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Protein O-GlcNAc Modification Increases in White Blood Cells After a Single Bout of Physical Exercise
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Background: Protein O-linked N-acetylglucosamine (O-GlcNAc) is a dynamic posttranslational modification influencing the function of many intracellular proteins. Recently it was revealed that O-GlcNAc regulation is modified under various stress states, including ischemia and oxidative stress. Aside from a few contradictory studies based on animal models, the effect of exercise on O-GlcNAc is unexplored.

Purpose: To evaluate O-GlcNAc levels in white blood cells (WBC) of human volunteers following physical exercise.

Methods: Young (age 30 ± 5.2), healthy male volunteers (n = 6) were enlisted for the study. Blood parameters including metabolites, ions, “necro”-enzymes, and cell counts were measured before and after a single bout of exercise (2-mile run). From WBC samples, we performed western blots to detect O-GlcNAc modified proteins. The distribution of O-GlcNAc in WBC subpopulations was assessed by flow cytometry.

Results: Elevation of serum lactic acid (increased from 1.3 ± 0.4 to 6.9 ± 1.7 mM), creatinine (from 77.5 ± 6.3 U/L to 102.2 ± 7.0 μM), and lactate dehydrogenase (from 318.5 ± 26.2 to 380.5 ± 33.2 U/L) confirmed the effect of exercise. WBC count also significantly increased (from 6.6 ± 1.0 to 8.4 ± 1.4 G/L). The level of O-GlcNAc modified proteins in WBCs showed significant elevation after exercise (85 ± 51%, p < 0.05). Flow cytometry revealed that most of this change could be attributed to lymphocytes and monocytes.

Conclusion: Our results indicate that short-term exercise impacts the O-GlcNAc status of WBCs. O-GlcNAc modification could be a natural process by which physical activity modulates the immune system. Further research could elucidate the role of O-GlcNAc during exercise and validate O-GlcNAc as a biomarker for fitness assessment.
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INTRODUCTION

Physical exercise is generally acknowledged as a beneficial activity and widely promoted to increase physical fitness, the quality of life, and life expectancy (1–4). In fact, exercise (especially regular exercise) not exceeding our actual tolerance level is a way to precondition and protect our body from future harmful events (5, 6). During physical exercise, the cells in our body have to adapt to a significantly more challenging condition than during regular, resting state. Mechanical workload and strain increases in the musculoskeletal system, hemodynamic shear stress is intensified on vascular and circulating cells, largely enhanced metabolism in the muscles generates free radicals and acidosis while other tissues’ metabolism has to temporarily decline (7–11). Overall, exercise is a type of stress and the cells has to adapt to it by various stress response mechanisms (5, 12). The underlying molecular events of the stress response elicited are numerous, including regulation of mitochondrial activity, increased expression of heat-shock proteins, and elements of the free radical scavenge system (13–16). Although intensively studied, the understanding of how these processes are activated is still not complete.

In recent years, protein O-linked N-acetylglucosamine (O-GlcNAc) modification emerged as a possible signaling mechanism that could mediate the effects of intracellular metabolic and stress response (17). O-GlcNAc is a dynamic and reversible posttranslational sugar modification on serine and threonine residues of intracellular proteins by attachment or removal of a single N-acetylglucosamine molecule. O-GlcNAc modification is similar to phosphorylation; indeed, it may compete for the same Ser/Thr sites with phosphorylation, although other types of interplays, such as proximal site competition and proximal site occupation were also proposed (18). As detection methods improve, the number of proteins known to be O-GlcNAc modified grows significantly; around 1,500 proteins were identified to be influenced by O-GlcNAc (19, 20), including signaling components, transcriptional factors, and metabolic enzymes. An important feature of O-GlcNAc modification is that it closely connected to carbohydrate metabolism. The substrate for O-GlcNAc modification is uridine diphosphate N-acetylglucosamine (UDP-GlcNAc), the end product of the hexosamine biosynthesis pathway which depends on the availability of glucose in the cells. On the other hand, O-GlcNAc was found to act as a nutrient sensor, regulating the glucose uptake and insulin resistance of the cells (21). Interestingly, Zachara et al. showed in their 2004 paper that stress also induced an increase of O-GlcNAc modification (22). Since then, many study demonstrated that O-GlcNAc is sensitive for a variety of stressors, including hypoxia and oxidative stress. Moreover, accumulating data—mostly collected in studies using cardiomyocytes or cardiac animal models—suggest that elevated O-GlcNAc has a protective role in hypoxia and/or oxidative stress related injuries (23).

