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Abstract

The present study utilized an acute bout of resistance exercise to examine the effects on the 

immune- and inflammatory-related genes in peripheral blood mononuclear cells (PBMCs). To 

date, only a limited number of gene transcripts related to the immune and inflammatory processes 

have been examined. Ten resistance-trained men (20-24 yrs), with at least 2 yrs resistance exercise 

training (RET) experience performed an acute bout of RET for ∼30 min following a 12 hr fast. 

The RET included the back parallel squat and leg press at 45% & 55% of 1-RM for 2 sets and 

65% of 1-RM for the following 4 sets. All exercises were performed with a 2:2 cadence followed 

by 2 min rest periods. Venous blood was sampled at rest, immediately following exercise, and at 2 

hr post-exercise and analyzed for total and differential leukocytes and global gene expression 

using Affymetrix Genechips. Results showed that leukocytes, monocytes, lymphocytes, and 

lactate values were elevated immediately post-exercise (p<0.05) over baseline. At 2 hr post-

exercise, leukocytes and granulocytes remained elevated (p<0.05), whereas lymphocytes were 

lower than (p<0.05) baseline values. RET induced transient fluctuations in immune cells. Initial 

microarray results indicate that gene expression signatures are highly correlated with peripheral 

blood mononuclear counts and that differentially expressed genes supported the 

immunophenotyping results. At the 2 hr recovery time point, matrix metalloproteinase 9 (MMP 9), 

orosomucoid 1 (ORM 1) and arginase 1 (ARG 1) all showed significant up regulation, while the 

gene CD160 was down regulated. These results demonstrate that an acute bout of RET disrupts 
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cellular homeostasis, induces a transient redistribution of certain leukocytes, and results in a 

transcriptional change in blood samples consistent with phenotyping results that differs from 

aerobic exercise.
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Introduction

Identifying global alterations in genomic factors as a result of various exercise stimuli has 

the potential to afford a better understanding of adaptive responses to exercise. Peripheral 

blood mononuclear cells (PBMCs) have been shown to increase in response to exercise and 

are thought to mediate stress via production of cytokines, chemokines and growth factors 

(11). There has been much investigation into changes in PMBC population and 

immunological changes in circulating cytokines in relation to acute endurance exercise 

(>75% VO2max) however, less is known about genomic response to resistance exercise 

training (RET). RET programs can cause muscle damage and soreness because of the 

workload or resistances utilized. In addition to soreness, muscle damage, as a result of RET, 

also contributes to inflammation in the surrounding tissue and alterations in immune cells in 

peripheral blood (9, 10, 20, 21, 28. The variations in leukocyte concentration during and 

after both endurance and resistance exercise may be the result of a transitory redistribution 

of immune cells between the peripheral lymphoid tissues and the circulation (28, 33). Part of 

this inflammation may also alter the circulating neutrophil and peripheral blood 

mononuclear cell (PBMC) gene expression (11).

The immune and inflammatory systems play key roles in health and disease processes. 

Therefore, determining the transcriptional changes in PBMCs that control these processes 

will provide more knowledge with regards to exercise induced stress response. Previous 

work has examined transcriptional changes in PBMCs in response to aerobic exercise, in 

healthy untrained subjects over a 30 min time course (11). This work demonstrates a 

dramatic increase in inflammatory cytokines and stress-related protein kinases, 1 hr post 

exercise. Given previous findings (9, 16, 20, 27), our investigation sought to examine the 

genomic responses to an acute bout of resistance exercise using Affymetrix microarrays 

(Santa Clara, CA) on peripheral blood. Results of these microarray data will help support 

whether or not any of the post-exercise differential immunological patterns coincide with 

gene expression responses. The current study was designed to address whether a different 

mode of exercise will impact the genomic response of PBMCs. We hypothesized that the 

RET insult would activate a transcriptional response involved in inflammation, cell growth, 

and tissue repair as compared to those activated by an acute bout of aerobic exercise.
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Methods

Participants

Ten moderately trained male college athletes (n = 10) gave their written informed consent to 

participate in this study, which was approved by the University's Institutional Review board, 

and completed a medical-history questionnaire. All participants were members of NCAA 

Division III athletic teams (post-season) and had been training for at least 5 years, with a 

minimum of 2 years of weight-lifting experience. Medical history results showed that no 

subjects had significant medical issues that would interfere with the study. Participant 

characteristics for experiments are presented in Table 1.

