.
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Introduction
Currently, acute ischemic stroke (AIS) is among the leading 
causes of mortality worldwide. In the USA, it is the fifth leading 
cause of death (Mozzafarian et al., 2016) and the leading cause 
of long-term mental disability and physical handicap. AIS risk 
factors include those that are modifiable (e.g., blood cholesterol, 
pressure, and sugar; obesity; and smoking) and non-modifiable 
(e.g., age, family history, gender, and race). It is imperative that 
physicians and scientists help prevent and treat AIS in patients 
through reduction of their modifiable risk factors.

The ability of physical exercise to condition or its ability to 
improve, maintain, and restore body function before disease, 
such as AIS, is an intense area of ongoing investigation. 
Several meta-analyses correlate physical activity with better 
neurological outcomes in hemorrhagic, ischemic, and total 
strokes (Lee et al., 2003; Wendel-vos et al., 2004). In clinical 
studies, previously active patients experienced decreased 
neurologic dysfunction after AIS, which is regarded to be the 
result of exercise-induced modifiable risk factors: favorable 
carbohydrate and lipid profiles, healthy body weight, and 
lower blood pressure and sugar levels maintained through 
exercise (Gillum et al., 1996; Macko et al., 1997; Evenson et 
al., 1999; Hu et al., 2004). In animal models of cerebrovascular 
disease, such as the middle cerebral artery occlusion (MCAO) 
model of AIS, exercise preconditioning confers endogenous 
neuroprotection as evidenced through the decreased infarct 
volumes and improved functional recoveries observed in several 

studies (Endres et al., 2003; Ding & Li, 2004; Ding, Luan et al., 
2004; Ding et al., 2005; Ding, Ding et al., 2006; Ding, Li et al., 
2006; Ding, Mrizek et al., 2006; Davis et al., 2007; Guo, Cox 
et al., 2008; Guo, Lin et al., 2008; Chaudhry et al., 2010; Curry 
et al., 2010; Liebelt et al., 2010; Zwagerman, Sprague et al., 
2010).
AIS & Exercise Preconditioning:
In this section we will review the relevant animal studies that 
have contributed to our knowledge of exercise preconditioning 
in AIS with respect to exercise intensities, intervals, and styles. 
These elements of exercise are known to provide differential 
neuroprotection in animals experiencing cerebrovascular 
ischemia through MCAO. Afterwards, we will examine exercise 
intensities, intervals, and styles in human clinical studies. We 
will end this section by considering limitations of exercise 
preconditioning in clinical practice.

Neuroprotective effects are observed in rats preconditioned 
with both forced treadmill running (He, Wang et al., 2014) and 
voluntary wheel running (Kalogeraki, Pielecka-Fortuna et al., 
2016). In forced treadmill running, the rodents run at a slow 
pace over long intervals. Unlike these rats, those exercising 
ad libitum run faster and longer, but in shorter spurts (Noble 
et al., 1999). Even though rodents preconditioned with forced 
treadmill exercise ran shorter total distances, researchers 
measured significantly smaller brain infarcts and less neurologic 
deficits in this cohort (Hayes et al., 2008). Similarly, rats forced 
to run on a treadmill five days a week for eight to nineteen 
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weeks had reduced brain infarct volume after MCAO (Arrick, 
Yang et al., 2014). Rats that are exercise preconditioned for 
two to twelve weeks experienced a decreased lesion load 
and neuronal damage after MCAO (Stummer et al., 1994; 
Wang et al., 2001; Ang et al., 2003; Ding, Li et al., 2004; 
Davis et al., 2007; Jia, Hu et al., 2009; Curry et al., 2010; 
Liebelt, Papapetrou et al., 2010). This neuroprotective effect 
remains present for at least three weeks even after rodents stop 
exercising, which suggests that long-lasting protection is likely 
conferred through exercise training prior to cerebrovascular 
ischemia (Ding, Luan et al., 2004).

The two styles of exercise commonly employed in animal 
studies on exercise preconditioning are simple and complex. In 
simple exercise, subjects move on a running wheel or treadmill, 
which requires repetitive movements only. In complex 
exercise, subjects engage in enriched activities that demand 
equilibrium and proprioception (Ding et al., 2003). In rats 
conditioned with complex exercise, enhanced synaptogenesis 
and better functional outcomes were observed compared to 
rats conditioned with simple exercise consisting of treadmill 
running (Jones et al., 1999; Ding et al., 2003). Nevertheless, 
simple exercise still provides neuroprotection when compared 
to sedentary control animals (Ding et al., 2003).

Early clinical studies found that patients regularly exercising 
at moderate intensities and intervals had better functional 
outcomes after stroke (Larson et al., 2006). Similarly, a set 
of studies found that recovering stroke patients previously 
performing low to moderate intensity exercise prior to their 
AIS had less severe sequelae (Deplanque, Masse et al., 2006; 
Deplanque, Masse et al., 2012). However, these clinical 
studies were observational, which raises the possibility that 
confounding variables such as patient diet or smoking may 
have impacted their results. Moreover, the subjects were not 
randomized, making the results less generalizable among 
patients of diverse ages and races, which are important 
characteristics, as they are non-modifiable risk factors of AIS.

In a retrospective clinical investigation, patients reporting 
regular moderate physical activity had better functional 
outcomes than those reporting regular low or high intensity 
exercise at three months after AIS (Stroud, Mazwi et al., 
2009). The authors state that their research results might have 
been skewed by both patient recall bias and sampling bias. 
A more recent clinical study found that patients engaging in 
high intensity physical activities had better neuroprotection 
against AIS: they experienced less severe strokes upon hospital 
admission, lower infarct volumes, and reduced length of in-
hospital stays (Ricciardi, Lopez-Cancio et al., 2014). These 
findings are consistent with those obtained in murine models.

In a prospective cohort study, 27,348 patients were 
categorized as sedentary, moderately physically active 
(exercising one to three times a week), or highly physically 
active (exercising four or more times a week).  The patients 

were assessed over six years for transient ischemic attacks and 
AIS, and those in the third cohort had the lowest prevalence of 
cerebrovascular disease (McDonnell et al., 2013). An important 
limitation of their research design is that patients might have 
changed their exercise habits over the six years of the study. 
A recent clinical investigation found that patients engaging in 
moderate to high intensity exercise even one to two times a 
week might be better protected against AIS (Jeong et al., 2017). 
In humans, there are four types of exercise: aerobic/endurance, 
balance, flexibility, and resistance/strength. However, data on 
exercise style in humans and functional outcomes after stroke 
are lacking; thus, it is essential to consider style of exercise in 
future research endeavors on exercise conditioning and stroke.

