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  Introduction 
 Th e study of microRNAs (small noncoding RNA molecules 
20–22 nt in length) is rapidly increasing because they are 
involved in many human diseases. However, very little is 
known about dynamic changes in microRNAs in response to 
common physiological perturbations such as physical exercise. 
Understanding how exercise alters gene regulation at the level of 
microRNAs will likely prove important in optimizing therapeutic 
uses of exercise to benefi t human health and as an adjunct to 
specifi c drug therapies, in particular, for diseases like asthma or 
coronary artery disease in which both exercise and microRNAs 
play a key role in pathogenesis.  12–14   ,   16   

 The goal of this study was to test the hypothesis that 
brief exercise alters microRNA expression level in circulating 
peripheral blood mononuclear cells (PBMCs) in humans. In 
contrast to granulocytes (neutrophils, basophils, and eosinophils) 
that have granules in their cytoplasm and varying shapes of 
the nucleus, PBMCs are leukocytes that have a round nucleus 
such as  lymphocyte s (T cells, B cells), natural killer (NK) cells, 
and monocytes. PBMCs constitute a critical component of the 
 immune system  and function to fi ght infection and prepare the 
organism for “danger”  21   that may accompany exercise. A single 
brief bout of exercise causes a profound perturbation of cellular 
homeostasis and leads to an increase in the number of circulating 
PBMCs and a transient, muted activation of immune cells and 
infl ammatory mediators even in healthy humans.  45   

 Exercise is increasingly used as a naturally occurring 
and quantifiable tool to assess immune function.  30   In healthy 
individuals, pro-inflammatory genes and gene pathways 
are up-regulated by exercise, but the inflammatory response 
is balanced by antiinflammatory genes. This precise 
regulation, suggested earlier by Ostrowski et al.,  28   ensures 
that exercise-associated inflammatory processes gone awry, 
such as exercise-associated anaphylaxis  37   or exercise-induced 
bronchoconstriction,  8   do not occur every time a child or adult 
engages in vigorous play or exercise. In earlier studies, we 

reported that brief exercise alters gene expression in PBMCs  32   
and in neutrophils,  34   and microRNA in neutrophils  35   in a 
balanced manner. To our knowledge, the impact of exercise 
on microRNA in PBMCs has never been studied. 

 In general, the microRNAs function to mitigate or silence 
protein translation, oft en acting as subtle regulators.  5   MicroRNAs 
also play a role in DNA methylation  10   and chromatin remodeling.  2   
A single microRNA may regulate from just a few target genes to 
literally thousands. A growing number of animal-model and human 
studies point toward key regulatory roles for microRNA in the 
immune system,  3,19   and suggest that microRNAs provide an added 
layer in orchestrating (“fi ne tuning”) the immune response.  4   

 Th e primary purpose of this study was to investigate for the 
fi rst time whether PBMC microRNAs are altered by brief exercise. 
A secondary goal was to perform a combined analysis that 
included the microRNA results of this study with: (1) a previously 
published data base of PBMC gene expression following the same 
type of exercise;  33   and (2) a previously published data base of 
microRNA expression in neutrophils following the same type 
of exercise.  35     

 Materials and Methods  

 Participants 
 Twelve healthy young men (mean age 22.3 ± 1.0) participated 
in this study (  Table 1  ). Th e decision to include only men in this 
investigation was made primarily because we wanted in these 
initial studies to minimize possible confounding eff ects related 
to gender (e.g., menstrual cycle hormones, oft en diffi  cult to time 
precisely, that are known to infl uence stress and infl ammatory 
responses). Elite athletes, individuals who participated vigorously 
in competitive sports and anyone with a history of any chronic 
medical conditions or medication use were excluded from 
participation. Th e Institutional Review Board at the University 
of California Irvine approved the study, and written informed 
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consent was obtained from all participants upon enrollment. 
Note that 11 of these individuals also participated in our earlier 
study on neutrophil responses to exercise.  35     

 Anthropometric measurements 
 Standard calibrated scales and stadiometers were used to 
determine height and body mass.   