To minimize influence on each subject's immune system, participants were asked to adhere 

to specific instructions before exercise testing. This included abstinence from caffeine, 

alcohol, and anti-inflammatory medications for 24 hr. Furthermore, participants agreed to 

abstain for 30 days from using large doses of vitamin/mineral supplements (>100% of 

recommended dietary allowances) until after the second exercise session. Participants were 

also instructed not to engage in exercise 24 hr prior to each exercise testing session.

Participants were excluded from the study if they had an autoimmune disease (i.e., lupus, 

multiple sclerosis, rheumatoid arthritis, or insulin-dependent diabetes mellitus), tested 

positive for Human Immunodeficiency Virus (HIV), or had been diagnosed with Acquired 

Immune Deficiency Syndrome (AIDS). Participants were also excluded if they were taking 

prescription medications, using steroids, using ergogenic supplements (e.g., creatine) within 

30 days prior to testing, or had indicated that they experienced high psychological stress. 

Before each testing session, participants completed a second questionnaire to establish if 

they met the above pre-testing criteria and identify if they displayed any symptoms 

associated with upper respiratory tract infection (URTI) illness that would alter immune-cell 

parameters.

Procedures

Strength Assessment and Resistance-Exercise Protocol

One week before experimental testing, several baseline measurements were obtained which 

measured physical and strength parameters. This included measurements of baseline height, 

body weight, and body composition using the Jackson and Pollock's (1985) skinfold method, 

and strength assessment by performing one-repetition maximums (1-RMs) using the 1-RM 

testing protocol (4) for both the leg press (Hoist Fitness Systems, San Diego, CA) and 

parallel back squat (Hoist, Fitness systems, San Diego, CA).

On the day of experimental testing, volunteers reported to the laboratory after 12 hr of 

fasting. The temperature of the laboratory was ∼21°C for all testing sessions and volunteers 

were tested at the same time of day as the strength assessment. Participants were required to 

complete an exercise-session checklist before participation to confirm adherence to 

pretesting instructions and absence of URTI symptoms. The resistance-exercise timeline 

(with differential gene expression data) used in this study is shown in Figure 1. Briefly, 

blood was collected at three time points, pre-, post-, and 2 hours following exercise. Prior to 
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the first blood draw, each participant was required to rest quietly in a seated position for 10 

min before sampling from an antecubital vein.

Exercise Protocol

The resistance exercises employed were selected to recruit and activate a large amount of 

muscle tissue. Participants performed the parallel back squat and the seated leg press, both, 

which utilized major muscle groups in the lower extremities. The exercise protocol required 

each participant to complete six sets of the parallel back squat, followed by six sets of the 

seated leg press. Each exercise consisted of two warm-up sets of 10 repetitions at 45% and 

55% of 1-RM and four sets of 10 repetitions at 65% of 1-RM. All repetitions were paced 

with the use of a metronome set at a 2:2 cadence, with a 2 min resting period between sets. 

The total time to complete the exercise protocol was approximately ∼30 min. A second 

blood sample (post) was immediately collected after the completion of the exercise session. 

Participants were then instructed to rest quietly for 2 hr. The final blood sample (2hr) was 

collected after the 2 hr recovery period.

Blood Collection, RNA Extraction, and Bioanalyzer Analysis

Blood was sampled from the antecubital vein of each subject while seated at baseline, 

immediately post-exercise, and after 2 hr of recovery. Vacutainers containing the 

anticoagulant (EDTA) were used for collection. Due to the delicacy of RNA, the duration 

from blood sampling to stabilization of RNA never exceeded 3 min. Blood was collected 

and immediately stored at -80°C at a ratio of 4 parts TriReagent BD to 1 part whole blood. 

Within 24 hours, total RNA was extracted from the blood by adjusting the ratio of 

TriReagent to blood volume as described by the protocol, and further extracted using the 

standard blood protocol of TriReagent BD (Molecular Research Center, Cincinnati, OH). 