AIS & Exercise in the Recovery Phase / Rehabilitation:

In recovering animals engaged in exercise after MCAO, the 
effects of physical activity are either negative or positive 
depending on exercise intensity and interval or timing after 
cerebrovascular ischemia. In a recent study, rats underwent 
MCAO and were assigned to one of three exercise intensity 
regimens. Those performing high-intensity exercise recovered 
motor and physical functions earlier than control and treatment 
groups (Wang et al., 2016). As for temporal concerns, rodents 
exercising very early (6 hours) and early (24 hours) after 
MCAO had elevated stress response protein levels, such 
as HIF1-α (hypoxia-inducible factor 1-α) and Hsp70 (heat 
shock protein 70 kDa), and inflammatory cytokines like IL-1ß 
(interleukin 1ß) and TNF-α (tumor necrosis factor-α), factors 
exacerbating ischemic injury (Li et al., 2017). In contrast, rats 
engaged in physical activity one day after MCAO experience 
diminished BBB damage, cerebral edema, and inflammation 
(Zhang et al., 2013; Zhang et al., 2016). Similarly, in exercise-
trained rodents, depressed neuronal apoptosis occurs at one 
day after MCAO, which positively correlates with cognitive 
functions involving learning and memory (Li et al., 2014). 
Furthermore, rats exercising three days after MCAO had 
lower expression of inflammatory cytokines and stress 
proteins (Li et al., 2017). Moreover, rodents exposed to an 
enriched environment after MCAO have better neurological 
functioning and higher penumbral vascular density than time-
matched controls (Xie et al., 2018). Thus, rats exercising after 
cerebrovascular ischemia injuries obtain neuroprotective effects 
associated with amplified angiogenesis (Pang et al., 2017; Xie 
et al., 2018), enhanced neurotrophin expression (Vaynman et 
al., 2005), and neurogenesis (Leasure et al., 2010; Zhang et al., 
2013; Pang et al., 2017).

In patients surviving stroke, there are often profound 
physical deficits, such as apraxia, ataxia, and hemiparesis, 
which make exercising difficult especially in the early recovery 
phase. The most recent exercise guidelines for patients after AIS 
recommend aerobic exercise at twenty- to sixty-minute intervals 
three to five times a week, endurance and muscular strength 
training two to three days a week, and neuromuscular activities 
like tai chi or yoga two to three days a week (Billinger et al., 
2014). In addition, it is recommended that physicians advise 
capable patients to perform low-intensity exercise and higher-
intensity exercise for those who are physically fit enough, as 
the health benefits are greater (Boyne et al., 2014; Billinger et 
al., 2015). At the chronic recovery phase, patients engaged in 
exercises involving gait and weight-shift training have improved 
balance and coordination needed for walking (Van Duijnhoven 
et al., 2016). The Preferred Reporting Items for Systemic 
Reviews and Meta-Analyses (PRISMA) study found that both 
aerobic exercise and strength training significantly improved 
cognitive functions, including attention span and processing 
speed, in patients engaged in these physical activities in the first 
three months after stroke (Oberlin et al., 2017). These cognitive 
effects might be attributed to exercise increasing cerebral 

Figure 1.  Exercise Preconditioning in the MCAO Model. A-B: In rats 
that are exercise preconditioned two to twelve weeks prior to MCAO 
(A), there are fewer neurological defects and reduced brain infarct 
volumes compared to sedentary rodents (B).
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perfusion in patients after AIS (Robertson et al, 2017). A meta-
analysis of controlled randomized clinical trials concluded 
that early exercise interventions in patients within the first six 
months after stroke coincided with significant reductions in 
blood cholesterol and pressure (Wang et al., 2018). In sum, 
post-stroke rehabilitative exercise has two important effects: it 
improves patients’ functional outcomes and is a cost-effective 
means for preventing future strokes by reducing modifiable risk 
factors in survivors.

Potential Mechanisms:

A better understanding of the cellular and molecular 
mechanisms involved in  exerc ise  condi t ioning and 
neuroprotection is needed to provide physicians and scientists 
with the theoretical foundation to develop and test future 
therapeutic interventions for AIS. In exercise conditioning, 
the increased release of growth factors such as neurotrophins 
upregulate neurogenesis and synaptic plasticity as explained 
briefly below. We will examine four potential mechanisms 
underlying exercise preconditioning that are currently believed 
to improve neuronal stability and viability after cerebrovascular 
ischemia injury, including its ability to: (1) diminish metabolic 
dysfunction, (2) mitigate apoptosis, (3) reduce cerebral 
inflammation, and (4) strengthen the blood-brain barrier (BBB). 
Taken together, these mechanisms enhance the brain’s resiliency 
against ischemia and reperfusion injuries.
Neurotrophins
In the central nervous system (CNS), exercise galvanizes growth 
factor cascades and neurogenesis. An earlier investigation found 
elevations in BDNF mRNA and protein expression after MCAO 
in recovering rats during the reperfusion phase, thus implying 
a function for this neurotrophin in maintaining neural network 
integrity (Schabitz et al., 1997). Another study determined that 
rodents preconditioned with endogenous nerve growth factor 
(NGF) and with exercise experience enhanced neuroprotection 
after MCAO (Ang et al., 2003). After exercise preconditioning, 
rats undergoing MCAO have elevated BDNF and NGF mRNA 
levels in their brain tissue, especially in astrocytes and neurons 
(Ding, Li et al., 2004).  Now the neuroprotective effects of 
BDNF and nerve growth factor (NGF) after cerebrovascular 
ischemia are thought to include their functions of fostering 
neuronal development, promoting synaptic plasticity, and 
protecting CNS vasculature (Kim et al., 2004; Kuipers et al., 
2006; Cohen-Cory et al., 2010). However, an outstanding issue 
is that in rodent hippocampi after MCAO, the nascent neurons 
are often dysmorphic or not properly integrated into the existing 
neuronal network (Niv et al., 2012; Woitke et al., 2017).
Metabolic Changes
There are metabolic changes that confer neuroprotection for 
subjects engaged in chronic exercise prior to cerebrovascular 
ischemia. In exercise-preconditioned rats, residual glucose 
metabolism is observed after MCAO (Bequet et al., 2001). 
This metabolic activity is associated with increased neuronal 
ATP synthesis after MCAO (McCloskey et al., 2001). A major 
protein regulator of these metabolic changes observed after 
exercise training is hypoxia-inducible factor-1α (HIF-1α). A 
known neuroprotective element in the post-ischemic setting 
(Bernaudin et al., 2002; Schubert, 2005), HIF-1α is upregulated 
after exercise preconditioning and induces both angiogenesis 
and glycolysis (Bergeron et al., 1999; Bernaudin et al., 2002; 
Schubert, 2005). These HIF-1α-induced metabolic changes 
promote neuronal survival (Kinni et al., 2011).

In response to exercise preconditioning, the cerebral 
microvasculature is remodeled to meet the metabolic demands 
of the brain observed in cerebrovascular ischemic injury. 
Chronic exercise preconditioning is associated with increases 
in blood vessel density (Swain et al., 2003), arteriogenesis 

