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Abstract  40 
 41 
The microarray data set of a recent study on mRNA changes induced through exercise 42 

(half-marathon; pre exercise, 30min post-Ex., 3h post-Ex., 24h post-Ex.; women in luteal 43 

phase vs men; 1h whole blood culture ± LPS) was reanalyzed with a special focus on sex 44 

differences. Inflammation related pathways TLRs, cytosolic DNA sensing and RIG-I like 45 

receptors were differentially activated between sexes in LPS-stimulated cultures. 46 

Individual evaluation of genes like TNIP-1, TNIP-3, IL-6, HIVEP1, CXCL3, CCR3, IL-8 47 

and CD69 including the DNA methylation related gene DNMT1 confirmed a bias 48 

towards less anti-inflammatory regulation in women compared to men. A bias towards 49 

higher fat utilization and higher expression of antithrombotic genes MRVI1 and PLAU in 50 

males was also found. Several genes related to brain function (OLIG2, TMEM106B, 51 

DDIT4, and KMO) were also differentially activated between sexes. Some of these, like 52 

KMO in women and DDIT4 in both sexes, may potentially constitute neuroprotective 53 

mechanisms.  54 

Key words: Exercise, sex differences, inflammatory genes, LPS stimulation, Toll-like 55 

receptors  56 

 57 

Introduction  58 
 59 
Despite the well-known fact that there are sex-specific physiological responses to 60 

exercise stress, the majority of exercise studies have been done in males. In general, 61 

women reveal lower concentrations of creatine kinase, an indicator of muscle damage 62 

after one hour of endurance exercise (63). Additionally, there is a reduced response of 63 

catecholamines after endurance exercise in women (29, 71). A lower utilization of 64 

carbohydrates by muscle and an increased use of peripherally mobilized fatty acids in 65 

women has also been demonstrated (24, 44).  In addition to their obvious influence on 66 

our phenotype, gender differences are also relevant in the immune response. Overall, the 67 

activated NK cell and cytotoxic T cell response is higher in female as compared to male 68 

athletes. In addition, women in the second phase of their menstrual cycle revealed less 69 

anti-inflammatory response to exhaustive exercise as compared to men (1). The reason 70 
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for the differences between sexes in immune response to exercise seems to be largely 71 

related to fundamental differences in the immune systems of males and females. 72 

Generally, while men are more prone to bacterial, viral and parasitic infection and sepsis, 73 

women have a higher prevalence of a number of autoimmune diseases, including 74 

rheumatoid arthritis (RA) and multiple sclerosis (see Pennell et al., 2012). These 75 

fundamental differences between the immune systems of males and females suggest that 76 

gonadal hormones and genes of the X chromosome (approximately 1000 genes) may both 77 

contribute to this difference (22). While in general the impact of exercise on immune 78 

system functions has received considerable and increasing attention in recent years, it is 79 

still unclear to what extent gender and fluctuations in sex hormones during menstrual 80 

cycle influence immunological responses to exercise.  81 

Generally, it is known that changes in estrogen levels are associated with changes in T 82 

helper lymphocyte (Th)1 and Th2 responses in a biphasic manner during the menstrual 83 

cycle, with Th1 responses heightened during menstruation and the luteal phase when 84 

estrogen levels are low, and with Th2 responses heightened during the follicular phase  85 

when estrogen levels are elevated (52). Numbers of circulating T-regulatory cells (Treg) 86 

also fluctuate with the menstrual cycle tending to be higher in the follicular phase (when 87 

estrogen levels are high) and lower in the luteal phase (8).  88 

In the context of endurance exercise less is known about the sex- and menstrual phase- 89 

specific differences of the immune response. Recently, a microarray study by our group 90 

(49) summarized new data on sex- and menstrual phase- dependent differences in 91 

immunological responses to exercise. This study clearly demonstrated that the expression 92 

of pro-inflammatory genes was significantly up-regulated in women`s PBMCs in the 93 

luteal phase of their menstrual cycle as compared to the same women in follicular phase 94 

and men. Conversely, women in the luteal phase showed a strong trend towards down 95 

regulation of anti-inflammatory genes (49). Timmons and colleagues (2005) also found 96 

higher numbers of circulating neutrophils, monocytes and lymphocytes during the luteal 97 

phase than during the follicular phase in women using oral contraceptives (64). However, 98 

most studies reported no differences in cell counts and functions (11, 42, 45–47, 67), 99 

plasma cytokine levels (42, 66), and lymphocyte apoptosis (48) between the sexes. Most 100 
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studies did not control for the menstrual cycle and use of contraceptives at the time of 101 

testing.  102 

To date, no microarray study has been performed on peripheral blood focusing on gender 103 

differences in response to exercise, particularly prolonged exhaustive exercise. We 104 

performed a detailed analysis of the microarray data set from our recent study 105 

(competitive half-marathon; men vs women in luteal phase; ex vivo culture of whole 106 

blood cells ± LPS stimulation before, 30min post exercise, 3h post exercise and 24h post 107 

exercise) using algorithms focusing on sex differences. Studying sex differences in 108 

response to exercise and in relation to pathogen contact is expected to yield new insights 109 

for better understanding sex-specific adaptations to exercise for athletic performance and 110 

health.  111 

 112 

Methods and Materials  113 
 114 
It should be noted that the results presented in this study share the same data basis with 115 

the results published recently by our group (2). In other words, the methodology of the 116 

present study including subjects, blood sampling, stimulation and incubation, RNA 117 

extraction and microarray analysis are the same as in our previous publication and have 118 

been described in detail (2).  119 

Although, in that study, some sex specific results were mentioned, there was no 120 

systematic data analysis with focus on sex differences. In this study we report the results 121 

of running different algorithms, focusing on sex-specific regulation of gene expression on 122 

the existing set of microarray data.   123 

In brief, eight (4 male and 4 female) well-trained athletes participated in an official half-124 

marathon running. K3-EDTA blood samples were taken before and at several time points 125 

(30min, 3h, and 24h) after exercise. Whole blood was cultured with or without 126 

lipopolysaccharide (final concentration 10 ng/ml) for 1h and PaxGene Blood RNA kit 127 

was used to extract total RNA.  Human Genome U219 Gene Chip-arrays (Affymetrix) 128 

were performed and microarray hybridizations were analyzed on the software platform R 129 

2.12.0 with Bioconductor 2.10.0 (for more detail see publication Abbasi et al., 2014).  130 
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Cluster analysis for selected probesets was performed in R 2.15.1. Signal intensities were 131 

scaled and centered and the distance between two expression profiles was calculated 132 

using euclidian distance measure. Hierachical cluster analysis was performed with 133 

average linkage. Heatmaps were generated with Bioconductor package geneplotter. 134 

 135 

Gene Ontology and KEGG Pathway analysis 136 

In the lists of genes that were significantly differentially expressed with exercise and 137 

gender in our study, we conducted functional enrichment testing including Gene 138 

Ontology (GO) (9) and Kyoto Encyclopaedia of Genes and Genomes (KEGG; 139 

www.genome.jp/kegg/) pathways (33) to determine the relative enrichment of genes with 140 

common or related functionalities to gain insight into biological processes mediated by 141 

both exercise and gender. This might give an overview which biological and molecular 142 

processes are responsible for the observed changes in transcription. A one-sided 143 

conditional hypergeometric test was used to analyze the lists of differentially regulated 144 

transcripts for over-representation of GO categories in the two GO main branches 145 

“biological process” and “molecular function”. GO categories with a p-value of less than 146 

0.01 were called significantly enriched. In the same way, the lists were analyzed for over-147 

representation of known signal transduction and metabolic pathways from the KEGG 148 

data base. 149 

 150 
Results  151 
 152 
Anthropometric and Exercise data 153 

The Anthropometric data has been presented in our previous publication (2) with all 154 

runners successfully completing the half-marathon race (21.1 km) in an average running 155 

time of 95.5 ± 8 min (86-116min) for men and 114 ± 12min (96-129min) for women.  156 

 157 

Hormonal status 158 

Basal hormone concentrations of plasma estrogen, progesterone, LH, and FSH were 159 

measured to confirm the phase of menstrual cycle of the female subjects. The 160 

measurements confirmed that all female athletes were in luteal phase of their menstrual 161 

cycle (table 1).   162 
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Blood cell count in response to exercise  163 