The resulting RNA was quantified on the NanoDrop ND1000 spectrophotometer and 

evaluated for integrity using Agilent 2100 bioanalyzer. All RNA concentrations were 

between 13 and 77 ng/uL and had RIN values (RNA Integrity Numbers) greater than 7.0 

indicating excellent quality RNA.

Microarray Analysis—Microarray target preparation was performed using the NuGEN 

Ovation V2 and WB reagents (NuGEN Technologies, San Carlos, CA) as specified by the 

manufacturer with a total RNA input of 50 ng. The resulting cDNA was purified using the 

DNA clean and concentrator-25 (Zymo Research, Orange, CA), fragmented, biotin labeled, 

and prepared as a hybridization mixture as described in the methods of the NuGEN Encore 

labeling reagents. Microarray hybridizations were performed using the Affymetrix U133a 

2.0 GeneChips for 16h at 45°C at 60 rpm. GeneChips were subsequently stained using a 

double strepavidin phycoerythrin protocol on the FS450 fluidic station, scanned using the 

GS3000-7G scanner, and processed with the GeneChip Operating Software (Affymetrix 

Corp, Santa Clara, CA) (3).

Microarray Data Analysis

Affymetrix GeneChip Operating Software (GCOS) was used to generate both image files 

(DAT and CEL) and probe intensity files (CHP). Data obtained from the GCOS CHP files 

includes quantitative gene signal information, which can be used in downstream complex 
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data analysis. Quantitative data from each gene is determined by a set of DNA probes that 

interrogate at least 11 locations across each gene. Collectively, this “probe set” provides a 

single value summation of each gene response. Probe statistics are background corrected and 

normalized using the R Language (2) and Environment for Statistical Computing with 

BioConductor tools (BioConductor) (1). Global expression statistics are calculated for each 

probe set from each sample using the Robust Multichip Average (RMA) statistic of Speed et 

al (6, 17).

Immune Cells and Lactate

Whole blood containing EDTA was analyzed for complete blood counts and leukocyte 

subsets (Beckman Coulter AcT Diff2, Brea, CA). Total leukocytes and leukocyte subsets 

were corrected for changes in plasma volume via hematocrit and hemoglobin changes using 

the Dill and Costill (1974) method (12). Lactate determination at all three time periods was 

accomplished using fingersticks and analyzed using the Accutrend Lactate meter (Roche 

Diagnostics, Germany).

Statistical Analyses

One-way analysis of variance (ANOVA) was used to determine whether there were 

significant changes in the dependent variables. Tukey post hoc analysis was utilized to 

isolate differences. The statistical significance level was set a 0.05. Linear modeling was 

performed on the microarray data using the Bioconductor limma package, which 

implements the method of Smythe (2005) (36). Smythe's (2005) method borrows 

information across genes to improve inference based on small sample sizes. It provides, for 

each contrast, a moderated t-statistic, p-value, and p-value adjusted (19) for the purpose of 

controlling the false discovery rate. Differentially expressed genes were loaded into the 

Ingenuity Pathways Analysis (Ingenuity® Systems, www.ingenuity.com) database for 

biological pathway analysis.

Results

Lactate

A significant main effect (p<0.05) for time was observed for lactate. The resistance exercise 

induced a ∼7 fold increase (p<0.05) from baseline to post-exercise while after 2hr post-

exercise, the lactate levels subsided to approximately 2 fold over baseline (see Figure 2).

Immune Responses

A significant main effect (p<0.05) for time was observed for leukocytes, monocytes, 

granulocytes, and lymphocytes. Tukey post hoc analysis revealed that leukocytes, 

monocytes, and lymphocytes were elevated immediately post-exercise (p<0.05) over 

baseline values. At 2 hr post-exercise, leukocytes and granulocytes remained elevated 

(p<0.05), whereas lymphocytes were lower than (p<0.05) baseline values (Figure 2).