(Lloyd et al., 2005), and angiogenesis (Ding, Luan et al., 2004), 
thus creating and maintaining extensive anastomoses that are 
important in ameliorating brain injury (Ding, Li et al., 2004). 
This underlying molecular mechanism is mediated through 
angiopoietin 1 and 2 along with vascular endothelial growth 
factor (VEGF) (Ding, Luan et al., 2004). In support of these 
earlier findings, it was recently reported that treadmill exercise 
upregulates VEGF receptor expression (Pang et al., 2017). A 
clinical study on stroke patients (n = 83) measured higher serum 
levels of VEGF on the seventh day after stroke in patients 
physically active prior to ischemic injury (López-Cancio et al., 
2017). Perhaps their most meaningful finding was that patients’ 
VEGF levels were independently associated with functional 
outcomes at three months, and with smaller infarct volumes.
Neuronal Death & Survival
The signaling activity of neurons in tissues damaged by 
ischemia and reperfusion injuries is mediated by various 
regulatory genes and proteins that trigger cascades leading 
to either cell death or survival. According to data gathered in 
rat studies using MCAO, exercise preconditioning decreases 
the rate of neuronal apoptosis after cerebrovascular ischemia 
through Hsp70 and TNF-α (Chaudhry et al., 2010; Liebelt, 
Papapetrou et al., 2010). In addition, anti-apoptotic genes 
such as Bcl-2 and Bcl-xL, and pro-apoptotic genes such as 
AIF, Bad, Bak, and Bax modulate neurons’ responses to 
hypoxic conditions (Lazou et al., 2006). In particular, exercise-
preconditioned rodents have increased expression of anti-
apoptotic proteins and a corresponding decrease in pro-
apoptotic proteins after MCAO (Chaudhry et al., 2010). As 
this ratio favors anti-apoptotic markers, neuronal survival is 
enhanced even in lethal ischemic injuries (Rybnikova et al., 
2006). It is worth mentioning that treadmill training promotes 
functional memory recovery after MCAO through increased 
cell proliferation and decreased apoptosis (Seo et al., 2014). 
In exercise-preconditioned rats, the number of glial cells and 
neurons containing Hsp20 were higher than in sedentary rats 
after ischemic injury (Lin et al., 2015). Intriguingly, Lin et al. 
correlated increased Hsp20 levels with both decreased brain 
infarct volume and glial and neuronal apoptosis. Furthermore, 
these same authors concluded that chronic exercise training 
confers neuroprotection perhaps through increased expression 
of anti-apoptotic proteins.

The heat shock proteins are expressed in response to 
various stressors, including heat, hypoxia and ischemia, and 
have been observed to provide neuroprotection in the setting 
of AIS. In particular, Hsp70 has a neuroprotective effect 
through its downregulation of pro-apoptotic proteins, such as 
AIF (Matsumori, Hong et al., 2005) and its upregulation of 
anti-apoptotic proteins such as Bcl-2 (Liebelt et al., 2010). 
In addition, exercise preconditioning upregulates Hsp70 
expression in neurons and nearby vasculature, and this effect is 
associated with enhanced neuroprotection (Masada et al., 2001). 
Another study demonstrated that Hsp70 and TNF-α function 
together in regulating the ratio of anti- to pro-apoptotic genes 
(Goel et al., 2010). It is therefore likely that exercise training 
generates elevated levels of Hsp70, in conjunction with TNF-α, 
thus promoting evasion of apoptosis and mediating neuronal 
survival.

Inflammatory Response
After cerebrovascular ischemia, astrocytes and microglia 
produce cytokines, such as IL-1ß and TNF-α, which stimulate 
the expression of cellular adhesion molecules (CAMs), 
including intracellular adhesion molecule-1 (ICAM-1), 
E-selectin, and P-selectin, on endothelial cells (Huang et al.,
2006). These CAMs are well known for increasing leukocyte
infiltration into the brain parenchyma, which worsens
microvessel occlusion and neuronal damage in the salvageable
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penumbra. Exercise-preconditioned rats show decreased ICAM-
1 levels, which correlates with depressed inflammation and 
leukocyte infiltration into the brain parenchyma during the 
reperfusion phase after MCAO (Ding et al., 2005; Barrientos, 
Frank et al., 2011). It was recently observed that aerobic 
exercise-preconditioned rodents have lower chemokine 
monocyte chemotactic protein-1 and IL-1ß levels after transient 
MCAO (Zang et al., 2016). Therefore, it is likely that exercise 
preconditioning reduces secondary injuries in the reperfusion 
phase by impeding leukocyte migration and downregulating 
CAM and cytokine expression.

As mentioned above, TNF-α is a major inflammatory 
cytokine whose molecular actions have profound effects 
on the cerebral response to stroke. It is known to exert both 
toxic and trophic effects on neuronal tissues, depending on 
its concentration (Rothwell et al., 1995). It is thought that 
chronic low-level elevations of TNF-α, which are observed 
in exercise preconditioning, may result in the development of 
neuronal tolerance to this cytokine (Liu et al., 2000; Wang, Li 
et al., 2000). These gradual increases in TNF-α expression that 
are achieved through exercise preconditioning correlate with 
reduced brain injury in rats after MCAO (Ding et al., 2005). 
Conversely, TNF-α receptors (TNFRs) are downregulated 
through exercise preconditioning in rodents (Reyes et al., 2006), 
thus supporting a model in which chronic stimulation by low 
levels of TNF-α leads to desensitization of TNFRs.

These findings have yet to be fully confirmed in human 
patients. In a previous clinical investigation, researchers 
measured TNF-α plasma concentrations in patients at higher 
risk of stroke and did not detect significant changes between 
high-risk patients having high-grade carotid artery stenosis with 
unstable plaques and lower-risk asymptomatic patients with 
stable plaques (Jaroslav et al., 2012). A more recent clinical 
study on AIS patients (n = 619) and control patients (n = 612) 
determined that single nucleotide polymorphisms or SNPs in 
TNF-α are unlikely to contribute to AIS risk (Gu et al., 2016); 
thus, genetic heterogeneity at the TNF locus may not contribute 
to stroke risk. However, the relationships between cytokine 
expression, exercise preconditioning, and stroke risk in humans 
are not fully understood.

Another class of molecules, the toll-like receptors (TLRs), is 
involved in the inflammatory response to strokes by triggering 
cytokine cascades and influencing leukocyte infiltration. In 
TLR knockout mice, enhanced neuronal survival was observed 
as researchers found that ischemia and reperfusion injuries 
are significantly extenuated (Cao et al., 2007). In exercise-
preconditioned rats, there is decreased expression of TLRs and 
diminished activation of its downstream targets, such as NF-
κB (nuclear factor kappa-light-chain-enhancer of activated B 
cells), which is a potent mediator of inflammation (McFarlin 
et al., 2006; Zwagerman, Plumlee et al., 2010; Ma et al., 
2013; Zhu, Ye et al., 2016). Overall, exercise preconditioning 
helps to extinguish the inflammatory response observed after 
cerebrovascular ischemic injuries, thus protecting brain tissue 
against inflammatory damage after stroke.
Neurovascular Unit Integrity
The neurovascular unit is composed of capillary endothelial 
cells, glial cells and neurons. The stability of this structure 
requires extensive interactions between astrocytic end-feet, the 
basal lamina, endothelial cells, and neurons. Its permeability 
is regulated through the endothelial wall and basal lamina, 
including its extracellular matrix (ECM). This particular ECM 
consists of collagen type IV, fibronectin, heparin sulfate, 
and proteoglycans. The integrity of the neurovascular unit 
is threatened in AIS and is among the first structures to be 
damaged in cerebral ischemia (del Zoppo et al., 2000; del 
Zoppo et al., 2003). In AIS, the molecular interactions between 

collagen type IV, fibronectin, and laminin are altered, thus 
promoting inflammation and vasogenic edema (del Zoppo et 
al., 2003). Sedentary rats undergoing MCAO exhibit greater 
parenchymal edema, swollen astrocytic end-feet, and thinner 
basal lamina compared to exercise-preconditioned rats (Ding, 
Ding et al., 2006). In this manner, there is a positive correlation 
between blood-brain barrier (BBB) integrity and exercise 
preconditioning, in which exercise-preconditioned rodents 
experienced decreased brain injury and cerebral edema after 
MCAO (Masada et al., 2001; He, Wang et al., 2014; Shamsaei, 
Erfani et al., 2017).