As described before, half-marathon running significantly increased total leukocyte counts 164 

for 3h post exercise (P <0.0001) in both male and female athletes, with no sex-specific 165 

differences in cell count. Exhaustive exercise significantly increased the number and 166 

percentage of neutrophils at 30min- and 3h post exercise. The percentage of monocytes 167 

was decreased following exercise and remained attenuated for 3h post competition. The 168 

strong reduction in the percentage of lymphocytes also remained decreased for at least 3h 169 

post-exercise, but reached pre-exercise levels at 24h post-exercise.   170 

 171 

Gene transcriptional and pathway regulation induced by exercise and differentially 172 

affected by gender (Time x Gender interaction) 173 

Here, the changes in gene expression (up- or down regulation) from pre-exercise (t0) to 174 

post-exercise (t1,t2,t3) in male athletes in relation to the same status in female athletes are 175 

described (men post Ex. – men pre Ex.) — (women post Ex. – women pre Ex.). It should 176 

be noted that following this Time × gender algorithm (t × g alg.) no regulation results 177 

when up- or down-regulation through exercise occurs in male and female athletes in 178 

parallel. Regulation signifies that male and female athletes were affected by exercise in 179 

different ways. Thus, up regulation of this t × t alg. can mean that these genes were up-180 

regulated in male athletes through exercise with no change in females, or that these genes 181 

were down-regulated in female athletes through exercise with no changes in males, or a 182 

mixture of both alterations. Vice versa, down regulation of t × g alg. indicates down-183 

regulation of these genes in males or up-regulation of the same genes in female athletes 184 

in response to exercise.  185 

Figure 1 shows the global transcriptional profiles in LPS-stimulated and un-stimulated 186 

whole blood cultures that differentially responded to exhaustive exercise between sexes 187 

(Figure 1).  188 

In total, more genes were activated in men than women, but women had more activated 189 

genes at 24h post-exercise. In addition, LPS-stimulated cultures showed higher amounts 190 

of regulated transcripts compared to un-stimulated cultures for both sexes at any time 191 

point.   192 
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Table 2 shows the summary of most differentially and significantly regulated genes 193 

between sexes at each time-point (t × g alg.) in both cultures.  194 

KEGG pathway analysis was used to assign the differentially regulated genes between 195 

sexes into functional categories in both LPS-stimulated and un-stimulated cultures. A 196 

detailed list of pathways which were significantly overrepresented in each group is shown 197 

in Table 3. KEGG pathways were activated for sex differences in LPS-stimulated only 198 

but not in un-stimulated cultures. The Toll-like receptor signaling pathway and Cytosolic 199 

DNA-sensing pathway were the only over-represented pathways for differentially 200 

regulated genes between sexes at 30min post-exercise. Four KEGG pathways were 201 

differentially over-represented for sex differences at 3h-post exercise and ``Epithelial cell 202 

signaling in Helicobacter pylori infection`` was the only significantly regulated pathway 203 

between sexes 24h after exhaustive exercise (Table 3).  204 

 205 
Discussion  206 
 207 
In the present study we used the microarray data from a previous study for a detailed 208 

analysis of sex-specific changes in gene expression profiling in LPS-stimulated and un-209 

stimulated whole blood cultures following an exhaustive exercise. The rationale for using 210 

whole blood culture and the microarray technology has been discussed in detail in our 211 

previous publication (2).  Fast and precise kinetics and avoidance of artefacts from in 212 

vitro manipulation characterize this strategy. There is widespread consensus in the 213 

scientific community that changes in gene expression in peripheral blood can be seen as 214 

mirror of changes induced by exercise in muscle or other organs.   215 

Exhaustive exercise had significantly altered a row of genes in LPS-stimulated and un-216 

stimulated blood cultures of male and female athletes. Exercise induced, in both male and 217 

female cultures, the differential expression of genes encoding products known to be 218 

involved in innate immune/inflammatory responses, metabolic responses, the cell cycle, 219 

apoptosis and regulation of transcription. In general, it had turned out that women 220 

showed a higher degree of pathway activation, while men showed higher numbers of 221 

activated genes at each time point after exercise. Up to now we have no stringent 222 

explanation for this finding. In another study, we had observed that women in their late 223 

luteal phase (like the ones investigated in this study) showed much higher numbers of 224 
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regulated genes immediately following 60min of moderate exercise compared with 225 

women in the follicular phase or men (49). Therefore, the two studies share at least the 226 

generally consistent finding that women in the luteal phase of their menstrual cycle show 227 

a different regulation following exercise as compared to men or women in their follicular 228 

phase.  229 

 230 

Differential activation of signaling pathways between sexes 231 

A prime finding of our present new specialized data analysis for sex differences is the 232 

observation that 5 differentially regulated KEGG pathways became apparent in endotoxin 233 

stimulated cultures (table 3). Of these, the TLR signaling pathway was clearly the most 234 

prominent with 7 differentially regulated genes 30min post exercise. Cytosolic DNA 235 

sensing and RIG-I like receptor signaling pathways followed. All three organize the 236 

primary reaction of the innate immune system to microbes of bacterial or viral origin. 237 

They are well interwoven and share expression of inflammatory cytokines and interferons 238 

as common endpoint. The two other pathways, which appeared in the late time points 239 

both concern infectious diseases and may be circumstantially co-reactive here. TLRs are 240 

external (e.g. TLR3,4) or internal (e.g. TLRs 3,7,8) receptors for bacterial cell wall 241 

components like LPS or microbial nucleic acids or analogues and induce synthesis of 242 

inflammation related cytokines (IL-1, IL-6, TNF-α) and /or type I interferons (IFN-β and 243 

IFN-α) (36). DNA sensing and RIG-I like receptor pathways are triggered mainly by 244 

virus derived nucleic acids and lead to the production of type I interferons, but also other 245 

inflammatory cytokines including activation of the necessary machinery for protein 246 

synthesis. Excessive activation of TLRs is implicated in the pathogenesis of infectious 247 

and inflammatory diseases (32, 41, 43). A recent work by Khan et al (2010) showed 248 

higher response by TLR-7 and TLR-8 but not TLR-4 and TLR-3 in healthy females as 249 

compared with males.  250 

The differential pathway activation between sexes as proven by the above mentioned 251 

KEGG analysis, confirms that there are significant differences between the reaction of 252 

men vs women in luteal phase in the setting of exercise plus pathogen stimulation. It also 253 

showed that exercise does indeed interact with early steps of the pathogen response, 254 

involving at least 3 major pathways of innate immunity. In future, a comparison 255 
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including women in their follicular phase may be of interest. Also, the KEGG analysis 256 

does not provide any information on the nature of the observed differences. Some of 257 

these will be discussed below. 258 

 259 

Exercise and the inflammatory response 260 

Several studies have shown that exercise induces changes in pro-inflammatory, but also 261 

in prominent anti-inflammatory genes (2, 15, 18, 49, 57–60). About 40% of all genes 262 

changed through exercise in peripheral blood are related to inflammation (presented in 263 

ISEI symposium-Australia 2013). Previous investigations have demonstrated that in men 264 

and women in follicular phase, gene expression changes are quite comparable and show a 265 

strong anti-inflammatory bias, while this bias was far less prominent or absent in women 266 

in their luteal phase. The differences in (inflammation-related) pathway activation 267 

between men and women in luteal phase as pointed out above are nicely compatible with 268 

this picture even if data on women in follicular phase are missing. In the following, some 269 

genes will be considered in more detail to get more information on the nature of the 270 

observed pathway activation differences.  271 

Within the TLR pathway, TNIP-1 and TNIP-3 (TNFAIP3 interacting protein-1, -3) are 272 

potent multiple action inhibitors (68). Their activation became only apparent in LPS-273 

stimulated cultures, and men showed highly significant activation while women showed 274 

only a trend. Similarly, IL-6 and the tumorigenesis controlling gene HIVEP1(30) which 275 

are both clearly anti-inflammatory in their effects were significantly higher activated in 276 

men.   277 

 In contrast, several genes with prominent pro-inflammatory function such as IL-8, 278 