Gene Expression—Using a conservative false discovery rate (FDR) of p<0.05 and a two-

fold change of or higher threshold, 167 genes were differentially detected between baseline 

and 2 hr post-exercise, 259 genes between 2 hr post-exercise and immediately post-exercise, 
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and six genes between immediately post-exercise and baseline indicating the greatest gene 

response was seen at the 2 hour post-exercise (Figure 1). Farther analysis of these 

differentially detected genes by plotting using similarity overlapping in a Venn diagram, 

indicate that although cellular populations and lactate levels are changing, that the majority 

of differentially expressed genes remain the same as indicated by the 139 genes in the 

overlap region. Conversely, the non-overlapping genes may be related to cellular population, 

lactate, or other changes (see Figure 3). The Venn diagram also displays 10 of the highest 

and lowest differentially expressed genes (by gene symbol) for the corresponding region. 

Complete data sets are available in the NCBI's Gene Expression Omnibus (GEO) database 

(http://www.ncbi.nlm.nih.gov/geo/).

Principal component analysis (PCA, (32)) as well as sample clustering (heatmap and sample 

dendrogram, not shown) indicated clear separation between the 2-hour post-exercise 

samples and all other samples as well as the expected inherent variation between participants 

reflected on the axis of PC 2 (see Figure 4).

The top canonical pathways identified by Ingenuity Pathways Analysis (Ingenuity® 

Systems, www.ingenuity.com) from the genes differentially expressed between the 2 hr 

post-exercise and the pre-exercise blood samples are presented in Table 2. The percentage of 

these genes that are either differentially regulated in the 2 hr post-exercise samples is 

indicated. All of the pathways were statistically significant at p < 0.05, suggesting that the 

differentially expressed genes identified between the samples are most likely involved in 

these particular pathways due to the biology of the system.

Discussion

This study focused on identifying significant transcriptional and immunological changes in 

human PBMCs, in response to resistance exercise. This is one of the first studies to examine 

the transcriptional changes in PBMCs in response to RET and the data presented here 

clearly demonstrated that a brief bout of RET stimulated both leukocyte and leukocyte-

subset mobilization and a unique set of genomic changes. While increases in immune cell 

population in response to both endurance and resistance exercises have been well 

documented, the transcriptional changes on the genes involved are not well understood. 

Using a microarray approach, this study identified differential gene expression in PBMCs 

(167 genes at p < 0.01) between pre- and 2 hr post-exercise and grouped genomic changes 

into relevant key signaling pathways. Although genomic changes in skeletal muscle have 

been identified as a result of resistance exercise (7, 8, 11, 31) we identified several specific 

genes from resistance exercise post-exercise, as having potential roles into the mechanism of 

recovery. Although some genes related to immunological responses were shown to be 

increased in response to both aerobic and resistance exercise, we identified several genes 

that were uniquely altered in response to RET which may contribute to a better 

understanding of the processes involved in acute muscle damage and repair.
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Cellular Immune Response During Resistance Exercise

As hypothesized, these data show increases in total leukocyte, lymphocytes, and monocytes 

immediately after resistive exercise (Figure 2). Our findings are in agreement with previous 

studies that have described a mobilization of total leukocytes and their subsets immediately 

post-exercise, stimulated by an acute bout of resistance exercise (9, 15, 21, 34). Based on the 

exercise protocol utilized in this study, the 2:2 cadence not only kept all subjects on the 

same pace, but also may have induced a small degree of muscle damage. The high intensity 

of the RET bout was evidenced by the ∼7 fold increase in blood lactate levels immediately 

following exercise. Resistance exercise of this nature with pronounced eccentric muscle 

contraction has been reported to increase inflammation (34) in the surrounding tissue, 

leading to the concomitant inflammatory response as noted by the temporary leukocytosis 

post-exercise (23, 30). Typically, neutrophils are the first inflammatory cells to infiltrate the 

affected muscles and are purported to participate in phagocytosis (23, 30, 35). Additionally, 

inflammatory signaling molecules and other leukocytes, such as monocytes are further 

activated. Studies examining immune responses to resistance exercise have consistently 

reported a significant leukocytosis (9, 20, 21, 25), (28, 33). Nieman, Henson, et al. (1995) 

reported that a single session of resistance training induced leukocytosis and lymphocytosis 

immediately post-exercise and lymphocytopenia 2 hr later. The degree of these immune 

responses was similar to those reported during and after high-intensity prolonged endurance 

exercise (26). Further, after the 2 hr recovery, total leukocytes remain elevated, while 

lymphocyte counts decline below baseline values following the recovery period. This 

decline in lymphocyte population has been previously shown after either prolonged 

endurance or exhaustive resistance exercises (26).