Another class of CAMs, the integrins, enhances interactions 
between astrocytes and endothelial cells. The cerebral 
microvasculature uses integrin-mediated signal transduction 
pathways to regulate cell differentiation and proliferation (del 
Zoppo et al., 2003). After cerebral ischemia, the binding affinity 
of integrins for collagen and laminin decreases, inducing 
astrocytic swelling, BBB destruction, and cerebral edema 
(Hamann et al., 2002; Wang et al., 2003). However, in exercise-
preconditioned rats, increased integrin expression is correlated 
with reduced ischemic brain injury after MCAO (Ding, Li et 
al., 2006). Additionally, there is elevated expression of the basal 
laminar protein, collagen type IV, in exercise preconditioned 
rodents (Davis et al., 2007). Altogether, these findings imply 
that exercise preconditioning strengthens the BBB through 
upregulation of collagen type IV and integrin expression, which  
alleviates cerebrovascular ischemic injury.

Another way that physical exercise bolsters the BBB is 
through downregulating matrix metalloproteinase (MMP) 
expression (Davis et al., 2007; Naderi et al., 2018). These 
proteins degrade the ECM and are produced and secreted by 
astrocytes, endothelial cells, and microglia. Increased MMP 
expression occurs after cerebrovascular ischemia in human 
and murine studies and is correlated with cerebral tissue 
inflammatory injury (Clark et al., 1997; Romanic et al., 1998; 

Figure 2.  Three key regulatory proteins and their neuroprotective 
effects  in  exerc ise precondit ioning.  Foremost ,  exerc ise-
preconditioned rats show increased activation, expression, and 
stimulation of ERK1/2, Hsp70, and TNF-α. (A) The proteins ERK1/2 
stimulate collagen type four and integrin synthesis and inhibit 
MMP9 degradative activity, thus strengthening the blood-brain 
barrier under conditions of cerebrovascular ischemic injury. (B) The 
heat shock protein Hsp70 downregulates pro-apoptotic proteins 
(AIF, Bad, Bak, and Bax) and upregulates anti-apoptotic proteins 
(Bcl-2 and Bcl-xL), thus promoting neuron survival in exercise-
preconditioned rodents undergoing MCAO. (C) The inflammatory 
cytokine TNF-α decreases pro-apoptotic protein (AIF, Bad, Bak, 
and Bax) and increases anti-apoptotic protein (Bcl-2 and Bcl-xL) 
expression together with Hsp70. It lowers MMP9 degradative activity, 
thus assisting the ERK1/2 proteins in maintaining blood-brain barrier 
integrity. In exercise-preconditioned rats, the gradual elevations in 
TNF-α concentration downregulate and sensitize responses at TNF-α 
receptors, thus alleviating inflammatory damage in these animals 
after ischemic insults.
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Asahi et al., 2001; Planas et al., 2001). The MMPs target 
caspases that trigger neuronal apoptosis (Gu et al., 2002). The 
death pathway is repressed through the actions of TNF-α, tissue 
inhibitors of metalloproteinases (TIMPs), and extracellular 
signal-regulated kinases (ERK1/2) (Brew et al., 2000; Arai et 
al., 2003; Zhang et al., 2010). The levels of these molecules rise 
after exercise and correspond with lower MMP expression and 
neuronal apoptosis after cerebrovascular ischemic injuries (Guo, 
Cox et al., 2008; Guo, Lin et al., 2008; Chaudhry et al., 2010).

Conclusions
The neuroprotective effects of exercise preconditioning are 
gathering strong support in both clinical and scientific studies. 
These effects include positive metabolic changes, reduced 
apoptosis and inflammation, a strengthened neurovascular unit, 
and upregulated neurotrophins. These cellular and molecular 
phenomena provide us with potential mechanisms and targets 
to investigate and manipulate for rational drug development. A 
pharmaceutical that mimics exercise-induced neuroprotection 
could potentially act through several signal transduction 
pathways to improve neurologic outcomes, which would be 
practical for patients with a history of transient ischemic attacks 
or AIS. The morbidity and mortality of AIS will continue 
to decline if physicians properly prescribe exercise-training 
programs for their patients with stroke risk factors. Moreover, 
the use of exercise preconditioning prior to neurologic surgery 
could take advantage of the known neuroprotective effects 
of exercise to achieve better surgical outcomes. Before 
physicians prescribe exercise preconditioning to patients, 
further research is needed, especially on evaluating the optimal 
exercise guidelines for ideal neuroprotection and examining 
the underlying cellular and molecular mechanisms mediating 
exercise-induced neuroprotection. The execution of prospective 
studies that are blinded, controlled, and randomized will be 
essential in resolving which exercise intensities, intervals, and 
styles confer the best patient outcomes.

References

Ang, E. T., Wong, P. T., Moochhala, S., Ng, Y. K. (2003). 
“Neuroprotection associated with running: is it a 
result of increased endogenous neurotrophic factors?” 
Neuroscience 118 (2): 335-345.

Arai, K., Lee, S. R., Lo, E. H. (2003). “Essential role for 
ERK mitogen-activated protein kinase in matrix 
metalloproteinase-9 regulation in rat cortical astrocytes.” 
Glia 43 (3): 254-264.

Arrick, D. M., Yang, S., Li, C., Cananzi, S., Mayhan, W. G. 
(2014). "Vigorous exercise training improves reactivity 
of cerebral arterioles and reduces brain injury following 
transient focal ischemia." Microcirculation 21 (6): 516- 
523.

Asahi, M., Wang, X., Mori, T., Sumii, T., Jung, J. C., 
Moskowitz, M. A., Fini, M. E., Lo, E. H. (2001). “Effects 
of matrix metalloproteinase-9 gene knock-out on the 
proteolysis of blood-brain barrier and white matter 
components after cerebral ischemia.” J. Neurosci. 21 (19): 
7724-7732.

Barrientos, R. M., Frank, M. G., Crysdale, N. Y., Chapman, T. 
R., Ahrendsen, J. T., Day, H. E., Campeau, S., Watkins, L. 
R., Patterson, S. L., Maier, S. F. (2011). "Little exercise, 
big effects: reversing aging and infection- induced 
memory deficits, and underlying processes." J. Neurosci. 
31 (32): 11578-11586.

Béquet, F., Gomez-Merino, D., Berthelot, M., Guezennec, C. Y. 
(2001). “Exercise-induced changes in brain glucose and 
serotonin revealed by microdialysis in rat hippocampus: 
effect of glucose supplementation.” Acta. Physiol. Scand. 
173 (2): 223-230.

Billinger, S. A., Arena, R., Bernhardt, J., Eng., J. J., Franklin, 
B. A., Johnson, C. M., MacKay-Lyons, M., Macko, R. F.,
Mead, G. E., Roth, E. J., Shaughnessy, M., Tang, A. (2014).
“Physical activity and exercise recommendations for
stroke survivors: a statement for healthcare professionals
from the American Heart Association/American Stroke
Association.” Stroke 45: 2532–2553.