CXCL3, CCR3, and CD69 were also differentially regulated between sexes. While IL-8, 279 

a major player in innate immunity, did not change in male athletes, it was significantly 280 

up-regulated in unstimulated cultures of female athletes. Similarly, CXCL3, a strongly 281 

inflammatory chemokine, was significantly down-regulated in male athletes while 282 

significantly up-regulated in female athletes. Furthermore, mRNA of the chemokine 283 

receptor CCR3 was significantly down-regulated in male compared to female athletes. 284 

Contrasting this, LPS-stimulated (but not unstimulated) expression of CXCL10 mRNA 285 

was more strongly down-regulated in female compared to male athletes (6fold vs 4fold, 286 
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respectively). LPS-stimulated and unstimulated expression of CCL5 (RANTES) mRNA 287 

was also significantly down-regulated following exercise but with no differences between 288 

sexes. It should be noted that all chemokines mentioned above have potent pro-289 

inflammatory activities in addition to their chemotactic properties and have been 290 

implicated in the progression of several inflammatory and autoimmune diseases  (38, 40).    291 

CD69, a lymphocyte activation molecule, which is also involved in the pathogenesis of 292 

chronic inflammation (26), was also significantly down-regulated in both sexes with male 293 

having more pronounced regulation than female athletes. A significant down-regulation 294 

of CD69 mRNA after 60 min of post-exercise recovery had also been detected in 295 

response to an acute bout of 30min exercise (18). Still the behavior of this molecule has 296 

to be interpreted with caution, since we had a 2-4 fold reduction of lymphocyte 297 

percentage post exercise in this study which may be responsible for the observed down-298 

regulation.  299 

A further molecule, CD163, although not significantly different between sexes, may 300 

deserve a short discussion in this context. Expression of mRNA was activated through 301 

exercise in male and female athletes. Expression was slightly reduced in LPS-stimulated 302 

as compared to unstimulated cultures at all times, and in females there was a trend toward 303 

less up-regulation as compared to males. CD163 is a specific marker for M2 type 304 

macrophages and therefore likely to represent an exercise induced M1 to M2 switch. M2 305 

macrophages are important in resolution of inflammation  (13, 53) and can be induced by 306 

dexamethasone in monocytes (65), and can thus be interpreted as part of the anti-307 

inflammatory effect of exercise. This confirms previous reports of M2 macrophages 308 

induction by acute and chronic exercise (10, 31, 35). We find it intriguing to see that 309 

induction of M2-specific mRNA (CD163) by exercise is a very fast process and that the 310 

due conversion of this process by LPS is obviously just beginning within this short time 311 

frame. In this context it may be interesting that, for this study, induction of ARG1, a 312 

functional marker of M2 macrophages, has been documented already (1). There was, 313 

however, no difference between sexes or stimulation modality in ARG1.  314 

Taken together, in exercise induced gene regulation, we see a sex/menstrual phase 315 

specific bias towards less anti-inflammatory regulation in female athletes as compared to 316 
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male ones. KEGG pathway analysis revealed differences only in LPS-stimulated cultures, 317 

underlining the benefit of testing the interaction of exercise with pathogen contact.  318 

Appearance of sex-specific differences in KEGG pathways of pathogen receptors TLRs, 319 

DNS sensing and RIG-I like receptors, highlights this message and has been shown here 320 

for the first time. Our results confirm previous findings from our group, but also from 321 

non-exercise related studies pointing to an inflammatory bias of women in their luteal 322 

phase (14, 39, 49, 70).      323 

  324 

Sex-specific regulation of DNA methylation genes by exercise  325 

In our recent report we had already presented that DNA methylation genes such as DNA 326 

methyltransferase-1 (DNMT1) and HemK methyltransferase family member 1 (HEMK1) 327 

were regulated following exercise. This was the first report of regulation of DNMT1 328 

mRNA in peripheral blood. The present analysis shows that both genes are regulated in a 329 

sex-specific way. DNMT1 mRNA was strongly down-regulated by exercise in men (4 330 

fold) with or without LPS stimulation, while women showed only mild regulation.  331 

DNMT1 is classically referred to as a maintenance methyltransferase, although it also has 332 

de novo methylation capabilities (12). Several studies have recently referred to the role of 333 

DNMT1 in inflammation and inflammation-related disorders (19, 20, 23, 28). An 334 

interesting work by Dunn et al (2014) showed that disturbed blood flow (d-flow) controls 335 

epigenomic DNA methylation patterns in a DNMT-dependent manner, which in turn 336 

alters endothelial gene expression and induces inflammation. According to these findings 337 

DNMT1 inhibition in endothelial cells inhibited d-flow–induced inflammation in vitro 338 

(20).  Therefore inhibition of DNMT1 in blood cells might represent an anti-339 

inflammatory regulation and protective function for exercise, and the sex specific 340 

regulation observed in this analysis is well in line with the findings discussed in the 341 

previous chapter. Alteration in DNA methylation genes by sex hormones and menstrual 342 

cycle have been shown in brain and other tissues by several groups (37, 72).  In light of 343 

the experiments by Dunn et al (see above) it can be speculated that DNMT1 expression in 344 

endothelium may be one of the target molecules mediating exercise dependent anti-345 

inflammatory effects on the level of endothelium. We think that this hypothesis deserves 346 

further exploitation.  347 
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Sex differences in metabolic pathways 348 

As expected, exhaustive exercise induced the expression of genes encoding metabolic 349 

proteins. Some of these genes were differentially expressed between sexes.  350 

An interesting finding of the present study that probably links inflammation to 351 

metabolism is the induction of G0S2 (G0/G1 switch gene 2) gene in unstimulated culture 352 

of both sexes, with female having higher expression than male athletes. G0S2 is a 353 

potential inhibitor of ATGL (adipose triglyceride lipase) and lipolysis in adipocytes and 354 

fat explants. The expression of G0S2 is increased in response to insulin, glucose, and 355 

ligands for the PPAR family of transcription factors (73, 75). In contrast, TNF-α can 356 

drastically decrease the level of G0S2 mRNA, stimulating basal lipolysis in adipocytes, 357 

which may contribute to hyperlipidemia and peripheral insulin resistance (74). In 358 

addition, overexpression of G0S2 has been shown to decrease TNF-α-stimulated lipolysis 359 

mediated by overexpressed ATGL and CGI-58 (74). Therefore, G0S2 likely controls 360 

triacylglycerol (TAG) turnover in adipocytes and non-adipocyte cells, and alteration of its 361 

expression may be a way via which nutritional and hormonal factors regulate lipid 362 

homeostasis (74).  363 

It may be suggested that the exercise-induced up-regulation of the G0S2 gene probably 364 

could ameliorate insulin resistance via inhibiting TNF-α- and ATGL-stimulated lipolysis 365 

and hyperlipidemia. Unfortunately there is no evidence regarding the sex-specific 366 

regulation of the G0S2 gene in human blood cells, particularly in response to exercise. 367 

The finding that female showed higher and more prolonged expression of G0S2 mRNA 368 

compared to male athletes in response to exercise may reflect less lipolysis in female 369 

compared to male. This is in contrast with the old notion that typically women have 370 

higher amounts of systemic lipolysis/FFA release and FFA oxidation as compared to men 371 

in response to exercise (7, 16, 27). However, these reports did not take into account 372 

menstrual cycle phase-specific effects.  373 

We are aware that we cannot rely on single gene expression data to conclude about the 374 

sex-specific metabolism in response to exercise, but further gene data from the present 375 

study demonstrates also higher fatty acid utilization in male than female athletes. 376 

Exhaustive exercise significantly increased the expression of PDK4 (pyruvate 377 

dehydrogenase kinase, isozyme 4) gene in unstimulated culture of male athletes, while 378 
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females showed a slight down-regulation in the expression of PDK4 gene expression 379 

following exercise. PDK4 is a well-known isoform of PDH kinase (PDK) family that 380 

suppresses glucose oxidation by its inhibitory effect on the pyruvate dehydrogenase 381 

complex leading to an increase in fatty acid utilization. The rapid induction of PDK4 382 

gene in male athletes was followed by a decrease towards resting values after 3h post 383 

exercise. It has been proposed that increased PDK-4 activity is contributing to the 384 

reduction of PDH activity and carbohydrate oxidation during and after prolonged 385 

exercise (Figure 2). To our knowledge, there is no evidence available regarding the 386 

regulation of PDK-4 mRNA in human peripheral blood cells in response to exercise, but 387 

findings from a muscle study showed a negative correlation between decreased PDH 388 

activity and increased PDK activity (69). The induction of PDK4 in the present study in 389 

male athletes, but not female, suggests that, in the setting of our study males used less 390 

carbohydrate than females, favoring fat utilization to feed the citrate cycle in males. 391 