PBMC Genomic Response

Microarray data suggest that while there is a small genetic response to the resistance 

exercise 30 minutes following the exercise, the genetic response two hours post-exercise is 

large and significant, and presents a strong signature of immunological stress (Table 2). 

Analysis of transcriptional principal components (PCA) is a method to graphically reveal 

total sample variation from microarray data into components that capture most of that 

variation (12). The plot of those components indicates that the primary source of variation 

among samples correlates with the sample time points, distinguishing the 2hr post-exercise 

samples from the pre- and immediate post-exercise samples (Figure 4, PC1, dashed line), 

while the pre-exercise and immediate post-exercise samples are inseparable along the x-axis. 

The distinction of the 2hr post-exercise samples and the lack of separation between the pre- 

and immediate post-exercise samples are reflective of the number of differentially expressed 

gene identified by linear modeling between the time points (Figure 4). The second principal 

component (PC2), which represents the second greatest source of variation, appears to 

largely capture differences in expression between participants. This PCA plot presents 

convincing evidence that the experimental variables (gene response time and participant 

variation) clusted appropriately and could easily be modeled, indicating good experimental 

controls with high signal to noise.
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Ingenuity IPA consistently identified immunological and inflammatory-related response 

among the biological processes most represented by the differentially expressed genes 

identified in the 2 hr post-exercise minus pre-exercise samples (p<0.01) (Table 2). 

Statistically significant changes in gene expression in canonical pathways such as Natural 

Killer Cell signaling, NF-κB, Cytotoxic T lymphocyte-mediated Apoptosis and T cell 

receptors, suggesting that genes involved in these pathways are critical to mediating the host 

response to resistance exercise and may be critical targets for future studies.

Differential expression of Genes related to Canonical Pathways

Genes related to inflammatory disease, immunological disease and cell-to-cell signaling 

showed the greatest changes (as shown by number of genes differentially expressed) from 

pre-exercise to 2 hr post-exercise. These data concur with a previous study examining 

changes in aerobic exercise and showed that the greatest changes in genes expression 

involved stress response and inflammatory response (11). It is important to note that all gene 

expression studies on PBMC have an “apparent” transcriptional response solely based on 

cell population dynamics, but this bias can be reduced if one looks at consistent gene 

changes over time as cellular populations fluctuate and revert back to baseline. These data 

can be obtained from our data set by examining the intersect population (139 genes) in the 

venn diagram (Figure 3) which somewhat reduces the apparent cell population effect.

From data shown in Figure 5, the most differentially expressed at the 2 hr post-exercise 

recovery time point were matrix metalloproteinase 9 (MMP 9), orosomucoid 1 (ORM 1) and 

arginase 1 (ARG 1), which showed significant up regulation, and CD160 which was 

significantly down-regulated. As previously shown, RET induces skeletal muscle damage 

and this is reflected in the genetic output of PBMCs. As indicated, both MMP9 and ARG1 

were significantly increased in response to RET suggesting that there is significant skeletal 

muscle damage and associated repair occurring. MMP9, also referred to as gelatinase B, has 

been classified by its protein and domain structure as the largest and most complex of the 

MMP family (13). When muscle damage occurs, MMP9 and ARG1 antagonize one another 

in response to inflammatory cytokines. Functionally, MMPs are enzymes responsible for the 

destruction of extracellular matrix, and are linked to inflammation and tissue remodeling 

(18). Both MMP9 and ARG1 are associated with the NF- κB signaling cascade and this is in 

accordance with an increase in NF- κB signaling also displayed in PBMC transcriptome 

following RET. MMP9 is quite complex and elicits a widespread effect, including activation 

of other MMPs, gene transcription and protein secretion by both cytokines and chemokines, 

proenzyme activation by components of the plasminogen activation system and action of 

tissue inhibitors of matrix metalloproteinases. Thus, these responses may indicate that 

following an acute bout of RET and likely induction of muscle damage, there is a rapid and 

robust intracellular repair and remodeling response.