Billinger, S. A., Boyne, P., Coughenour, E., Dunning, K., 
Mattlage, A. (2015). “Does Aerobic Exercise and the FITT 
Principle Fit into Stroke Recovery?” Current Neurology 
and Neuroscience Reports 15 (2): 519.

Boyne, P., Dunning, K., Carl, D., Gerson, M., Khoury, J., 
Kissela, B. (2014). “Within-session responses to high-
intensity interval training in chronic stroke.” Med. Sci. 
Sports Exerc. 47 (3): 476-484.

Brew, K., Dinakarpandian, D., Nagase, H. (2000). “Tissue 
inhibitors of metalloproteinases: evolution, structure and 
function.” Biochim, Biophys. Acta. 1477 (1-2): 267-283.

Cao, C. X., Yang, Q. W., Lv, F. L., Cui, J., Fu, H. B., Wang, J. 
Z. (2007). “Reduced cerebral ischemia-reperfusion injury
in Toll-like receptor 4 deficient mice.” Biochem. Biophys.
Res. Commun. 353 (2): 509-514.

Chaudhry, K., Rogers, R., Guo, M., Lai, Q., Goel, G., Liebelt, 
B., Ji, X., Curry, A., Carranza, A., Jimenez, D. F., Ding, Y. 
(2010). "Matrix metalloproteinase-9 (MMP-9) expression 
and extracellular signal-regulated kinase 1 and 2 (ERK1/2) 
activation in exercise-reduced neuronal apoptosis after 
stroke." Neurosci. Lett. 474 (2): 109-114.

Clark, A. W., Krekoski, C. A., Bou, S. S., Chapman, K. R., 
Edwards, D. R. (1997). “Increased gelatinase A (MMP-2) 
and gelatinase B (MMP-9) activities in human brain after 
focal ischemia.” Neurosci. Lett. 238 (1-2): 53-56.

Cohen-Cory, S., Kidane, A. H., Shirkey, N. J., Marshak, S. 
(2010). “Brain-derived neurotrophic factor and the 
development of structural neuronal connectivity.” Dev. 
Neurobiol. 70 (5): 271-288.

Curry, A., Guo, M., Patel, R., Liebelt, B., Sprague, S., Lai, Q., 
Zwagerman, N., Cao, F. X., Jimenz, D., Ding, Y. (2010). 
“Exercise pre-conditioning reduces brain inflammation 
in stroke via tumor necrosis factor-alpha, extracellular 
signal-regulated kinase 1/2 and matrix metalloproteinase-9 
activity.” Neurol. Res. 32 (7): 756-762.

Davis, W., Mahale, S., Carranza, A., Cox, B., Hayes, K., 
Jimenez, D., Ding, Y. (2007). "Exercise pre-conditioning 
ameliorates blood-brain barrier dysfunction in stroke by 
enhancing basal lamina." Neurol. Res. 29 (4): 382-387. 

del Zoppo, G. J. & Hallenbeck, J. M. (2000). “Advances in the 
vascular pathophysiology of ischemic stroke.” Thromb. 
Res. 98 (3): 73-81.

del Zoppo, G. J. & Mabuchi, T. (2003). “Cerebral microvessel 
responses to focal ischemia.” J. Cereb. Blood Flow Metab. 
23 (8): 879-894.

Deplanque, D., Masse, I., Lefebvre, C., Libersa, C., Leys, D., 
Bordet, R. (2006). "Prior TIA, lipid-lowering drug use, 
and physical activity decrease ischemic stroke severity." 
Neurology 67 (8): 1403-1410.

Deplanque, D., Masse, I., Libersa, C., Leys, D., Bordet, R. 
(2012). "Previous leisure-time physical activity dose 
dependently decreases ischemic stroke severity." Stroke 
Res. Treat. (2012): 614925.

Ding, Y., Li, J., Luan, X., Ding, Y. H., Lai, Q., Rafols, J. A., 
Phillis, J. W., Clark, J. C., Diaz, F. G. (2004). “Exercise 
Pre-conditioning Reduces Brain Damage in Ischemic Rats 
That May be Associated with Regional Angiogenesis and 
Cellular Overexpression of Neurotrophin.” Neuroscience 
124 (3): 583-591.

Ding, Y. H., Luan, X. D., Li, J., Rafols, J. A., Guthinkonda, 
M., Diaz, F. G., Ding, Y. (2004). “Exercise-induced 



Conditioning Medicine 2018 | www.conditionmed.org209

Conditioning Medicine | 2018, 1(4):204-211REVIEW ARTICLE

overexpression of angiogenic factors and reduction of 
ischemia/reperfusion injury in stroke.” Curr, Neurovasc. 
Res. 1 (5): 411-420.

Ding, Y. H., Young, C. N., Luan, X., Li, J., Rafols, J. A., Clark, 
J. C., McAllister, J. P. 2nd, Ding, Y. (2005). "Exercise
preconditioning ameliorates inflammatory injury in
ischemic rats during reperfusion." Acta. Neuropathol. 109
(3): 237-246.

Ding, Y. H., Ding, Y., Li, J., Bessert, D. A., Rafols, J. A. 
(2006). “Exercise pre-conditioning strengthens brain 
microvascular integrity in a rat stroke model.” Neurol. 
Res. 28 (2): 184-189.

Ding, Y. H., Li, J., Yao, W. X., Rafols, J. A., Clark, J. C., Ding 
Y. (2006). “Exercise preconditioning upregulates cerebral
integrins and enhances cerebrovascular integrity in
ischemic rats.” Acta. Neuropathol. 112 (1): 74-84.

Ding, Y. H., Mrizek, M., Lai, Q., Wu, Y., Reyes, R. Jr., Li, J., 
Davis, W. W., Ding, Y. (2006). “Exercise preconditioning 
reduces brain damage and inhibits TNF-α receptor 
expression after hypoxia/reoxygenation: An in vivo and in 
vitro study.” Current Neurovascular Research 3 (4): 263-
271.

Endres, M., Gertz, K., Lindauer, U., Katchanov, J., Schultze, J., 
Schröck, H., Nickenig, G., Kuschinsky, W., Dirnagl, U., 
Laufs, U. (2003). “Mechanisms of stroke protection by 
physical activity.” Ann. Neurol. 54 (5): 582-590.

Evenson, K. R., Rosamond, W. D., Cai, J., Toole, J. F., 
Hutchinson, R. G., Shahar, E., Folsom, A. R. (1999). 
“Physical activity and ischemic stroke risk. The 
atherosclerosis risk in communities study.” Stroke 30 (7): 
1333-1339.

Gillum, R. F., Mussolino, M. E., Ingram, D. D. (1996). “Physical 
activity and stroke incidence in women and men. The 
NHANES I Epidemiologic Follow-up Study.” Am. J. 
Epidemiol. 143 (9): 860-869.

Goel, G., Guo, M., Ding, J., Dornbos, D. 3rd, Ali, A., Shenag, 
M., Guthikonda, M., Ding, Y. (2010). “Combined effect 
of tumor necrosis factor (TNF)-α and heat shock protein 
(HSP)-70 in reducing apoptotic injury in hypoxia: a cell 
culture study.” Neuroscience Letters 483 (3): 162-166.