 Measurement of fi tness 
 Each subject performed a ramp-type progressive cycle ergometer 
exercise test using the SensorMedics metabolic system (Ergoline 
800S, Yorba Linda, CA, USA). Aft er sitting comfortably without 
pedaling (“resting”) on the cycle ergometer for 3-minutes 
and 1-minutes of unloaded pedaling, the work rate (WR) was 
incremented at 20–30 watts/min to the limit of the subject’s 
tolerance. Subjects were vigorously encouraged during the 
high-intensity phases of the exercise protocol. Gas exchange was 
measured breath-by-breath and the anaerobic (lactate) threshold 
and peak V̇O 2  were calculated using standard methods.   

 Exercise protocol 
 At least 48 hours, but not exceeding 10 days following the 
completion of the ramp test, each subject performed 20 minutes 
of exercise consisting of ten 2-minute bouts of constant WR 
cycle ergometry, with 1-minute rest interval between each 
bout of exercise (i.e., a 30-minute interval). Th e participants 
were instructed not to perform any type of vigorous physical 
activity 48 hours prior to the exercise challenge. Th e WR was 
individualized for each subject and was calculated to be equivalent 
to the WR corresponding roughly to 50% of the WR between the 
anaerobic threshold and the peak oxygen uptake (as determined 
noninvasively from the ramp-type test). On average, this WR was 
equivalent to 76% of the participants’ peak  V̇  O 2 .   

 Blood sampling and analysis 
 Participants arrived at the laboratory fasting between 7:30 and 
8:30 am. An indwelling catheter was inserted into the antecubital 
vein. A baseline sample was taken 30 minutes aft er the placement 
of the catheter and before the onset of exercise. We waited 30 
minutes to ensure that measurable physiological parameters of 
stress (e.g., heart rate and blood pressure) were at baseline levels. 
Subjects then completed the 30 minutes of intermittent exercise 
and additional blood samples were obtained immediately aft er 

exercise. Complete blood counts for white blood cell analysis 
were obtained by standard methods from the clinical hematology 
laboratory.   

 PBMC isolation 
 PBMCs were isolated from EDTA-treated peripheral blood using 
OptiPrep ®  Density Gradient Medium (Sigma-Aldrich, St. Louis, 
MO, USA)  . Th e duration from blood draw to stabilization of RNA 
never exceeded 60 minutes.   

 RNA extraction 
 Total RNA was extracted using TRIzol ®  (Gibco BRL Life 
Technologies, Rockville, MD, USA). RNA pellets were resuspended 
in diethyl pyrocarbonate-treated water. RNA integrity was 
assessed (prior to beginning target processing) using Agilent 
Bioanalyzer 2100 (Agilent Technologies, Inc., Palo Alto, CA, 
USA). We used for analysis only samples with RNA Integrity 
Number [RNI] > 9.2).   

 MicroRNA microarrays 
 One hundred nanograms of total RNA was labeled with the 
fluorescent dye Cyanine 3-pCp (Cy3) using the microRNA 
Labeling Reagent and Hybridization Kit (Agilent Technologies) 
following the manufacturer’s protocol. Cy3-labeled RNA from 
each sample was hybridized to Agilent Human microRNA Version 
2 Microarray. Th e hybridized array was then washed and scanned 
according to Agilent specifi cations and data was extracted from 
the scanned image using Feature Extraction version 10.2 (Agilent 
Technologies). 

 The results were analyzed using GeneSpring GX 10.0.2 
Soft ware (Agilent Technologies, Inc). All raw signal values lower 
than 1 were adjusted to 1 and normalized using percentile shift  
(90th percentile). Only entities that had a present or marginal 
fl ag and passed the 20-percentile fi ltration in at least 100% of 
values in any one out of the two conditions were selected for 
further analysis. Overall, 236 out of 821 entities represented on 
the array met these criteria. Th e microRNA data discussed in 
this publication have been deposited in NCBI’s Gene Expression 
Omnibus and are accessible through GEO Series accession 
number GSE28745 ( http://www.ncbi.nlm.nih.gov/geo/query/
acc.cgi?acc=GSE28745 ). Traditional Student’s paired  t -test was 
fi rst applied to each probe set and fold change (FC, increase or 
decrease) >1.2 and false discovery rate (FDR < 0.05; Benjamini–
Hochberg) procedure was carried out. 