O-GlcNAc has been also proposed as a mediator element in preconditioning experiments, e.g., Vibjerg Jensen et al. found that two 5 min long no-flow ischemia in isolated perfused rat hearts elevated O-GlcNAc levels and argue that this process might contribute to the cardioprotection (24). Jones et al. had similar results and also concluded that O-GlcNAc may protect by modifying mitochondrial proteins such as voltage-dependent anion channels (25). The effect of physical exercise on O-GlcNAc levels were studied in only a limited number of animal models, with controversial results. Long-term (regular exercise) effects were found to either increase or decrease O-GlcNAc levels in rodent cardiac and muscle tissues (26–29). There are only two studies available that analyzed the effect of acute exercise on protein O-GlcNAc modification. Peternelj et al. showed increased O-GlcNAc levels in rat skeletal muscle following acute exercise (running until exhaustion) (30). By contrast, Medford et al. found that O-GlcNAc levels decreased after 15 min but did not change significantly after 30 min of treadmill running in mice hearts (31). Although no study was conducted, yet on blood samples following acute exercise, analysis of leukocytes and leukocyte-derived cell lines suggest that leukocytes can and will respond with altered O-GlcNAc levels to activation and to metabolic challenges (32–35). Moreover, it was also suggested that changing O-GlcNAc levels may have immunomodulatory effects (36). Since the immune system is deeply involved in our body’s response to physical exercise, it would be of significant value to clarify the possible role of O-GlcNAc in exercised induced limited inflammatory response (37).

In our present study, we hypothesized that physical exercise would elicit a limited stress response of the body that would include altered O-GlcNAc protein modification and that this process would manifest at least in some elements of the cellular immunity. Thus, our aim was to investigate whether O-GlcNAc levels are influenced by a single bout of physical exercise in isolated white blood cells (WBC) of healthy, male humans. Our data reveal that O-GlcNAc modification is a dynamic intracellular process in leukocytes. We also show that subpopulations of leukocytes may have different responses to acute exercise, concerning their O-GlcNAc levels.

MATERIALS AND METHODS

Subjects and Experimental Design

Six male volunteers were recruited for this pilot study, the age of the volunteers ranged from 24 to 39 years. All subjects were informed about the procedures and the risks of the experiments before obtaining written informed consents. All procedures were approved by the Regional Committee for Research Ethics of the University of Pécs, Hungary (approval No.: 5187). The selection criteria for the participants included no obesity, no smoking, no regular medications taken, and no known acute or chronic disease present (Table 1). The experimental setup was designed to contain two (almost identical) phases: (1) resting and (2) exercise. The two phases were separated by a 3-week period. In each phases, the participants were asked to report at the laboratory in the morning after 12 h of fasting and 48 h of restrain from any strenuous physical exercise. Venous blood was drawn from the cubital veins during both phases (before resting and before exercise samples). Next, the volunteers received identical breakfasts (~600 kcal, 80% carbohydrate). In the first phase, the volunteers were asked after breakfast to restrain from any physical activity for 3.5 h before collecting the second set of blood samples (after resting samples). In the second phase, the volunteers were asked 3 h after breakfast to complete a 2-mile running exercise which was followed by the final blood sample collection (after exercise samples). The 2-mile running exercise were carried out and assessed according to the instructions of the US Army physical fitness test (38). Briefly, the participants were asked to complete the 2-mile course in the shortest time possible, without stopping or any physical help.

TABLE 1 | Characteristics of the study subjects.
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Blood Sampling

Venous blood samples were collected in suitable vacutainers; tubes containing potassium ethylenediaminetetra-acetic acid (K-EDTA) were used for testing cellular blood parameters and to isolate WBCs. Tubes containing sodium-fluoride (NaF) as glycolysis inhibitor were used for plasma glucose and lactate analysis, while tubes without additives were used to obtain serum for the routine laboratory blood tests (Table 2.). After blood collection, plasma and serum were separated by centrifugation (10 min, room temperature, 1,500 rcf). Blood cell parameters were quantified in a multi-parameter automatic hematology analyzer Cell-Dyn 3700 system (Abbott Diagnostics, Abbott Laboratories, Abbott Park, IL, USA). Plasma and serum parameters were measured by Cobas 8000 Modular Analyzer (Roche Diagnostics, GmbH, Mannheim, Germany) following the manufacturer’s instructions.