In contrast, Arginase 1 (ARG 1) is a hydrolytic enzyme shown to reduce activity of MMP9 

(37). The inhibitory effects of ARG1 on MMP2 and MMP9 activation have been shown to 

reduce reactive oxygen species, and muscle destruction suggesting that an increase in ARG1 

in this study is a direct result on increases in MMP9 activity. Interestingly, ARG 1 is also 

able to elicit it function on the body through regulation of NO because it competes with 
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nitric oxide synthase (NOS) for arganine (37). According, to Bansal and Ochoa (2003) this 

competition for arginine between ARG1 and NOS may lead to macrophage and T-

lymphocyte activation (5). It is for this reason that arginase expression is implicated in both 

the immune response and inflammation associated with infectious disease (37). It is possible 

that the induction of MMP9 and ARG1 is biphasic, where MMP9 is induced earlier in 

response to RET and ARG1 is induced as a protective mechanism during muscle repair. A 

closer look at the transcriptional time course in PBMCs following RET would be useful for 

examining the relationship of these two proteins.

Orosomucoid 1 (ORM 1) or α 1- acid glycoprotein (αAGP) was also significantly increased 

in response to RET. ORM is a plasma protein expressed in hepatocytes and secreted into the 

plasma under stressful conditions, injury, infection, inflammation, and has been implicated 

is suggested to have roles in immunomodulatory, barrier and carrier functions (22). ORM 

has been shown to inhibit mitogen-induced proliferation of lymphocytes and this may be 

partially responsible for the reduction in lymphocytes observed in this study. In our data, 2 

hr following RET, there was a marked increase in leukocyte populations; however, 

lymphocyte populations were decreased. The resulting decrease in lymphocytes could be a 

direct result of an increase in circulating ORM from the PBMCs and continued studies 

would be of interest to demonstrate that ORM is or is not responsible for halting 

proliferation of resident lymphocyte populations in the case of RET. Interestingly, other 

studies in both aerobic exercise and tumor progression experiments that an increase of 

lactate in the blood stream may cause a regression or inhibition of TCR, lymphocytes, and 

associated pathways(24, 14). However, this has not yet been show in RET, but may not be 

surprising as the levels of lactate in this study were significantly elevated (Figure 2)

CD160 was the only molecule to show significant down regulation at the 2 hr post-exercise 

recovery point. CD160 is a cell membrane receptor, also referred to as BY55 (29). CD160 is 

a 27 kDa glycoprotein whose expression is linked to peripheral blood natural killer cells, as 

well as CD8 T lymphocytes. Much like the other genes implicated in our study, CD160 is 

linked to immunity, which can be seen through its expression, and the resulting decrease in 

expression may be correlated to the displayed decrease in circulating lymphocytes 2 hr post 

exercise. According to Nikolova et al. (2002), CD160 is expressed on intestinal 

intraepithelial T lymphocytes, circulating natural killer cells (CD56DIM+ and CD16+), and 

small amount of other circulating lymphocytes such as CD8bright+, responsible for mediating 

cytotoxic activity. The displayed decrease in CD160 and in the increase of ORM shed light 

on the regulatory mechanisms of lymphocyte populations in the blood following exercise. A 

more extensive examination of the time course of PBMCs transcriptional response to RET 

would be useful in order to determine the relationship between these two genes and whether 

they are influenced by high lactate or other regulatory events.

In summary, an acute bout of resistance exercise disrupts cellular homeostasis, and induced 

a transient redistribution of certain leukocytes. The exercise bout also changed the gene 

expression in the peripheral blood, which is different from previous reports suggesting that 

genetic response differs as a result of different exercise. Future studies should validate the 

differentially expressed genes with RT-qPCR and confirm their role in the post-exercise 

response. Detailed flow cytometric analysis and sorting on specific cell populations could 
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provide an understanding on the exact transcriptional responses of each cell type and how 

they potentially behave as a population.
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Figure 1. 
Resistance exercise protocol timeline with corresponding gene response. Each exercise 

consisted of one set of 10 repetitions at 45% and one set at 55% of 1-RM and four sets of 10 

repetitions at 65% of 1-RM. Repetitions were performed with a 2:2 cadence with 2 min rest 

between sets. Blood was immediately drawn from each participant and extracted for total 