The induction of PDK4 gene in response to exercise in the present study is in accordance 392 

with the finding of Pilegaard et al (2004) who found a marked increase in PDK4 393 

transcription and PDK4 mRNA in human skeletal muscle during prolonged exercise and 394 

after both short-term high-intensity and prolonged low-intensity exercise (54). Watt et al 395 

(2004) also reported a rapid induction of PDK-2 and PDK-4 activity in response to 396 

prolonged moderate-intensity exercise (69).  397 

The change in PDK-4 gene expression could also be important from the view point of 398 

immunometabolism. Since activation of TNF-α and NF-κB by LPS could reduce the 399 

PDK-4 gene expression and therefore fatty acid oxidation in embryonic rat heart-derived 400 

H9c2 myotubes (51, 55), the induction of PDK-4 in blood cells in response to exercise 401 

might be due to the induction of PPARβ/δ and suppression of TNF-α and NF-κB 402 

signaling pathway. We have shown in our previous study that exercise significantly 403 

suppressed LPS-stimulated TNF-α in human blood cells (1).   404 

Another finding that makes this hypothesis stronger was the long time up-regulation of 405 

PFKFB2 (6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 2) gene in unstimulated 406 

cultures of female compared to the male athletes. The protein encoded by this gene is 407 

involved in both the synthesis and degradation of fructose-2,6- bisphosphate, a regulatory 408 

molecule that enhances generation of pyruvate from glucose. Therefore it can be 409 
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concluded that long-time activation of this gene in females compared to males suggests 410 

less bias in females toward fat utilization. The summary of metabolic gene regulation in 411 

response to exercise is shown in figure 2.  412 

 413 

Exercise differentially interferes with hemostasis between sexes 414 

Among the genes, which were differentially expressed between sexes in response the 415 

exercise, we found several genes that are involved in the regulation of homeostasis. LPS-416 

stimulated expression of MRVI1 (murine retrovirus integration site 1 homolog) and 417 

PLAU (Plasminogen activator, urokinase) genes were among the top 10 most 418 

significantly regulated genes between sexes. MRVI1 (which is also called IRAG) inhibits 419 

platelet aggregation and activation, and PLAU is known for its potent antithrombotic 420 

activity, reflecting their important role in the regulation of homeostasis. For both genes, 421 

induction was more pronounced in male athletes, but female athletes had higher resting 422 

levels, suggesting that females may have naturally higher control on their homeostasis 423 

even during exercise, but males display a stronger response to exercise. This could be 424 

related to female sex hormones and their menstrual phase cycle. To date there is no 425 

evidence regarding the induction of MRVI1 gene in response to exercise, and this is the 426 

first study showing sex-specific change in MRVI1 gene expression following exhaustive 427 

exercise. Only one study has mentioned the induction of PLAU mRNA in the muscle of 428 

exercising people following an acute bout of exercise (17).          429 

 430 

Exercise differentially modifies the expression of genes relevant for brain function and 431 

structure 432 

There is now ample and accumulating evidence that exercise has beneficial effects on 433 

physiological and cognitive functions of the brain. Most of the studies have focused on 434 

central changes in neurotransmission, neurogenesis, growth factors, and blood flow and, 435 

hence, less attention has been given to peripheral factors that may affect brain function 436 

during exercise. In particular, possible links to cells and molecules of the immune system 437 

have not been investigated in depth.  438 

Modification of OLIG2 and TMEM106B genes through exercise has already been 439 

mentioned in our first publication (2). The present analysis confirms that this regulation 440 
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was sex-specific (figure 3.A-B). OLIG2 (oligodendrocyte transcription factor 2), which 441 

plays an important role in oligodendrocyte differentiation and specification, was 442 

significantly down-regulated by exercise but only in LPS-stimulated cultures and only in 443 

male athletes. Females showed no change in the regulation of this gene. In contrast to 444 

OLIG2, TMEM106B was significantly (LPS) or mildly (no LPS) up-regulated in men 445 

while it was significantly (no LPS) or mildly (LPS) down-regulated in women. Over-446 

expression of TMEM106B has been associated to dementia, namely frontotemporal lobar 447 

degeneration with TDP-43 pathology. While the sex-specific regulation of these genes is 448 

a new and potentially interesting observation, we need to confess that up to now we do 449 

not know how this may relate to peripheral and central nervous system function.  450 

KMO (Kynurenine 3-monooxygenase) which was significantly down-regulated in LPS-451 

stimulated cultures of female athletes may offer more easy access to possible 452 

interpretation (figure 3.C). KMO is a pivotal enzyme of the kynurenine pathway (KP) of 453 

tryptophan degradation and catalyzes the conversion of kynurenine to 3-454 

hydroxykynurenine (3-HK). KMO and 3-HK, both can readily cross the blood– brain 455 

barrier and excess levels of these are associated with increased neuro-inflammation, and 456 

decreased neuroplasticity, and are implicated in the pathology of neurodegenerative and 457 

psychiatric diseases like depression (61). On the other hand, inhibition of KMO was 458 

shown to have opposite effects through formation of kynurenic acid (KYNA), which has 459 

potent neuroprotective properties (5, 25, 76). Inhibition of pathogen-induced KMO 460 

activation through exercise may therefore be interpreted as part or at least as mirror of a 461 

neuroprotective mechanism in women who are in an inflammation prone phase (luteal 462 

phase) and encounter inflammatory stimuli like LPS. This is the first report of KMO 463 

regulation through exercise. Exercise induced increases in kynurenic acid via KAT 464 

enzymes in muscle associated with brain protective functions, has been reported very 465 

recently (4).  466 

DDIT4, an inhibitor of mTOR signaling, is another interesting molecule involved in 467 

synaptic loss, neural atrophy and depressive behavior (34, 50). Following slight non-468 

significant induction at 30min post exercise, it was markedly downregulated 3h post 469 

exercise in unstimulated cultures in men significantly more than in women (figure 3.D). 470 

Inhibition of DDIT4 can also be interpreted as neuroprotective and antidepressive 471 
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regulation through exercise. The meanings of the slight but significant differences 472 

between sexes remain presently unclear.   473 

Four further genes (VEGFA, IGF1R, IGF2R and FGD4) involved in peripheral and/or 474 

central nerves growth and in myelination (3, 6, 21, 62) were also strongly induced by 475 

exercise in LPS-stimulated and unstimulated cultures. Three of them (IGF1R, IGF2R and 476 

FGD4) showed significant but only minor differences between sexes with women having 477 

slightly less induction than men. The extent of the intersex differences in these genes is 478 

however so small that their biological meanings is questionable in our view.       479 

 480 

Exercise and Spermatogenesis related genes 481 

As depicted in figure 3 (E, F), two important spermatogenesis-related genes - besides 482 

their inevitable sex-specific difference in activation- showed significant regulation 483 

through exercise. Both were down-regulated at 30min and 3h post exercise. A negative 484 

impact of exercise on spermatogenesis has been shown earlier (56).   485 

  486 

Conclusion  487 

Taken together, the most prominent finding of this analysis is that there were sex-specific 488 

differences in activation of inflammation-related pathways TLRs, cytosolic DNA sensing 489 

and RIG-I like receptors. Individual considerations of inflammation related genes like 490 