TABLE 2 | Serum biochemical and blood cell parameters before and after exercise or resting.
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Western Blot Analysis

Approximately 2.5 mL of K-EDTA anti-coagulated whole blood was used to isolate mononuclear cells. The anti-coagulated blood samples were layered on Histopaque-1077 (Sigma-Aldrich, St. Louis, MO, USA, Cat. No.: 10771) solution and prepared by isopycnic centrifugation (20 min, RT, 500 rcf) immediately after collection. Mononuclear cells were collected from the plasma/1077 interface and washed 2× in ice-cold PBS. Next, the cells were lysed in a modified RIPA buffer [10 mM Tris pH 7.2, 100 mM NaCl, 1 mM EDTA, 1 mM ethylene glycol-bis(2-aminoethylether)-N,N,N′,N′-tetraacetic acid, 0,1% SDS, 1% Triton-X 100, 0.5% deoxycholate, 10% glycerol, protease inhibitor cocktail: 1 tablet/10 mL (Roche Applied Science, Penzberg, Germany)], kept on ice for 30 min and centrifuged for 10 min at 4°C at 14,000 rcf. From the supernatant, the total protein concentration was determined using Bio-Rad Dc Assay Kit (Bio-Rad, Hercules, CA, USA). Proteins were separated on 8% SDS-PAGE and transferred onto polyvinylidene difluoride membranes (Millipore, Billerica, MA, USA). Blots were probed with the anti-O-GlcNAc antibody RL-2 (1:1,000; Thermo Fisher Scientific, Waltham, MA, USA, Cat. No.: MA1-072) in 5% non-fat dry milk blocking buffer and followed by HRP conjugated goat anti-mouse IgG (1:5,000; Thermo Fisher Scientific). For loading control, anti-actin IgG antibody (1:1,500, Sigma-Aldrich, Cat. No.: A2103) was used. The blots were developed using Femto chemiluminescent substrate (Thermo Fisher Scientific) and the signal was detected by G:BOX Chemi HR1.4 gel imaging system (Syngene, Cambridge, UK). Densitometry was quantified by calculating average pixel intensities of whole lanes followed by background subtraction using ImageJ analysis software. The O-GlcNAc levels of the samples were normalized for protein content by anti-actin staining.

Flow Cytometry

Immediately after collection, whole blood samples were treated using Lyse/Fix Buffer (BD Biosciences, Cat. No.: 558049), which simultaneously lysed red blood cells and fixed WBC, according to the manufacturer’s instructions. After discarding the supernatant containing the hemolyzed red blood cells, fixed WBCs were washed once in PBS, and permeabilized with 0.5% Triton X-100-PBS for 2 min. Next, non-specific binding sites were blocked by 5% BSA-PBS for 5 min, and then the cells were incubated with a 1:200 dilution of the anti-O-GlcNAc antibody RL2 in 5% BSA-PBS for 30 min at 37°C. After being rinsed in PBS, the cells were incubated with a 1:200 dilution of secondary antibody fluorescein-conjugated goat anti-mouse IgG (Thermo Fisher Scientific) in 5% BSA-PBS for 30 min at 37°C. Finally, the cells were washed once and then resuspended in PBS before analysis. Forward, side scatter values and fluorescence intensities [detected at 525 nm (FL1 channel)] per cells were measured with a Cytomics FC 500 flow cytometer (Beckman Coulter, Fullerton, CA, USA). Defining the regions of various WBC subpopulations and quantification of data were performed by using FlowJo analysis software.

Data Analysis

Data are presented as means ± SDs throughout. Comparisons were performed using Student’s t-test and statistically significant differences between groups were defined as p values <0.05 and are indicated in the legends to the figures. When mentioned, not significant values were indicated as not significant (NS). For serum biochemical and blood cell parameters, two-way repeated measures ANOVA was used to evaluate changes. When significant changes were identified, pairwise comparison with Bonferroni’s correction was used. The type I error rate (α) was set to 0.05.

RESULTS

Clinical Characteristic of the Subjects

In this pilot study, six male volunteers participated, their mean age was 30 years (Table 1). All of the participants were considered healthy, with no history of chronic diseases. Smoking or taking medication regularly was not reported. None of the volunteers were obese, and only two of them exceeded the 25 kg/m2 BMI mark (26.03 and 27.76). All participants claimed to regularly perform moderate to high intensity exercises, with a minimum duration of 30 min/week. The volunteers performed above the required minimum of their corresponding age group in the 2-mile running exercise, the duration of the exercise ranged from 12:53 to 17:24 min (Table 1).