 Th e fi nal list of signifi cantly changed microRNAs was then 
additionally analyzed using TargetScan database, release 5.1 
(provided by GeneSpring)  http://www.targetscan.org/ . We 
looked for the predicted target genes for each microRNA (context 
percentile = 50, conserved database). Briefl y, TargetScan predicts 
gene targets of microRNAs by searching for the presence of 
conserved 8mer and 7mer sites that match the seed region 
(positions 2–7 of a mature microRNA) of each microRNA.   

 An “intersecting” analysis of microRNA and gene expression 
level 
 To identify genes and pathways that were potentially targeted 
specifi cally by microRNAs that had been altered by exercise, 
we simultaneously analyzed the microRNA target genes and 
the 1,246 genes whose expression was shown previously to be 
aff ected by the same exercise protocol in late pubertal boys (mean 
age 17.4 ± 0.4;   Figure 1  ,   Table 3  ).  33   We then performed pathway 

Age (years) 22.3 ± 1.0

Height (cm) 173.1 ± 2.8

Body Mass (kg) 74.5 ± 3.3

BMI (kg/m2) 24.8 ± 0.9

Peak VO2 (mL/kg/min) 42.7 ± 1.9

Average VO2 during the constant work rate as 
percent of peak VO2

76.4±2.1

Lymphocytes (% change from before to after 
exercise, p = 0.001)

39.5 ± 9.2

Monocytes (% change from before to after 
 exercise, p = 0.001)

30.7 ± 12.8

Values are means ± SE. BMI = body mass index; Peak VO2 = peak oxygen uptake.

   Table 1.     Anthropometric characteristics and exercise responses of the 12 subjects.   
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analysis in this overlapping gene set that included microRNAs 
and their gene targets. We present only pathways with EASE 
score � 0.05. (n.b., EASE score is a modifi ed Fisher Exact  
P -value in the DAVID system used for gene-enrichment analysis. 
An EASE score  P -value = 0 represents perfect enrichment;  
P -value � 0.05 was considered as signifi cant gene-enrichment 
in a specifi c annotation category.) ( http://david.abcc.ncifcrf.gov/
helps/functional_annotation.htmlsummary ).   

 Physiological data 
 Th e physiological data are presented as mean and standard error 
(SE). Th e two-sided paired  t -test was applied for testing changes 
from before to aft er the exercise and the signifi cance level was 
set at 0.05.   

 Quantitative real-time polymerase chain reaction (RT-PCR) 
 For confi rmation of microRNA microarray expression fi ndings, 
TaqMan assays were carried out on a subset of microRNAs. All 
of them are relevant to the immune system; miR-15a, 181a, and 
363 were up-regulated and miR-451 was down-regulated.   

 Reverse transcriptase reactions were carried out using 
the TaqMan microRNA Reverse Transcription Kit (Applied 
Biosystems, Inc., Foster City, CA, USA) according to manufacturer’s 
instructions. Briefl y, each RT reaction contained 0.25 mM each 

dNTPs, 3.33 U/μL MultiScribe Reverse Transcriptase, 1X Reverse 
Transcription Buff er, 0.25 U RNase Inhibitor, water, 10 ng total 
RNA and microRNA-specifi c RT primer. Th e 15 μL reactions were 
incubated in a 96 well plate for 30 minutes at 16°C, 30 minutes at 
42°C, 5 minutes at 85°C, and then held at 4°C in a Techne TC-512 
thermal cycler (Burlington, NJ, USA). 

 RT-PCR was performed using a standard TaqMan PCR 
protocol on an Applied Biosystems 7900HT Sequence Detection 
System. Each TaqMan reaction contained 1X TaqMan microRNA 
assay (primers/probe) specifi c to the microRNA of interest, a 1:15 
dilution of the RT product for that microRNA of interest, 1X 
Universal MasterMix (no AmpErase UNG), and water to 20 μL. 
Th e reactions were carried out in a 96 well plate at 95°C for 10 
minutes, followed by 40 cycles of 95°C for 15 seconds, and 60°C for 
1 minute. All reactions were run in duplicate. Th e cycle threshold 
for each sample was determined using SDS soft ware version 2.3 
(Applied Biosystems) and was normalized to endogenous control 
microRNA RNU44.    

 Results  

 Anthropometric and physiological characteristics 
 Th e anthropometric and physiological characteristics of the 12 
subjects appear in   Table 1  .   