TNIP-1, TNIP-3, IL-6, HIVEP1, CXCL3, CCR3, IL-8 and CD69 including the 491 

methylation related gene DNMT1 confirms that there was a bias toward less anti-492 

inflammatory activation in the women tested who were all in the luteal phase of their 493 

menstrual cycle. Other findings were a bias toward higher fatty acid utilization and lower 494 

pyruvate generation in men as compared to our women. Further, men showed higher 495 

activation of antithrombotic genes MRVI1 and PLAU through exercise while women had 496 

a higher baseline. Finally, exercise also modified a set of genes related to brain function 497 

and structure (OLIG2, TMEM106B, DDIT4, and KMO), with significant (but in part 498 

only minor) differences between sexes. So far we find it difficult to present a reasonable 499 

interpretation for most of the observed differences in these brain related genes, except 500 

that we see hints for a neuroprotective background of regulation of KMO in women and 501 

DDIT4 in both sexes (Figure 4).  502 



17 
 

 503 
Conflict of interest statement 504 
All authors declare that there are no conflicts of interest. 505 
 506 
 507 
Acknowledgments 508 
 509 
We would like to thank the volunteers who participated in the present study. This work 510 

was supported by a grant from the Bundesinstitut für Sportwissenschaften (Bonn, 511 

Germany, KZIIA1-070108/08-09).   512 

 513 

 514 

 515 

References   516 

 517 

1.  Abbasi A, Fehrenbach E, Hauth M, Walter M, Hudemann J, Wank V, Niess 518 
AM, Northoff H. Changes in spontaneous and LPS-induced ex vivo cytokine 519 
production and mRNA expression in male and female athletes following prolonged 520 
exhaustive exercise. [Online]. Exerc Immunol Rev 19: 8–28, 2013. 521 
http://www.ncbi.nlm.nih.gov/pubmed/23977717 [11 Feb. 2015]. 522 

2.  Abbasi A, Hauth M, Walter M, Hudemann J, Wank V, Niess AM, Northoff 523 
H. Exhaustive exercise modifies different gene expression profiles and pathways 524 
in LPS-stimulated and un-stimulated whole blood cultures. Brain Behav Immun 525 
39: 130–41, 2014. 526 

3.  Aberg MA, Aberg ND, Hedbäcker H, Oscarsson J, Eriksson PS. Peripheral 527 
infusion of IGF-I selectively induces neurogenesis in the adult rat hippocampus. 528 
[Online]. J Neurosci 20: 2896–903, 2000. 529 
http://www.ncbi.nlm.nih.gov/pubmed/10751442 [11 Feb. 2015]. 530 

4.  Agudelo LZ, Femenía T, Orhan F, Porsmyr-Palmertz M, Goiny M, Martinez-531 
Redondo V, Correia JC, Izadi M, Bhat M, Schuppe-Koistinen I, Pettersson 532 
AT, Ferreira DMS, Krook A, Barres R, Zierath JR, Erhardt S, Lindskog M, 533 
Ruas JL. Skeletal Muscle PGC-1α1 Modulates Kynurenine Metabolism and 534 
Mediates Resilience to Stress-Induced Depression. Cell 159: 33–45, 2014. 535 

5.  Amaral M, Levy C, Heyes DJ, Lafite P, Outeiro TF, Giorgini F, Leys D, 536 
Scrutton NS. Structural basis of kynurenine 3-monooxygenase inhibition. Nature 537 
496: 382–5, 2013. 538 



18 
 

6.  Anlar B, Sullivan KA, Feldman EL. Insulin-like growth factor-I and central 539 
nervous system development. Horm Metab Res 31: 120–5. 540 

7.  Arner P, Kriegholm E, Engfeldt P, Bolinder J. Adrenergic regulation of 541 
lipolysis in situ at rest and during exercise. J Clin Invest 85: 893–8, 1990. 542 

8.  Arruvito L, Sanz M, Banham AH, Fainboim L. Expansion of CD4+CD25+and 543 
FOXP3+ regulatory T cells during the follicular phase of the menstrual cycle: 544 
implications for human reproduction. [Online]. J Immunol 178: 2572–8, 2007. 545 
http://www.ncbi.nlm.nih.gov/pubmed/17277167 [11 Feb. 2015]. 546 

9.  Ashburner M, Ball CA, Blake JA, Botstein D, Butler H, Cherry JM, Davis 547 
AP, Dolinski K, Dwight SS, Eppig JT, Harris MA, Hill DP, Issel-Tarver L, 548 
Kasarskis A, Lewis S, Matese JC, Richardson JE, Ringwald M, Rubin GM, 549 
Sherlock G. Gene ontology: tool for the unification of biology. The Gene 550 
Ontology Consortium. Nat Genet 25: 25–9, 2000. 551 

10.  Auerbach P, Nordby P, Bendtsen LQ, Mehlsen JL, Basnet SK, Vestergaard 552 
H, Ploug T, Stallknecht B. Differential effects of endurance training and weight 553 
loss on plasma adiponectin multimers and adipose tissue macrophages in younger, 554 
moderately overweight men. Am J Physiol Regul Integr Comp Physiol 305: R490–555 
8, 2013. 556 

11.  Barriga C, Pedrera MI, Maynar M, Maynar J, Ortega E. Effect of submaximal 557 
physical exercise performed by sedentary men and women on some parameters of 558 
the immune system. [Online]. Rev española Fisiol 49: 79–85, 1993. 559 
http://www.ncbi.nlm.nih.gov/pubmed/8378588 [11 Feb. 2015]. 560 

12.  Bestor TH. The DNA methyltransferases of mammals. [Online]. Hum Mol Genet 561 
9: 2395–402, 2000. http://www.ncbi.nlm.nih.gov/pubmed/11005794 [17 Jan. 562 
2015]. 563 

13.  Biswas SK, Mantovani A. Macrophage plasticity and interaction with lymphocyte 564 
subsets: cancer as a paradigm. Nat Immunol 11: 889–96, 2010. 565 

14.  Bouman A, Moes H, Heineman MJ, de Leij LF, Faas MM. The immune 566 
response during the luteal phase of the ovarian cycle: increasing sensitivity of 567 
human monocytes to endotoxin. [Online]. Fertil Steril 76: 555–9, 2001. 568 
http://www.ncbi.nlm.nih.gov/pubmed/11532481 [11 Feb. 2015]. 569 

15.  Büttner P, Mosig S, Lechtermann A, Funke H, Mooren FC. Exercise affects 570 
the gene expression profiles of human white blood cells. J Appl Physiol 102: 26–571 
36, 2007. 572 

16.  Carter SL, Rennie C, Tarnopolsky MA. Substrate utilization during endurance 573 
exercise in men and women after endurance training. [Online]. Am J Physiol 574 



19 
 

Endocrinol Metab 280: E898–907, 2001. 575 
http://www.ncbi.nlm.nih.gov/pubmed/11350771 [11 Feb. 2015]. 576 

17.  Catoire M, Mensink M, Kalkhoven E, Schrauwen P, Kersten S. Identification 577 
of human exercise-induced myokines using secretome analysis. Physiol Genomics 578 
46: 256–67, 2014. 579 

18.  Connolly PH, Caiozzo VJ, Zaldivar F, Nemet D, Larson J, Hung S-P, Heck 580 
JD, Hatfield GW, Cooper DM. Effects of exercise on gene expression in human 581 
peripheral blood mononuclear cells. J Appl Physiol 97: 1461–9, 2004. 582 

19.  Dhar K, Rakesh K, Pankajakshan D, Agrawal DK. SOCS3 promotor 583 
hypermethylation and STAT3-NF-κB interaction downregulate SOCS3 expression 584 
in human coronary artery smooth muscle cells. Am J Physiol Heart Circ Physiol 585 
304: H776–85, 2013. 586 

20.  Dunn J, Qiu H, Kim S, Jjingo D, Hoffman R, Kim CW, Jang I, Son DJ, Kim 587 
D, Pan C, Fan Y, Jordan IK, Jo H. Flow-dependent epigenetic DNA methylation 588 
regulates endothelial gene expression and atherosclerosis. J Clin Invest 124: 3187–589 
99, 2014. 590 

21.  Fabel K, Fabel K, Tam B, Kaufer D, Baiker A, Simmons N, Kuo CJ, Palmer 591 
TD. VEGF is necessary for exercise-induced adult hippocampal neurogenesis. 592 
[Online]. Eur J Neurosci 18: 2803–12, 2003. 593 
http://www.ncbi.nlm.nih.gov/pubmed/14656329 [3 Feb. 2015]. 594 