A series of biochemical parameters were analyzed from the blood, including ions, metabolic parameters, tissue damage, and inflammatory markers, and cellular parameters. We found that all parameters were within the normal range when measured from the early morning (before resting and before exercise) samples (Table 2). There was no significant difference in any of the measured parameters when the first samples of the two phases were compared (before resting vs before exercise). In the first phase, when the volunteers were asked to restrain from any physical activity, a few parameters changed significantly in the second (after resting) blood samples: insulin, triglyceride, albumin, and creatinine. These changes albeit statistically significant, could be attributed to diurnal variations (albumin and creatinine) or to the metabolic, post-prandial effect of the standardized breakfast (insulin and triglyceride). However, many of the blood parameters changed following exercise: phosphate, lactate, creatinine, lactate dehydrogenase (LDH), albumin, WBC, lymphocyte, and platelet counts significantly increased when compared to their corresponding parameters measured before exercise. To exclude the influence caused by either diurnal variations or post-prandial effects, we also compared the intra-daily changes in the resting phase with the intra-daily changes in the exercise phase (Figure 1). We have found that exercise compared to resting had a significantly different impact on glucose (average intra-daily change: 27.2 vs −7.9%), lactate (515 vs 5%), creatinine (32 vs −9.6%), phosphate (37.5 vs −6.3%), WBC (27.6 vs 1.3%), lymphocyte (44.5 vs −4.4%), and platelets (17.3 vs 7.1%) values.
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FIGURE 1 | Average change of serum biochemical and blood cell parameters following exercise. Blood was collected from volunteers in the morning, 3 h prior to the exercise, and then a second blood sample was collected from the same individuals after a 2-mile running exercise. Previously, the same experimental protocol was also carried out with the same individuals when they were asked to rest instead of running. (A) Average intra-daily changes of various serum biochemical parameters related to metabolism (glucose, lactate, triglyceride, creatinine, and phosphate) or tissue damage [lactate dehydrogenase (LDH), CK] were calculated after exercise (black bars) or after resting (open bars). (B) Average intra-daily changes of the key blood cell parameters were calculated in samples collected after exercise (black bars) or after resting (open bars). Relative changes after exercise or resting were expressed as percentages of the corresponding, “before” values. Data are mean ± SD, *p < 0.05 vs the change of the resting condition.



Flow Cytometry Shows Elevated O-GlcNAc in Lymphocytes and Monocytes

To assess the effect of physical exercise on WBCs, EDTA anti-coagulated blood was collected before and after exercise carrying out the same experimental conditions as described above. Isolated and fixed blood cells were fluorescently labeled for O-GlcNAc with RL2 anti-O-GlcNAc antibody. Figure 2 shows that based on the forward scatter and side scatter values [generally accepted to report cell size and granularity (39)], three distinct group of cells could be clearly identified; granulocytes, monocytes, and lymphocytes. Restricting the selection of the cells to the regions highlighted in Figure 2A, O-GlcNAc levels (FL1 fluorescence) of the three cell types were analyzed separately. We found that granulocytes had approximately the same O-GlcNAc levels before and after exercise (relative fluorescence: 1.0 ± 0.1 vs 1.1 ± 0.16, NS), while lymphocytes (relative fluorescence: 3.1 ± 0.26 vs 3.8 ± 0.34, p < 0.05) and monocytes (relative fluorescence: 4.2 ± 0.25 vs 5.3 ± 0.48, p < 0.05) showed a significant right shift (i.e., increased level of O-GlcNAc) after physical exercise (Figures 2B,C).
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FIGURE 2 | Flow cytometry shows increased O-GlcNAc levels in lymphocytes and monocytes but not in granulocytes after exercise. White blood cells were isolated from blood collected 3 h before and after a 2-mile running exercise. After labeling with anti-O-GlcNAc antibody RL2 and green fluorescent secondary antibody (detected at FL1 channel), the cells were counted by flow cytometry. (A) Data points are shown as a function of forward scatter and side scatter (FS—x-axis, SS—y-axis). Three major group of cells were selected; granulocytes, lymphocytes, and monocytes. (B) The O-GlcNAc staining (FL1 channel) of the three regions of cells were individually displayed by histograms. Distribution of cells collected before exercise are presented by black histograms, while the distribution of cells collected after exercise are presented by light gray histograms. (C) Relative FL1 fluorescence levels of O-GlcNAc labeled blood cells, collected before (open bars) and after (black bars) exercise. The mean fluorescence level of the granulocytes collected before exercise was selected for baseline. Data are shown as mean ± SD, *p < 0.05 vs before exercise.