   Figure 1.     An intersecting analysis of the specifi c PBMC microRNAs and genes whose expression was signifi cantly altered by exercise and genes whose expression was 
also signifi cantly altered by exercise. This approach identifi ed 12 signifi cant pathways, and provided direction for further investigation of how microRNAs altered by exercise 
regulate immune function.     
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 Plasma Lactate 
 Th e exercise bout caused a mean increase of 6.3 ± 0.5 mmol/L 
in lactate levels in the plasma (before [1.7 ± 0.3 mmol/L] versus 
aft er [7.9.0 ± 0.3 mmol/L],  p  < 0.004).   

 Leukocyte response to exercise 
 As shown in   Table 1  , the number of lymphocytes and monocytes 
was signifi cantly elevated at peak exercise ( p  < 0.001).   

 Th e Eff ects of exercise on PBMC microRNA expression 
 Th irty minutes of intermittent exercise (i.e., the ten 2-minute 
bouts) altered the expression level of 34 microRNAs (15 had 

higher expression,   Table 2  ).  In silco  analysis showed that 31 
microRNAs had potentially target genes (3 microRNAs didn’t 
have any known target genes;  Table S1 ).   

 Intersecting analysis of microRNA and gene expression level 
 In   Table 3   we present 7 microRNAs, and we show: (1) microRNAs 
that were aff ected by exercise; (2) the number of potentially 
targeted genes for each aff ected microRNA ( in silico  analysis); 
and (3) from the genes identifi ed in #2, we show those genes that 
we found previously to have actually been aff ected by exercise  33   
(Th e complete list of all 34 microRNAs can be found in the 
 Table S1 ). Pathway analysis of these sets of genes showed 12 
signifi cant pathways: for example, TGF-beta signaling pathway, 
MAPK signaling pathway, Adherens junction, Gap junction, ErbB 
signaling pathway, and Calcium signaling pathway. Intriguingly, 
the TGF-beta signaling pathway was found to be signifi cant in 5 
of the 31 microRNAs that had target genes (  Figure 1  ).   

 RT-PCR verifi cation of specifi c microRNAs 
 We used TaqMan assays to verify the expression level changes 
from before to aft er exercise of 4 microRNAs. miR-15a (FC = 
1.5,  p  = 0.02), 181a (FC = 1.7,  p  = 0.008), and 363 (FC = 2,  p  = 
0.005) were up-regulated and miR-451 (FC = 1.3,  p  = 0.01) was 
down-regulated.    

 Discussion 
 We have demonstrated that a relatively brief heavy interval-type 
exercise session (  Table 1  ), one that mimics patterns of physical 
activity naturally found in many sport activities, is suffi  cient to 
change the expression pattern of 34 PBMC microRNAs out of the 
possible 826 entities currently represented on the chip. We used 
conservative statistical approaches (FDR < 0.05) to identify those 
altered microRNAs, and further corroborated the results using a 
diff erent platform, RT-PCR. Th e changes in PBMC microRNAs 
in this study, along with our previous fi nding in circulating 
neutrophils,  35   show that brief intense exercise signifi cantly alters 
key epigenetic regulatory profiles of circulating leukocytes. 
Our analysis of individual microRNAs uncovered a number of 
intriguing potential exercise-related immune mechanisms. In 
addition, our subsequent  in silico  analysis involving the microRNA 
data collected from this cohort of healthy young subjects and 
mRNA data from our previous investigations, where we used 
the same exercise protocol  33   further enhanced the utility of the 
data by specifi cally identifying 12 known gene pathways in which 
microRNA and mRNA mechanisms likely interacted. Some of 
these identifi ed gene pathways are involved in processes that are 
currently known to link exercise with health and disease.  

 New insights gained from changes in individual microRNAs 
 Recent reports regarding a number of the microRNAs that were 
altered by exercise highlight potentially novel mechanisms by 
which physical activity infl uences immune cell function. For 
example, we found that exercise led to an increase in the expression 
level of miR-181a in the PBMCs (  Table 2  ). In an elegant series 
of  in vitro  studies using T cells derived from transgenic mice, Li 
et al.  18   demonstrated that increasing miR-181a expression in 
mature T cells augmented the T cell sensitivity to peptide antigens 
by a posttranscriptional regulation of multiple phosphatases, and, 
ultimately, T-cell receptor signaling threshold. Perhaps the greater 
T-cell responsiveness and simultaneous reduced susceptibility to 
infection observed in physically active compared with sedentary 