22.  Fish EN. The X-files in immunity: sex-based differences predispose immune 595 
responses. Nat Rev Immunol 8: 737–44, 2008. 596 

23.  Foran E, Garrity-Park MM, Mureau C, Newell J, Smyrk TC, Limburg PJ, 597 
Egan LJ. Upregulation of DNA methyltransferase-mediated gene silencing, 598 
anchorage-independent growth, and migration of colon cancer cells by interleukin-599 
6. Mol Cancer Res 8: 471–81, 2010. 600 

24.  Friedlander AL, Casazza GA, Horning MA, Huie MJ, Piacentini MF, 601 
Trimmer JK, Brooks GA. Training-induced alterations of carbohydrate 602 
metabolism in women: women respond differently from men. [Online]. J Appl 603 
Physiol 85: 1175–86, 1998. http://www.ncbi.nlm.nih.gov/pubmed/9729597 [11 604 
Feb. 2015]. 605 

25.  Giorgini F, Huang S-Y, Sathyasaikumar K V, Notarangelo FM, Thomas 606 
MAR, Tararina M, Wu H-Q, Schwarcz R, Muchowski PJ. Targeted deletion of 607 
kynurenine 3-monooxygenase in mice: a new tool for studying kynurenine 608 
pathway metabolism in periphery and brain. J Biol Chem 288: 36554–66, 2013. 609 



20 
 

26.  González-Amaro R, Cortés JR, Sánchez-Madrid F, Martín P. Is CD69 an 610 
effective brake to control inflammatory diseases? Trends Mol Med 19: 625–32, 611 
2013. 612 

27.  Hellström L, Blaak E, Hagström-Toft E. Gender differences in adrenergic 613 
regulation of lipid mobilization during exercise. Int J Sports Med 17: 439–47, 614 
1996. 615 

28.  Hiltunen MO, Ylä-Herttuala S. DNA methylation, smooth muscle cells, and 616 
atherogenesis. Arterioscler Thromb Vasc Biol 23: 1750–3, 2003. 617 

29.  Horton TJ, Pagliassotti MJ, Hobbs K, Hill JO. Fuel metabolism in men and 618 
women during and after long-duration exercise. [Online]. J Appl Physiol 85: 1823–619 
32, 1998. http://www.ncbi.nlm.nih.gov/pubmed/9804587 [11 Feb. 2015]. 620 

30.  Hsu K-W, Wang A-M, Ping Y-H, Huang K-H, Huang T-T, Lee H-C, Lo S-S, 621 
Chi C-W, Yeh T-S. Downregulation of tumor suppressor MBP-1 by microRNA-622 
363 in gastric carcinogenesis. Carcinogenesis 35: 208–17, 2014. 623 

31.  Ikeda S, Tamura Y, Kakehi S, Takeno K, Kawaguchi M, Watanabe T, Sato F, 624 
Ogihara T, Kanazawa A, Fujitani Y, Kawamori R, Watada H. Exercise-625 
induced enhancement of insulin sensitivity is associated with accumulation of M2-626 
polarized macrophages in mouse skeletal muscle. Biochem Biophys Res Commun 627 
441: 36–41, 2013. 628 

32.  Joosten LAB, Koenders MI, Smeets RL, Heuvelmans-Jacobs M, Helsen 629 
MMA, Takeda K, Akira S, Lubberts E, van de Loo FAJ, van den Berg WB. 630 
Toll-like receptor 2 pathway drives streptococcal cell wall-induced joint 631 
inflammation: critical role of myeloid differentiation factor 88. [Online]. J 632 
Immunol 171: 6145–53, 2003. http://www.ncbi.nlm.nih.gov/pubmed/14634130 [11 633 
Feb. 2015]. 634 

33.  Kanehisa M, Goto S. KEGG: kyoto encyclopedia of genes and genomes. 635 
[Online]. Nucleic Acids Res 28: 27–30, 2000. 636 
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=102409&tool=pmcentr637 
ez&rendertype=abstract [10 Jul. 2014]. 638 

34.  Katiyar S, Liu E, Knutzen CA, Lang ES, Lombardo CR, Sankar S, Toth JI, 639 
Petroski MD, Ronai Z, Chiang GG. REDD1, an inhibitor of mTOR signalling, is 640 
regulated by the CUL4A-DDB1 ubiquitin ligase. EMBO Rep 10: 866–72, 2009. 641 

35.  Kawanishi N, Yano H, Yokogawa Y, Suzuki K. Exercise training inhibits 642 
inflammation in adipose tissue via both suppression of macrophage infiltration and 643 
acceleration of phenotypic switching from M1 to M2 macrophages in high-fat-644 
diet-induced obese mice. [Online]. Exerc Immunol Rev 16: 105–18, 2010. 645 
http://www.ncbi.nlm.nih.gov/pubmed/20839495 [11 Feb. 2015]. 646 



21 
 

36.  Khan N, Summers CW, Helbert MR, Arkwright PD. Effects of age, gender, 647 
and immunosuppressive agents on in vivo toll-like receptor pathway responses. 648 
Hum Immunol 71: 372–6, 2010. 649 

37.  Kolodkin MH, Auger AP. Sex difference in the expression of DNA 650 
methyltransferase 3a in the rat amygdala during development. J Neuroendocrinol 651 
23: 577–83, 2011. 652 

38.  Lee EY, Lee ZH, Song YW. The interaction between CXCL10 and cytokines in 653 
chronic inflammatory arthritis. Autoimmun Rev 12: 554–7, 2013. 654 

39.  Lynch EA, Dinarello CA, Cannon JG. Gender differences in IL-1 alpha, IL-1 655 
beta, and IL-1 receptor antagonist secretion from mononuclear cells and urinary 656 
excretion. [Online]. J Immunol 153: 300–6, 1994. 657 
http://www.ncbi.nlm.nih.gov/pubmed/8207243 [11 Feb. 2015]. 658 

40.  Marques RE, Guabiraba R, Russo RC, Teixeira MM. Targeting CCL5 in 659 
inflammation. Expert Opin Ther Targets 17: 1439–60, 2013. 660 

41.  Marshak-Rothstein A. Toll-like receptors in systemic autoimmune disease. Nat 661 
Rev Immunol 6: 823–35, 2006. 662 

42.  Meksawan K, Venkatraman JT, Awad AB, Pendergast DR. Effect of dietary 663 
fat intake and exercise on inflammatory mediators of the immune system in 664 
sedentary men and women. [Online]. J Am Coll Nutr 23: 331–40, 2004. 665 
http://www.ncbi.nlm.nih.gov/pubmed/15310737 [11 Feb. 2015]. 666 

43.  Meng G, Rutz M, Schiemann M, Metzger J, Grabiec A, Schwandner R, 667 
Luppa PB, Ebel F, Busch DH, Bauer S, Wagner H, Kirschning CJ. 668 
Antagonistic antibody prevents toll-like receptor 2-driven lethal shock-like 669 
syndromes. J Clin Invest 113: 1473–81, 2004. 670 

44.  Mittendorfer B, Horowitz JF, Klein S. Effect of gender on lipid kinetics during 671 
endurance exercise of moderate intensity in untrained subjects. Am J Physiol 672 
Endocrinol Metab 283: E58–65, 2002. 673 

45.  Moyna NM, Acker GR, Fulton JR, Weber K, Goss FL, Robertson RJ, 674 
Tollerud DJ, Rabin BS. Lymphocyte function and cytokine production during 675 
incremental exercise in active and sedentary males and females. Int J Sports Med 676 
17: 585–91, 1996. 677 

46.  Moyna NM, Acker GR, Weber KM, Fulton JR, Goss FL, Robertson RJ, 678 
Rabin BS. The effects of incremental submaximal exercise on circulating 679 
leukocytes in physically active and sedentary males and females. [Online]. Eur J 680 
Appl Physiol Occup Physiol 74: 211–8, 1996. 681 
http://www.ncbi.nlm.nih.gov/pubmed/8897027 [11 Feb. 2015]. 682 



22 
 

47.  Moyna NM, Acker GR, Weber KM, Fulton JR, Robertson RJ, Goss FL, 683 
Rabin BS. Exercise-induced alterations in natural killer cell number and function. 684 
[Online]. Eur J Appl Physiol Occup Physiol 74: 227–33, 1996. 685 
http://www.ncbi.nlm.nih.gov/pubmed/8897029 [11 Feb. 2015]. 686 