Gu, Z., Kaul, M., Yan, B., Kridel, S. J., Cui, J., Strongin, A., 
Smith, J. W., Liddington, R. C., Lipton, S. A. (2002). 
“S-nitrosylation of matrix metalloproteinases: signaling 
pathway to neuronal cell death.” Science 297 (5584): 
1186-1190.

Gu, L., Wu, G., Su, L., Yan, Y., Liang, B., Tan, J., Cai, H., Jiang, 
H., Wei, Q., Shen, T., Wei, A. (2016). “TNF-a (-238G/A 
and -308G/A) gene polymorphisms may not contribute 
to the risk of ischemic stroke.” Int. J. Neurosci. 126 (3): 
219–226.

Guo, M., Cox, B., Mahale, S., Davis, W., Carranza, A., Hayes, 
K., Sprague, S., Jimenez, D., Ding, Y. (2008). "Pre-
ischemic exercise reduces matrix metalloproteinase-9 
expression and ameliorates  blood-brain barr ier 
dysfunction in stroke." Neuroscience 151 (2): 340-351. 

Guo, M., Lin, V., Davis, W., Huang, T., Carranza, A., Sprague, 
S., Reyes, R, Jimeneze, D., Ding, Y. (2008). "Preischemic 
induction of TNF-alpha by physical exercise reduces 
blood-brain barrier dysfunction in stroke." J. Cereb. Blood 
Flow Metab. 28 (8): 1422-1430. 

Hamann, G. F., Liebetrau, M., Martens, H., Burggraf, D., 
Kloss, C. U., Bültemeier, G., Wunderlich, N., Jäger, G., 
Pfefferkorn, T. (2002). “Microvascular basal lamina injury 
after experimental focal cerebral ischemia and reperfusion 
in the rat.” J. Cereb. Blood Flow Metab. 22 (5): 526-533.

Hayes, K., Sprague, S., Guo, M., Davis, W., Friedman, 
A., Kumar, A., Jimenez, D. F., Ding, Y. “Forced, not 
voluntary, exercise effectively induces neuroprotection in 

stroke.” Acta. Neuropathol. 115 (3): 289-296.
He, Z., Wang, X., Wu, Y., Jia, J., Hu, Y., Yang, X., Li, J., Fan, M., 

Zhang, L., Guo, J., Leung, M. C. (2014). "Treadmill pre- 
training ameliorates brain edema in ischemic stroke via 
down-regulation of aquaporin-4: an MRI study in rats." 
PLoS One 9 (1): e84602.

Hu, G., Barengo, N. C., Tuomilehto, J., Lakka, T. A., Nissinen, 
A., Josilahti, P. (2004). “Relationship of physical activity 
and body mass index to the risk of hypertension: a 
prospective study in Finland.” Hypertension 43 (1): 25-
30.

Huang, J. ,  Upadhyay, U. M., Tamargo, R. J.  (2006). 
“Inflammation in stroke and focal cerebral ischemia.” 
Surg Neurol 66 (3): 232–245.

Jeong, H. G., Kim, D. Y., Kang, D. W., Kim, B. J., Kim, C. K., 
Kim, Y., Yang, W., Park, E. S., Lee, S. H. (2017). “Physical 
Activity Frequency and the Risk of Stroke: A Nationwide 
Cohort Study in Korea.” J. Am. Heart Assoc. 6 (9): 
e005671.

Jia, J., Hu, Y. S., Wu, Y., Liu, G., Yu, H. X., Zheng, Q. P., Zhu, D. 
N., Xia, C. M., Cao, Z. J. (2009). "Pre-ischemic treadmill 
training affects glutamate and gamma aminobutyric acid 
levels in the striatal dialysate of a rat model of cerebral 
ischemia." Life Sci. 84 (15-16): 505-511.

Kalogeraki, E., Pielecka-Fortuna, J., Hüppe, J. M., Löwel, 
S. (2016). "Physical Exercise Preserves Adult Visual
Plasticity in Mice and Restores it after a Stroke in the
Somatosensory Cortex." Front. Aging Neurosci. 8: 212.

Kim, H., Li, Q., Hempstead, B. L., Madri, J. A. (2004). 
“Paracrine and autocrine functions of brain-derived 
neurotrophic factor (BDNF) and nerve growth factor 
(NGF) in brain-derived endothelial cells.” J. Biol. Chem. 
279 (32): 33538-33546.

Kinni, H., Guo, M., Ding, J. Y., Konakondla, S., Dornbos, D. 
3rd, Tran, R., Guthikonda, M., Ding, Y. (2011): “Cerebral 
metabolism after forced or voluntary physical exercise.” 
Brain Res. 1388: 48-55.

Kuipers, S. D. & Bramham, C. R. (2006). “Brain-derived 
neurotrophic factor mechanisms and function in adult 
synaptic plasticity: new insights and implications for 
therapy.” Curr. Opin. Drug Discov. Devel. 9 (5): 580-586.

Larson, E. B., Wang, L., Bowen, J. D., McCormick, W. C., Teri, 
L., Crane, P., Kukull, W. (2006). “Exercise is associated 
with reduced risk for incident dementia among persons 65 
years of age and older.” Ann. Intern. Med. 144 (2): 73-81.

Lazou, A., Iliodromitis, E. K., Cieslak, D., Voskarides, K., 
Mousikos, S., Bofilis, E., Kremastinos, D. T. (2006). 
“Ischemic but not mechanical preconditioning attenuates 
ischemia/reperfusion induced myocardial apoptosis in 
anaesthetized rabbits: the role of Bcl-2 family proteins 
and ERK1/2.” Apoptosis 11 (12): 2195-2204.

Leasure, J. L. & Grider, M. (2010). “The effect of mild post-
stroke exercise on reactive neurogenesis and recovery of 
somatosensation in aged rats.” Experimental Neurology 
226 (1): 58-67.

Lee, C. D., Folsom, A. R., Blair, S. N. (2003). "Physical activity 
and stroke risk: a meta-analysis." Stroke 34 (10): 2475-
2481.

Li, M., Peng, J., Wang, M. D., Song, Y. L., Mei, Y. W., Fang, 
Y. (2014). “Passive movement improves the learning
and memory function of rats with cerebral infarction by
inhibiting neuron cell apoptosis.” Mol. Neurobiol. 49 (1):
216–221.

Li, F., Pendy, J. T. Jr., Ding, J. N., Peng, C., Li, X., Shen, J., 
Wang, S., Geng, X. (2017). “Exercise rehabilitation 
immediately following ischemic stroke exacerbates 
inflammatory injury.” Neurol. Res. 39 (6): 530–537.

Li, D. J., Li, Y. H., Yuan, H. B., Qu, L. F., Wang, P.  (2017). “The 



Conditioning Medicine 2018 | www.conditionmed.org 210

Conditioning Medicine | 2018, 1(4):204-211 REVIEW ARTICLE

novel exercise-induced hormone irisin protects against 
neuronal injury via activation of the Akt/PKB and ERK1/2 
signaling pathways and contributes to the neuroprotection 
of physical exercise in cerebral ischemia.” Metabolism - 
Clinical and Experimental 68: 31-42.

Liebelt, B., Papapetrou, P., Ali, A., Guo, M., Ji, X., Peng, C., 
Rogers, R., Curry, A., Jimenez, D., Ding, Y. (2010). 
“Exercise preconditioning reduces neuronal apoptosis in 
stroke by upregulating heat shock protein-70 (heat shock 
protein-72) and extracellular-signal-regulated-kinase 1/2.” 
Neuroscience 166 (4): 1091-1100.