microRNA Fold change Regulation

hsa-miR-181a-2* 2.0 Up

hsa-miR-181b 1.7 Up

hsa-miR-181a 1.4 Up

hsa-miR-363 1.5 Up

hsa-miR-181c 1.2 Up

hsa-miR-338-3p 1.4 Up

hsa-miR-1225-5p 1.5 Up

hsa-miR-26b 1.2 Up

hsa-miR-132 1.3 Up

hsa-miR-15a 1.3 Up

hsa-miR-939 1.3 Up

hsa-miR-7 1.4 Up

hsa-miR-140-5p 1.3 Up

hsa-miR-21* 1.5 Up

hsa-miR-940 1.3 Up

hsa-miR-125b 1.4 Down

hsa-let-7e 1.4 Down

hsa-miR-451 3.8 Down

hsa-miR-320 1.2 Down

hsa-miR-151-5p 1.3 Down

hsa-miR-486-5p 1.7 Down

hsa-miR-31 1.3 Down

hsa-miR-125a-5p 1.3 Down

hsa-miR-99b 1.4 Down

hsa-miR-652 1.2 Down

hsa-miR-151-3p 1.3 Down

hsa-miR-130a 1.2 Down

hsa-miR-126 1.3 Down

hsa-miR-199b-3p 1.3 Down

hsa-miR-23b 1.2 Down

hsa-miR-221 1.2 Down

hsa-miR-199a-5p 1.3 Down

hsa-miR-584 1.3 Down

hsa-miR-145 1.3 Down

   Table 2.     Thirty-four microRNAs were altered by exercise (FDR < 0.05).     



36 VOLUME 5 • ISSUE 1 WWW.CTSJOURNAL.COM

Radom-Aizik et al. � E xercise and  PBMC microRNA E xpression  L evel 

elderly adults  40   may ultimately prove to be related to an exercise-
associated up-regulation of T cell miR-181a. 

 We also found that the expression of miR-132 was up-regulated 
while the expression of miR-125b and let-7e were down-regulated 
following exercise (  Table 2  ). Th ese three microRNAs are known 
to regulate toll-like receptors (TLRs) in monocytes.  24,41   Moreover, 
miR-125b and let-7a were recently shown to play a key role in 
mediating the suppressive eff ect of estradiol on TNF-α production 
in human primary macrophages. Activation of macrophages with 
LPS leads to changes in the expression of miRNAs that regulate 
molecules involved in TLR signaling.  22   Oliveira and Gleeson  27   
recently showed that prolonged cycling at 75% VO 2  peak 
temporarily reduces monocyte TLR4 expression. Th ey speculated 
that this downregulation might explain the phenomenon of 
acute postexercise immunodepression. Th e role of microRNAs 
in exercise associated TLR regulation, particularly with reference 
to factors such as exercise dose, gender, and maturation, remain 
unexplored. 

 Additional examples in which microRNAs that we found 
to have been altered by exercise might infl uence immune cell 
function include the recent discoveries on the roles of mir-31 in 
T-regulatory lymphocytes  38   and mir-21 in down-regulating DNA 
methylation in CD4+ T cells.  29   miR-132 and miR-125b (noted 
earlier) are overproduced in monocytes exposed to bacterial 
endotoxin, lipopolysaccharide (LPS), or TNF-α.  43   mir-125a and 
mir-132 both appear to play a role in diseases whose natural 
history and pathogenesis are altered by exercise, namely, systemic 
lupus erythematosis, and rheumatoid arthritis.  9   It seems safe to 
speculate that this discovery that brief exercise alters a number of 
individual microRNA expression profi les in circulating PBMCs 
will lead to new hypothesis on the molecular mechanisms that 
link physical activity with health.   