RNA. Microarray analysis was performed and differentially expressed genes were 

calculated.
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Figure 2. 
Lactate, Leukocyte, and Lymphocyte data show changes in response to exercise time points.
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Figure 3. 
Venn Diagram showing the number and similarity of differentially detected genes from each 

comparison. These data indicate that 139 of the167 genes differentially detected between the 

2 hr after exercise and pre-exercise were the same genes as those detected between 2hr after 

exercise vs immediate post exercise. All 6 genes detected for the immediate post exercise 

data vs pre exercise were also seen in the 2hr after exercise vs immediate post exercise.
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Figure 4. 
The Principle Component Analysis (PCA) plot of the microarray data indicates that the 

primary source of variation among samples correlates with the sample time points, 

distinguishing the 2hr post-exercise samples from the pre- and Immediate post-exercise 

samples (PC1, dashed line). The second principal component (PC2) largely captures 

differences in expression between participants. Samples are labeled by participant (A-J) and 

sample time point (pre = pre-RE, ipost = immediate post-exercise, and 2hr = 2 hr post-

exercise), and color-coded by participant.
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Figure 5. 
The three most up- or down-regulated genes between the 2-hour post-exercise and the pre-

exercise whole blood samples based on microarray analysis. The data were sorted using a 

binary filter of p-value <0.05 and at least a 2-fold difference in expression, and pre-exercise 

samples were used as the reference (i.e. 2-hour post-exercise minus pre-exercise) and thus 

positive fold change indicates up-regulation two hours post-exercise, while negative 

indicates down-regulation.

Carlson et al. Page 18

Eur J Appl Physiol. Author manuscript; available in PMC 2015 March 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Carlson et al. Page 19

Table 1
Participant Characteristics, mean ± SD

Variable Mean/SD

Age (years) 22.3 ± 1.3

Height (cm) 181.1 ± 6.0

Body Mass (kg) 90.0 ± 6.8

Body Fat (%) 10.9 ± 3.9

1-RM back parallel squat (kg) 159.2 ± 18.0

1-RM leg press (kg) 410.0 ± 33.3

Years of training 5.0 ± 2.3
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Table 2

Top pathways, functions, and networks identified Ingenuity Pathways Analysis of the genes differentially 

expressed (DE) between 2-hour post-exercise and immediate post-exercise blood samples. Canonical 

pathways are known pathways for which there is a significant association with the molecules in the data set. 

Biological functions are composed of the molecules in the data set that are know to be involved in various 

diseases and functions, and are further divided statistical significance subcategories.

Canonical pathways P-value Number of differentially expressed molecules to total in 
pathway

Natural Killer Cell Signaling 1.6 × 10-7 20/115 (17.4%)

NF-kB Signaling 8.9 × 10-5 17/149 (11.4%)

Cytotoxic T Lymphocyte-mediated Apoptosis of Target Cells 3.7 × 10-4 7/31 (22.6%)

T Cell Receptor Signaling 9.9 × 10-4 13/110 (11.8%)

Communication between Innate and Adaptive Immune Cells 1.6 × 10-3 10/90 (11.1%)

Biological functions P-value Number of differentially expressed molecules

Inflammatory Response ≤ 5.8 × 10-3 132

Infectious Disease ≤ 8.0 × 10-3 100

Respiratory Disease ≤ 8.0 × 10-3 74

Inflammatory Disease ≤ 7.3 × 10-3 193

Immunological Disease ≤ 8.0 × 10-3 187

Antigen Presentation ≤ 6.6 × 10-3 125

Cell-To-Cell Signaling and Interaction ≤ 8.0 × 10-3 140

Cell-mediated Immune Response ≤ 8.0 × 10-3 139

Humoral Immune Response ≤ 5.4 × 10-3 122

Hematological System Development and Function ≤ 5.4 × 10-3 134

Immune Cell Trafficking .≤ 7.4 × 10-3 88
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