Lin, C. M., Chang, C. K., Chang, C. P., Hsu, Y. C., Lin, M. T., 
Lin, J. W. (2015). "Protecting against ischaemic stroke in 
rats by heat shock protein 20-mediated exercise." Eur. J. 
Clin. Invest. 45 (12): 1297-1305.

Liu, J., Ginis, I., Spatz, M., Hallenbeck, J. M. (2000). “Hypoxic 
preconditioning protects cultured neurons against hypoxic 
stress via TNF-alpha and ceramide.” Am. J. Physiol. Cell 
Physiol. 278 (1): C144-153.

Lloyd, P. G., Prior, B. M., Li, H., Yang, H. T., Terjung, R. L. 
(2005). “VEGF receptor antagonism blocks arteriogenesis, 
but only partially inhibits angiogenesis, in skeletal muscle 
of exercise-trained rats.” Am. J. Physiol. Heart Circ. 
Physiol. 288 (2): H759-768.

López-Cancio, E., Ricciardi, A. C., Sobrino, T., Córtes, J., de la 
Ossa, N. P., Millán, M., Hernández-Pérez, M., Gomis, M., 
Dorado, L., Muñoz-Narbona, L., Campos, F., Arenillas, 
J. F., Dávalos, A. (2017). "Reported Prestroke Physical
Activity Is Associated with Vascular Endothelial Growth
Factor Expression and Good Outcomes after Stroke." J.
Stroke Cerebrovasc. Dis. 26 (2): 425-430.

Luan, X., Li, J., McAllister, J. P. 2nd, Diaz, F. G., Clark, J. C., 
Fessler, R. D., Ding, Y. (2004). “Regional brain cooling 
induced by vascular saline infusion into ischemic territory 
reduces brain inflammation in stroke.” Acta. Neuropathol. 
107 (3): 227-234.

Ma, Y., He, M., Qiang, L. (2013). “Exercise therapy 
downregulates the overexpression of TLR4, TLR2, 
MyD88 and NF-kB after cerebral ischemia in rats.” Int. J. 
Mol. Sci. 14 (2): 3718-3733.

Macko, R. F., DeSouza, C. A., Tretter, L. D., Silver, K. H., 
Smith, G. V., Anderson, P. A., Tomoyasu, N., Gorman, P., 
Dengel, D. R. (1997). “Treadmill aerobic exercise training 
reduces the energy expenditure and cardiovascular 
demands of hemiparetic gait in chronic stroke patients. A 
preliminary report.” Stroke 28 (2): 326–330.

Masada, T., Hua, Y., Xi, G., Ennis, S. R., Keep, R. F. (2001). 
“Attenuation of ischemic brain edema and cerebrovascular 
injury after ischemic preconditioning in the rat.” J. Cereb. 
Blood Flow Metab. 21 (1): 22-33.

Matsumori, Y., Hong, S. M., Aoyama, K., Fan, Y., Kayama, T.,  
Sheldon, R. A., Vexler, Z. S., Ferriero, D. M., Weinstein, 
P. R., Liu, J. (2005). “HSP-70 overexpression sequesters
AIF and reduces neonatal hypoxic/ischemic brain injury.”
J. Cereb. Blood Flow Metab. 25 (7): 899-910.

McCloskey, D. P., Adamo, D. S., Anderson, B. J. (2001). 
“Exercise increases metabolic capacity in the motor cortex 
and striatum, but not in the hippocampus.” Brain Res. 891 
(1-2): 168-175.

McDonnell, M. N., Hillier, S. L., Hooker, S. P., Le, A., Judd, S. 
E., Howard, V. J. (2013). “Physical activity frequency and 
risk of incident stroke in a national US study of blacks 
and whites.” Stroke 44 (9): 2519–2524.

McFarlin, B. K., Flynn, M. G., Campbell, W. W., Craig, B. 
A., Robinson, J. P., Stewart, L. K., Timmerman, K. L., 
Coen, P. M. (2006). “Physical activity status, but not age, 
influences inflammatory biomarkers and toll-like receptor 
4.” J. Gerontol. A. Biol. Sci. Med. Sci. 61 (4): 388-393.

Mozzafarian, D., Benjamin, E. J., Go, A. S., Arnett, D. K., 
Blaha, M. J., Cushman, M., et al. (2016). “Heart disease 
and stroke statistics—2016 update: a report from the 
American Heart Association.” Circulation 133 (4): e38–
360.

Naderi, S., Alimohammadi, R., Hakimizadeh, E., Roohbakhsh, 
A., Shamsizadeh, A., Allahtavakoli, M. (2018). "The 
effect of exercise preconditioning on stroke outcome in 
ovariectomized mice with permanent middle cerebral 
artery occlusion." Can. J. Physiol. Pharmacol. 96 (3): 287-
294.

Niv, F., Keiner, S., Krishna-, Witte, O. W., Lie, D. C., Redecker, 
C. (2012). "Aberrant neurogenesis after stroke: a retroviral
cell labeling study." Stroke 43 (9): 2468-2475.

Oberlin, L. E., Waiwood, A. M., Cumming, T. B., Marsland, 
A. L., Bernhardt, J., Erickson, K. I. (2017). "Effects of
Physical Activity on Poststroke Cognitive Function: A
Meta-Analysis of Randomized Controlled Trials." Stroke
48 (11): 3093-3100.

Pang, Q., Zhang, H., Chen, Z., Wu, Y., Bai, M., Liu, Y., Zhao, 
Y., Tu, F., Liu, C., Chen, X. (2017). “Role of caveolin-1/
vascular endothelial growth factor pathway in basic 
fibroblast growth factor-induced angiogenesis and 
neurogenesis after treadmill training following focal 
cerebral ischemia in rats.” Brain Res. 1663: 9–19.

Planas, A. M., Solé, S., Justicia, C. (2001). “Expression and 
activation of matrix metalloproteinase-2 and -9 in rat brain 
after transient focal cerebral ischemia.” Neurobiol. Dis. 8 
(5): 834-846.

Reyes, R. Jr., Wu, Y., Lai, Q., Mrizek, M., Berger, J., Jimenez, D. 
F., Barone, C. M., Ding, Y. (2006). “Early inflammatory 
response in rat brain after peripheral thermal injury.” 
Neurosci. Lett. 407 (1): 11-15.

Robertson, A. D., Marzolini, S., Middleton, L. E., Basile, V. 
S., Oh, P. I., MacIntosh, B. J. (2017). "Exercise Training 
Increases Parietal Lobe Cerebral Blood Flow in Chronic 
Stroke: An Observational Study." Front. Aging Neurosci. 
9: 318.

Romanic, A. M., White, R. F., Arleth, A. J., Ohlstein, E. 
H., Barone, F. C. (1998). “Matrix metalloproteinase 
expression increases after cerebral focal ischemia in rats: 
inhibition of matrix metalloproteinase-9 reduces infarct 
size.” Stroke 29 (5): 1020-1030.

Rothwell, N. J. & Hopkins, S. J. (1995). “Cytokines and the 
nervous system II: Actions and mechanisms of action.” 
Trends Neurosci. 18 (3): 130-136.