48.  Navalta JW, Sedlock DA, Park K-S, McFarlin BK. Neither gender nor 687 
menstrual cycle phase influences exercise-induced lymphocyte apoptosis in 688 
untrained subjects. Appl Physiol Nutr Metab 32: 481–6, 2007. 689 

49.  Northoff H, Symons S, Zieker D, Schaible E V, Schäfer K, Thoma S, Löffler 690 
M, Abbasi A, Simon P, Niess AM, Fehrenbach E. Gender- and menstrual phase 691 
dependent regulation of inflammatory gene expression in response to aerobic 692 
exercise. [Online]. Exerc Immunol Rev 14: 86–103, 2008. 693 
http://www.ncbi.nlm.nih.gov/pubmed/19203086 [11 Feb. 2015]. 694 

50.  Ota KT, Liu R-J, Voleti B, Maldonado-Aviles JG, Duric V, Iwata M, Dutheil 695 
S, Duman C, Boikess S, Lewis DA, Stockmeier CA, DiLeone RJ, Rex C, 696 
Aghajanian GK, Duman RS. REDD1 is essential for stress-induced synaptic loss 697 
and depressive behavior. Nat Med 20: 531–5, 2014. 698 

51.  Palomer X, Álvarez-Guardia D, Davidson MM, Chan TO, Feldman AM, 699 
Vázquez-Carrera M. The interplay between NF-kappaB and E2F1 coordinately 700 
regulates inflammation and metabolism in human cardiac cells. PLoS One 6: 701 
e19724, 2011. 702 

52.  Pennell LM, Galligan CL, Fish EN. Sex affects immunity. J Autoimmun 38: 703 
J282–91, 2012. 704 

53.  Philippidis P, Mason JC, Evans BJ, Nadra I, Taylor KM, Haskard DO, 705 
Landis RC. Hemoglobin scavenger receptor CD163 mediates interleukin-10 706 
release and heme oxygenase-1 synthesis: antiinflammatory monocyte-macrophage 707 
responses in vitro, in resolving skin blisters in vivo, and after cardiopulmonary 708 
bypass surgery. Circ Res 94: 119–26, 2004. 709 

54.  Pilegaard H, Neufer PD. Transcriptional regulation of pyruvate dehydrogenase 710 
kinase 4 in skeletal muscle during and after exercise. [Online]. Proc Nutr Soc 63: 711 
221–6, 2004. http://www.ncbi.nlm.nih.gov/pubmed/15294034 [11 Feb. 2015]. 712 

55.  Planavila A, Laguna JC, Vázquez-Carrera M. Nuclear factor-kappaB activation 713 
leads to down-regulation of fatty acid oxidation during cardiac hypertrophy. J Biol 714 
Chem 280: 17464–71, 2005. 715 

56.  Plessis SS, Kashou A, Vaamonde D AA. Is There a Link between Exercise and 716 
Male Factor Infertility? Open Reprod Sci J 3: 105–113, 2011. 717 



23 
 

57.  Radom-Aizik S, Zaldivar F, Leu S-Y, Cooper DM. Brief bout of exercise alters 718 
gene expression in peripheral blood mononuclear cells of early- and late-pubertal 719 
males. Pediatr Res 65: 447–52, 2009. 720 

58.  Radom-Aizik S, Zaldivar F, Leu S-Y, Cooper DM. A brief bout of exercise 721 
alters gene expression and distinct gene pathways in peripheral blood mononuclear 722 
cells of early- and late-pubertal females. J Appl Physiol 107: 168–75, 2009. 723 

59.  Radom-Aizik S, Zaldivar F, Leu S-Y, Galassetti P, Cooper DM. Effects of 30 724 
min of aerobic exercise on gene expression in human neutrophils. J Appl Physiol 725 
104: 236–43, 2008. 726 

60.  Radom-Aizik S, Zaldivar FP, Haddad F, Cooper DM. Impact of brief exercise 727 
on circulating monocyte gene and microRNA expression: implications for 728 
atherosclerotic vascular disease. Brain Behav Immun 39: 121–9, 2014. 729 

61.  Schwarcz R, Bruno JP, Muchowski PJ, Wu H-Q. Kynurenines in the 730 
mammalian brain: when physiology meets pathology. Nat Rev Neurosci 13: 465–731 
77, 2012. 732 

62.  Scolnick JA, Cui K, Duggan CD, Xuan S, Yuan X-B, Efstratiadis A, Ngai J. 733 
Role of IGF signaling in olfactory sensory map formation and axon guidance. 734 
Neuron 57: 847–57, 2008. 735 

63.  Shumate JB, Brooke MH, Carroll JE, Davis JE. Increased serum creatine 736 
kinase after exercise: a sex-linked phenomenon. [Online]. Neurology 29: 902–4, 737 
1979. http://www.ncbi.nlm.nih.gov/pubmed/572017 [11 Feb. 2015]. 738 

64.  Timmons BW, Hamadeh MJ, Devries MC, Tarnopolsky MA. Influence of 739 
gender, menstrual phase, and oral contraceptive use on immunological changes in 740 
response to prolonged cycling. J Appl Physiol 99: 979–85, 2005. 741 

65.  Varga G, Ehrchen J, Tsianakas A, Tenbrock K, Rattenholl A, Seeliger S, 742 
Mack M, Roth J, Sunderkoetter C. Glucocorticoids induce an activated, anti-743 
inflammatory monocyte subset in mice that resembles myeloid-derived suppressor 744 
cells. J Leukoc Biol 84: 644–50, 2008. 745 

66.  Venkatraman JT, Pendergast D. Effects of the level of dietary fat intake and 746 
endurance exercise on plasma cytokines in runners. [Online]. Med Sci Sports 747 
Exerc 30: 1198–204, 1998. http://www.ncbi.nlm.nih.gov/pubmed/9710857 [11 748 
Feb. 2015]. 749 

67.  Venkatraman JT, Rowland JA, Denardin E, Horvath PJ, Pendergast D. 750 
Influence of the level of dietary lipid intake and maximal exercise on the immune 751 
status in runners. [Online]. Med Sci Sports Exerc 29: 333–44, 1997. 752 
http://www.ncbi.nlm.nih.gov/pubmed/9139172 [11 Feb. 2015]. 753 



24 
 

68.  Verstrepen L, Carpentier I, Verhelst K, Beyaert R. ABINs: A20 binding 754 
inhibitors of NF-kappa B and apoptosis signaling. Biochem Pharmacol 78: 105–755 
14, 2009. 756 

69.  Watt MJ, Heigenhauser GJF, LeBlanc PJ, Inglis JG, Spriet LL, Peters SJ. 757 
Rapid upregulation of pyruvate dehydrogenase kinase activity in human skeletal 758 
muscle during prolonged exercise. J Appl Physiol 97: 1261–7, 2004. 759 

70.  Willis C, Morris JM, Danis V, Gallery EDM. Cytokine production by peripheral 760 
blood monocytes during the normal human ovulatory menstrual cycle. [Online]. 761 
Hum Reprod 18: 1173–8, 2003. http://www.ncbi.nlm.nih.gov/pubmed/12773442 762 
[11 Feb. 2015]. 763 

71.  Woods JA, Davis JM, Smith JA, Nieman DC. Exercise and cellular innate 764 
immune function. [Online]. Med Sci Sports Exerc 31: 57–66, 1999. 765 
http://www.ncbi.nlm.nih.gov/pubmed/9927011 [11 Feb. 2015]. 766 

72.  Yamagata Y, Asada H, Tamura I, Lee L, Maekawa R, Taniguchi K, Taketani 767 
T, Matsuoka A, Tamura H, Sugino N. DNA methyltransferase expression in the 768 
human endometrium: down-regulation by progesterone and estrogen. Hum Reprod 769 
24: 1126–32, 2009. 770 

73.  Yang X, Lu X, Lombès M, Rha GB, Chi Y-I, Guerin TM, Smart EJ, Liu J. 771 
The G(0)/G(1) switch gene 2 regulates adipose lipolysis through association with 772 
adipose triglyceride lipase. Cell Metab 11: 194–205, 2010. 773 