 New insights gained from intersecting gene pathway analysis 
 Our  in silico  intersecting analysis of gene expression (mRNA) 
PBMC responses to exercise (as noted previously using the 
same exercise protocol), combined with the discoveries of 
microRNA PBMC responses to exercise in this study, also lead 
to novel insights into mechanisms that link physical activity 
with health. As shown in   Table 3  , we identifi ed 12 pathways. A 
number of these gene regulatory pathways can be potentially 
linked to exercise in both immune and nonimmune tissues. For 
example, Hoene and Weigert  15   recently demonstrated activation 
of the MAPK pathway in the liver following vigorous exercise in 
rodents. TGF-β proteins (TGF Signaling Pathway) are known to 
play a role in both muscle and tendon adaptations in response 
to exercise.  17,20   In addition, TGF-β, secreted by monocytes/
macrophages in the lung, contributes to the mechanisms of 
lung remodeling  7   that accompanies repeated asthma attacks. 
It is known that exercise stimulates circulating levels of both 
pro- and antiinfl ammatory cytokines.  23,31   Th e extent to which 
microRNAs in PBMCs are involved in these mechanisms 
remains unknown. 

 Other PBMC exercise-affected pathways are known to play 
a central role in immune cell communication. For example, 
Bopp et al.  6   discuss in their review the mechanism by which 
T-reg cells and conventional CD4+ T cells communicate via 
gap junctions. These investigators support the finding of Ring 
et al.  36   showing that T-reg cells not only modulate ongoing 
CD4(+)T cell-mediated immune reactions at tissue sites, but 
also abrogate the  de novo  induction of CD8(+)T cell-driven 
immune reactions by interfering with T-cell stimulatory 
activity of dendritic cells through gap junctional intercellular 
communication, another pathway that we identify in our 
analysis. 

microRNA Fold 
change

Regulation Predicted 
target genes 
(number)

Genes affected by exercise: (1) known 
to be targeted by the specifi c miRNA; 
and  (2) whose expression level was 
 altered by exercise in our previous study

Common genes enrich in Kegg 
pathways EASE < 0.05

hsa-miR-132 1.3 Up 219 Target 
genes

26 Gene Symbols: for example, ADCY3, 
MAPK1, PPP2R5E, PPP2R5C, MAPK1, 
E2F5, SMAD5, MAPK1

Oocyte meiosis, TGF-beta signaling 
pathway

hsa-miR-
140-5p

1.3 Up 193 Target 
genes

18 Gene Symbols: for example, MAPK1, 
TGFBR1, YES1

Adherens junction

hsa-miR-181a 1.4 Up 661 Target 
genes

76 Gene Symbols: for example, E2F5, 
SMAD7, MAPK1, TGFBR1, DUSP10, 
DUSP5, PPM1B, TGFBR1, CBLB, TGFBR1

TGF-beta signaling pathway, MAPK 
signaling pathway, chronic myeloid 
leukemia, pathways in cancer, 
colorectal cancer

hsa-miR-181b 1.7 Up 652 Target 
genes

76 Gene Symbols: for example, E2F5, 
SMAD7, MAPK1, TGFBR1, DUSP10, 
DUSP5, PPM1B, TGFBR1, CBLB, TGFBR1

TGF-beta signaling pathway, MAPK 
signaling pathway, chronic myeloid 
leukemia, pathways in cancer, 
colorectal cancer

hsa-miR-181c 1.2 Up 662 Target 
genes

76 Gene Symbols: for example, E2F5, 
SMAD7, MAPK1, TGFBR1, BCL2, CBLB, 
RASSF1, ITGA6, DUSP10, DUSP5, PPM1B, 
CBLB

TGF-beta signaling pathway, MAPK 
signaling pathway, chronic myeloid 
leukemia, pathways in cancer, 
colorectal cancer

hsa-miR-7 1.4 Up 266 Target 
genes

22 Gene Symbols: for example, ADCY9, 
ATP2B4, CAMK2D, SKP1, TCF4

Oocyte meiosis, calcium signaling 
pathway

hsa-miR-130a 1.2 Down 605 Target 
genes

62 Gene Symbols: for example, EREG, 
ITPR1, MAPK1, NR3C2, PDK1, PRKACB, 
SKP1, SMAD5, TGFA

Oocyte meiosis, long-term poten-
tiation, TGF-beta signaling pathway, 
ErbB signaling pathway, gap 
 junction, GnRH signaling pathway

   Table 3.     Summary of key fi ndings: association between microRNA and gene expression in response to brief exercise in human PBMCs and gene pathways that were 
signifi cantly affected.   
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  Figure 2.     Comparison of microRNAs altered by exercise in PBMCs (this study) with 
those changed in neutrophils (earlier study). Of the 34 PBMC microRNAs, only six 
changed in the same manner in neutrophils as well.    