Rybnikova, E., Sitnik, N., Gluschenko, T., Tjulkova, E., 
Samoilov, M. O. (2006). “The preconditioning modified 
neuronal expression of apoptosis-related proteins of Bcl-2 
superfamily following severe hypobaric hypoxia in rats.” 
Brain Res. 1089 (1): 195-202.

Seo, T. B., Kim, T. W., Shin, M. S., Ji, E. S., Cho, H. S., Lee, 
J. M., Kim, T. W., Kim, C. J. (2014). “Aerobic exercise
alleviates ischemia-induced memory impairment by
enhancing cell proliferation and suppressing neuronal
apoptosis in hippocampus.” Int. Neurourol. J. 18 (4):
187–197.

Shamsaei, N., Erfani, S., Fereidoni, M., Shahbazi, A. (2017). 
"Neuroprotective Effects of Exercise on Brain Edema and 
Neurological Movement Disorders Following the Cerebral 
Ischemia and Reperfusion in Rats." Basic Clin. Neurosci. 
8 (1): 77-84.

Stummer, W., Weber, K., Tranmer, B., Baethmann, A., Kempski, 
O. (1994). “Reduced mortality and brain damage after
locomotor activity in gerbil forebrain ischemia.” Stroke
25 (9): 1862-1869.

Swain, R. A., Harris, A. B., Wiener, E. C., Dutka, M. V., Morris, 
H. D., Theien, B. E., Konda, S., Engberg, K., Lauterbur, P.



REVIEW ARTICLE

Conditioning Medicine 2018 | www.conditionmed.org

Conditioning Medicine | 2018, 1(4):204-211

211

C., Greenough, W. T. (2003). “Prolonged exercise induces 
angiogenesis and increases cerebral blood volume in 
primary motor cortex of the rat.” Neuroscience 117 (4): 
1037-1046.

Van Duijnhoven, H. J. R., Heeren, A., Marlijn, A. M. P., 
Veerbeek, J. M., Kwakkel, G., Geurts, A. C. H., 
Weerdesteyn, V. (2016). “Effects of Exercise Therapy on 
Balance Capacity in Chronic Stroke.” Stroke 47: 2603-
2610.

Vaynman, S. & Gomez-Pinilla, F. (2005). “License to run: 
exercise impacts functional plasticity in the intact and 
injured central nervous system by using neurotrophins.” 
Neurorehabil. Neural Repair 19 (4): 283-295.

Wang, X., Li, X., Erhardt, J. A., Barone, F. C., Feuerstein, G. Z. 
(2000). “Detection of tumor necrosis factor-alpha mRNA 
induction in ischemic brain tolerance by means of real-
time polymerase chain reaction.” J. Cereb. Blood Flow 
Metab. 20 (1): 15-20.

Wang, R. Y., Yang, Y. R., Yu, S. M. (2001). “Protective effects 
of treadmill training on infarction in rats.” Brain Res. 922 
(1): 140-143.

Wang, X. & Lo, E. H. (2003). “Triggers and mediators of 
hemorrhagic transformation in cerebral ischemia.” Mol. 
Neurobiol. 28 (3): 229-244.

Wang, Q., Wang, P. P., Meng, P. P., Han, C., Yue, S. W. (2016). 
“Intensive training accelerates the recovery of motor 
functions following cerebral ischemia-reperfusion in 
MCAO rats.” Eur. Rev. Med. Pharmacol. Sci. 20 (18): 
3839-3852.

Wang, C., Redgrave, J., Shafizadeh, M., Majid, A., Kilner, 
K., Ali, A. N. (2018) “Aerobic exercise interventions 
reduce blood pressure in patients after stroke or transient 
ischaemic attack: a systematic review and meta-analysis.” 
Br. J. Sports Med. 

Wendel-Vos, G. C., Schuit, A. J., Feskens, E. J., Boshuizen, 
H. C., Verschuren, W. M., Saris, W. H., Kromhout, D.
(2004). “Physical activity and stroke. A meta-analysis of
observational data.” Int. J. Epidemiol. 33 (4): 787-798.

Woitke, F., Ceanga, M., Rudolph, M., Niv, F., Witte, O. W., 
Redecker, C., Kunze, A., Keiner, S. (2017). "Adult 
hippocampal neurogenesis poststroke: More new granule 
cells but aberrant morphology and impaired spatial 
memory." PLoS One 12 (9): e0183463.

Xie, H., Yu, K., Zhou, N., Shen, X., Tian, S., Zhang, B., Wang, 
Y., Wu, J., Liu, G., Jiang, C., Hu, R., Ayata, C., Wu, Y. 
(2018) “Enriched Environment Elicits Proangiogenic 
Mechanisms After Focal Cerebral Ischemia.” Transl. 
Stroke Res.

Zhang, P., Yu, H., Zhou, N., Zhang, J., Wu, Y., Zhang, Y., Bai, 
Y., Jia, J., Zhang, Q., Tian, S., Wu, J., Hu, Y. (2013). 
“Early exercise improves cerebral blood flow through in- 
creased angiogenesis in experimental stroke rat model.” J. 
Neuroeng. Rehabil. 10: 43.

Zhang, L., Hu, X., Luo, J., Li, L., Chen, X., Huang, R., Pei, Z. 
(2013). “Physical exercise improves functional recovery 
through mitigation of autophagy, attenuation of apoptosis 
and enhancement of neurogenesis after MCAO in rats.” 
BMC Neurosci. 14: 46.

Zhang, Q. W., Deng, X. X., Sun, X., Xu, J. X., Sun, F. Y. 
(2013). "Exercise promotes axon regeneration of newborn 
striatonigral and corticonigral projection neurons in rats 
after ischemic stroke." PLoS One 8 (11): e80139.

Zhang, Y., Cao, R. Y., Jia, X., Li, Q., Qiao, L., Yan, G., Yang, 
J. (2016). “Treadmill exercise promotes neuroprotection
against cerebral ischemia-reperfusion injury via
downregulation of pro-inflammatory mediators.”
Neuropsychiatr. Dis. Treat. 12: 3161-3173.

Zhang, F., Wu, Y., Jia, J., Hu, Y. S. (2010). "Pre-Ischemic 
Treadmill Training Induces Tolerance to Brain Ischemia: 
Involvement of Glutamate and ERK1/2." Molecules 15 
(8): 5246-5257.

Zhu, L., Ye, T., Tang, Q., Wang, Y., Wu, X., Li, H., Jiang, Y. 
(2016). "Exercise Preconditioning Regulates the Toll-Like 
Receptor 4/Nuclear Factor-kappaB Signaling Pathway and 
Reduces Cerebral Ischemia/Reperfusion Inflammatory 
Injury: A Study in Rats." J. Stroke Cerebrovasc. Dis. 25 
(11): 2770-2779.

Zwagerman, N., Plumlee, C., Guthikonda, M., Ding, Y. (2010). 
“Toll-like receptor-4 and cytokine cascade in stroke after 
exercise.” Neurol. Res. 32 (2): 123-126.

Zwagerman, N., Sprague, S., Davis, M. D., Daniels, B., Goel, G., 
Ding, Y. (2010). "Pre-ischemic exercise preserves cerebral 
blood flow during reperfusion in stroke." Neurol. Res. 32 
(5): 523-529.