74.  Yang X, Zhang X, Heckmann BL, Lu X, Liu J. Relative contribution of adipose 774 
triglyceride lipase and hormone-sensitive lipase to tumor necrosis factor-α (TNF-775 
α)-induced lipolysis in adipocytes. J Biol Chem 286: 40477–85, 2011. 776 

75.  Zandbergen F, Mandard S, Escher P, Tan NS, Patsouris D, Jatkoe T, Rojas-777 
Caro S, Madore S, Wahli W, Tafuri S, Müller M, Kersten S. The G0/G1 switch 778 
gene 2 is a novel PPAR target gene. Biochem J 392: 313–24, 2005. 779 

76.  Zwilling D, Huang S-Y, Sathyasaikumar K V, Notarangelo FM, Guidetti P, 780 
Wu H-Q, Lee J, Truong J, Andrews-Zwilling Y, Hsieh EW, Louie JY, Wu T, 781 
Scearce-Levie K, Patrick C, Adame A, Giorgini F, Moussaoui S, Laue G, 782 
Rassoulpour A, Flik G, Huang Y, Muchowski JM, Masliah E, Schwarcz R, 783 
Muchowski PJ. Kynurenine 3-monooxygenase inhibition in blood ameliorates 784 
neurodegeneration. Cell 145: 863–74, 2011.  785 

 786 
 787 

 788 

 789 



25 
 

Figure legends  790 

 791 

Figure 1. Hierarchical cluster analysis of all transcripts which were significantly changed 792 
by exercise and gender (t × g alg.). Rows correspond to probeset ids, columns correspond 793 
to samples. Red: high expression, green: low expression.  794 
 795 

Figure 2. Sex-specific regulation of metabolism in response to exercise. A bias toward 796 
higher fatty acid utilization and lower pyruvate generation was observed in men as 797 
compared to women. 798 
 799 

Figure 3. Sex-specific regulation of genes relevant to brain function (A, B, C, D) and 800 
spermatogenesis (E, F) in LPS-stimulated and un-stimulated cultures in response to 801 
exhaustive exercise. X axis shows the time points with 0,0 corresponding to t1 (before 802 
Ex); 1,0 corresponding to t1 (30 min post-Ex); 2,0 corresponding to t2 (3 h post-Ex); 3,0 803 
corresponding to t3 (24 h post-Ex). Y axis shows normalized signal intensities (log2). 804 
 805 

Figure 4. Possible mechanisms for neuroprotective function of exercise and 806 
differences between sexes. DDIT4, a gene which is associated with promotion of 807 
neuroal atrophy and blocks mTOR signaling pathway to neural plasticity, was down-808 
regulated through exercise, more so in men than in women (in luteal phase). Conversely, 809 
KMO, a pivotal enzyme of the kynurenine pathway of tryptophan metabolism, associated 810 
with induction of depression, was down-regulated in women only. Growth factors 811 
VEGFA, IGF1R, IGF2R were also induced by exercise with minor differences between 812 
sexes. Finally, FGD4 mRNA, a myelination inducing gene, was significantly enhanced 813 
by exercise in both sexes with men showing more pronounced regulation. Overall, the 814 
observed gene expression regulations may be interpretable as neuroprotective effects of 815 
exercise.  816 
 817 
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Table legends  826 
 827 
Table 1. Hormonal status of female athletes at baseline  828 
 829 
 830 
Table 2. Most differentially regulated genes between sexes in each time-point (t × g alg.) 831 
in both cultures.  832 

 833 
Table 3. The KEGG pathways significantly over-represented between male and female 834 
athletes in LPS-stimulated cultures following exhaustive exercise.   835 

 836 
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Table 1. Hormonal status of female athletes at baseline  

LH (IU/l) FSH (IU/l) Estradiol (pmol/l) Progesterone (pmol/l) 
5.2 ± 4.07 5.1 ± 3.08 356.62 ± 339 4.48 ± 3,84 

Values are in mean ± SD 



Table 2. Most differentially regulated genes between sexes in each time-point (t × g alg.) in both 
cultures.  

 
Gene Symbol 

Log2 FC in 
Un-stimulated culture 

Log2 FC in  
LPS-stimulated culture 

T1 T2 T3 T1 T2 T3
MRVI1 1,967 0,428 0,424 1,917 0,866 1,298 

PDK4 1,817 0,527 1,132 0,328 0,109 0,075 

XIST 1,590 1,0798 -0,715 0,1970 0,277 -0,549 

TMEM106B 1,477 -0,309 0,474 1,912 0,735 1,024 

CYorf15B -1,964 -1,345 -0,306 -1,848 -1,350 0,025 

IL8 -1,795 -2,040 -0,863 -0,527 0,453 0,133 

DNMT1 -1,481 -1,246 -0,369 0,478 -0,292 0,395 

KDM5D -1,405 -0,810 -0,131 -0,922 -0,988 -0,026 

CCRL2 0,841 1,282 0,764 0,897 0,736 0,557 

FAM129B 0,533 1,269 0,744 0,532 0,459 0,387 

VASH1 0,567 1,053 0,843 0,428 0,072 0,191 

LDLR 0,123 1,027 0,910 0,136 0,000 0,626 

CCL4L1 /// 
CCL4L2 

-1,334 -1,948 -0,062 -0,047 0,183 -0,015 

CD69 -0,337 -1,436 -0,780 -0,346 -0,102 -0,144 

CDKN1C -0,754 0,253 1,168 -1,037 -0,917 0,202 

DICER1 -0,043 0,058 1,042 -0,152 -0,165 0,214 

TNIP3 -0,025 0,020 -0,028 3,371 1,228 0,582 

OLR1 -0,081 -0,165 -0,061 2,265 2,042 1,591 

KMO -0,338 -0,010 -0,287 1,979 1,527 1,174 

PTGES 0,154 0,116 0,019 1,954 1,192 1,158 

CXCL3 -0,136 -0,008 -0,095 -2,446 -0,046 -1,031 

RICTOR -1,204 -0,159 -0,631 -2,035 -0,308 -0,766 

EREG 0,049 0,433 -0,041 -1,819 -1,211 -0,983 



Table 2. Continued.   

 
Gene Symbol 

Log2 FC in 
Un-stimulated culture 

Log2 FC in  
LPS-stimulated 

T1-T0 T2-T0 T3-T0 T1-T0 T2-T0 T3-T0 
ZC3H12C 0,020 0,344 -0,114 1,948 1,643 0,715 

SKIL 0,226 0,010 0,3023 0,869 1,526 0,598 

CXCL10 0,016 -0,056 0,109 1,500 1,432 1,340 

IL6 0,313 0,259 0,373 1,063 1,228 1,165 

OLIG2 -0,384 -0,563 -0,365 -1,087 -1,499 0,054 

C7orf68 -0,539 -0,187 -0,154 -1,008 -1,426 -0,203 

CHMP4B 0,6431 -0,138 0,267 1,844 1,212 1,720 

JUN 0,431 -0,152 0,560 1,154 0,184 1,562 

TNFRSF9 0,063 0,452 0,648 0,967 1,144 1,536 

HIVEP1 0,170 -0,106 -0,079 1,826 1,184 1,416 

HIF1A 0,370 -0,333 -0,160 0,263 1,077 1,395 

PPP1R3B 0,584 0,183 -0,198 -1,145 -0,330 -1,121 

MARCH9 -0,309 0,254 -0,039 -0,614 -0,808 -1,118 

AXIN2 -0,449 -0,155 -0,886 -0,555 -0,551 -1,094 

 



Table 3. The KEGG pathways significantly over-represented between male and female athletes in 
LPS-stimulated cultures following exhaustive exercise.   

KEGG pathways  Count Pvalue 
30min post Ex.  Toll-like receptor signaling pathway  7 0.000 

Cytosolic DNA-sensing pathway  4 0.004 
3h post Ex. Cytosolic DNA-sensing pathway 4 0.000 

Toll-like receptor signaling pathway 5 0.001 
RIG-I-like receptor signaling pathway 4 0.001 
Amoebiasis  4 0.004 

24h post Ex.  Epithelial cell signaling in Helicobacter 
pylori infection 

3 0.010 
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