 Calcium signaling pathway was also identified in this 
analysis. Ca 2+  signals regulate the activation of lymphocytes, 
their diff erentiation, and multiple eff ector functions as well as a 
variety of transcriptional programs.  25   Aft er the engagement of 
immunoreceptors, such as T-cell and B-cell antigen receptors 
and the Fc receptors on mast cells and NK cells, the intracellular 
concentration of calcium ions is increased through the sequential 
operation of two interdependent processes.  26   Finally, a number 
of cancer-related pathways were found to be involved in the 
microRNA–PBMC response to exercise. There is growing 
interest in the preventive eff ects of physical fi tness in a variety 
of cancers, but the mechanisms of this eff ect remain enigmatic.  44   
Simultaneously, microRNAs have become a target of intense 
investigation in cancer pathogenesis.  11   Our data suggest a 
possible connection between exercise alteration of PBMC 
microRNA profi les and the role of physical activity in modulation 
of malignancy.   

 Comparing microRNA responses to exercise in PBMCs and 
neutrophils 
 Our study permitted us to gain some initial perspectives on the 
patterns of microRNA response to exercise in diff erent types of 
circulating leukocytes. As shown in   Figure 2  , there was little overlap 
between the microRNAs that changed in response to the same 
exercise challenge in neutrophils (data from our earlier study  35   
consisting of largely the same individuals) and those that changed 
in PBMCs in the current experiments. Th is is not surprising; as we 
reviewed our previous studies on gene expression in response to 
exercise, we found that only about 34% of exercise-aff ected genes 
changed similarly in both neutrophils and PBMCs. Moreover, the 
intersecting analysis performed in neutrophils identifi ed only 
three pathways, also distinctly diff erent from the pathways we 
found in PBMCs using this  in silico  approach in this study. Th us, 
although brief exercise leads to an increase in the vast majority of 
leukocytes in the circulation, our data suggest that the ultimate 
genomic and epigenetic profi le of the circulating cells depends 
to some extent on the type of leukocyte that is either directly or 
indirectly altered by exercise.   

 Study challenges and limitations 
 Although hypothesis driven, this was an exploratory study. Because 
we did not  a priori  know the optimal conditions for isolating and 
identifying microRNAs from circulating PBMCs, we elected to 
focus our sample collection and preparation methods in a way 
that would optimize microRNA recovery. Consequently, we 
did not simultaneously measure both microRNAs and mRNAs 
in these subjects; rather, we relied on our previous data for the 
intersecting analysis. We also looked only at the PBMC microRNA 
expression changes immediately aft er the exercise. In future studies 
we plan to study more points in time and determine the duration 
of exercise-induced eff ects on microRNA expression. We treated 
the PBMCs as one group of cells, and it will remain for future 
studies to determine whether the individual components of this 
heterogeneous collection of lymphocytes, monocytes, etc. refl ect 
the overall microRNA response. Finally, this study was not designed 
to answer a key question that arises whenever one collects cells from 
the circulating blood—namely, are genomic or epigenetic changes 
observed in the circulating cells the direct result of exercise on 
those cells or, alternatively, do the diff erences derive from shift ing 
genomically distinct populations of leukocytes as they migrate from 
marginal pools into the central circulation in response to exercise.  1   
Nonetheless, either of these direct or indirect possibilities suggests 
an elegant, precise, and as of yet poorly understood mechanism 
that links exercise with immune cell function.   

 Summary 
 Th is study shows for the fi rst time that exercise leads to an altered 
profi le of microRNAs in PBMCs. Th e results complement our 
earlier fi ndings in neutrophils. Many of the individual microRNAs 
that we found to be infl uenced by exercise are already known to 
play key mechanistic roles in regulating infl ammatory function 
of PBMCs such as lymphocytes and monocytes. Moreover, the 
gene pathways likely to be infl uenced by microRNAs that we 
identifi ed through our intersecting  in silico  analysis were ones that 
in some cases are clearly related to the broad adaptive mechanisms 
that link exercise with health and disease. Th ese data in healthy 
human beings, along with the explosion of knowledge focused 
on microRNAs as “fi ne-tuners” of immune function in diseases 
ranging from cancer to diabetes,  39,42   justify further exploration 
of the impact of exercise on microRNA regulation in each of the 
leukocyte subpopulations that comprise the PBMCs.   
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