Elevation of O-GlcNAc levels in a population of cells could be either the result of an overall increase in every cell, or a larger increase in a subpopulation of the cells. In our study, lymphocyte count increased following exercise (2.3 ± 0.5 vs 3.2 ± 0.8 G/L, p < 0.05, Table 2), suggesting that a new subset of cells carrying more O-GlcNAc might have entered the circulation (40). The distribution of cells in the FL1 histogram could resolve whether O-GlcNAc elevation is due to an elevation of O-GlcNAc across all lymphocytes or due to the appearance of a new, above than average O-GlcNAcylated subset of cells. Our experiments support the former case; we found that lymphocytes showed near Gaussian distribution both before and after exercise (Figure 2B). Although the analysis of monocyte distribution is much less reliable due to their lower proportion (0.4 ± 0.1 G/L before and 0.5 ± 0.1 G/L after exercise, NS), monocytes appeared to have at least two types of subpopulation when O-GlcNAc levels were analyzed. Since we found no significant change in monocyte count after exercise, it is possible that a subset of monocytes is more sensitive to exercise than the rest.

Elevation of O-GlcNAc in Mononuclear Cells After Exercise Confirmed by Western Blot

Blood samples were collected parallel with the samples used for testing the biochemical parameters; before/after resting and exercise. Mononuclear cells were isolated from EDTA anti-coagulated blood by Histopaque-1077 separation immediately after blood collection. Figure 3 shows the level of O-GlcNAc proteins of three volunteers, before and after physical exercise or resting. The resulting banding patterns were similar to those published in previous reports (41, 42). As expected, we have found no significant changes in O-GlcNAc levels when the volunteers were asked to rest between blood collections. However, an approximately 15 min of intensive running caused a significant increase in intensity of overall O-GlcNAc staining (85 ± 51% increase, p < 0.05) when compared to the samples collected before exercise (16 ± 9% increase, NS).
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FIGURE 3 | O-GlcNAc levels elevate in leukocytes following exercise. (A) Western blot analysis using RL2 antibody and anti-actin antibody shows samples of white blood cells protein extracts from three individuals. Sample were collected 3 h before exercise and before resting (left panels), and also after exercise and after resting (right panels). (B) Densitometry analysis of the RL2 staining is expressed as a percentage of the control samples (i.e., samples collected before exercise or before resting). Each data point shows the average of six individual samples. Open bars represent the mean ± SD of “before” samples and black bars represent the mean ± SD of “after” samples. *p < 0.05 vs before exercise.



To demonstrate the specificity of the O-GlcNAc antibody, a duplicate immunoblot was prepared by co-incubating RL2 antibody with 20 mM N-acetylglucosamine. As shown in Figure 4, N-acetylglucosamine decreased the western blot signal by about five times, compared to the uninhibited samples (19 ± 2% of control).
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FIGURE 4 | RL2 specifically binds to O-GlcNAc proteins. Western blot analysis using RL2 antibody and anti-actin antibody shows samples of white blood cells protein extracts from three individuals, collected at random dates. Membranes were incubated with RL2 antibody (left panel) or RL2 antibody and 20 mM of N-acetylglucosamine (right panel). Immunoblots with anti-actin antibody was used as loading control.



DISCUSSION

In the present study, we have analyzed the effect of a 2-mile running exercise on the level of O-GlcNAc modification in leukocytes collected from human volunteers. We have found that overall level of O-GlcNAc modified proteins significantly increased following exercise when compared to control, resting experimental conditions. We have also found that lymphocytes and—to a lesser extent—monocytes were mostly responsible for this increase while the O-GlcNAc levels of granulocytes remained relatively unchanged. Our data also suggest that the elevation of O-GlcNAc is a general event rather than a redistribution of certain lymphocyte subpopulations (carrying various amount of O-GlcNAc modification) in the circulation.

Our study was designed to focus on a single bout of physical challenge and to study the acute effects of exercise on O-GlcNAc levels in leukocytes. The selection of the participants (healthy, young, and trained individuals) and the duration of the physical activity ensured that the workload does not exceed the adaptation capacity of the participants. Biochemical markers sensitive for tissue damage (LDH, CK)—although elevated—remained close to normal range. IL-6 levels—which are known to increase proportional to the amount of exercise—remained below 2 ng/L (data not shown). Lactate levels after exercise (6.2 ± 2.0 mM) showed that the workload corresponded to approximately the state where aerobic–anaerobic transition occurs (~4 mM lactate) (43). Elevated level of serum phosphate and increased number of circulating leukocytes were expected results after exercise and are in good correspondence with the literature (44–46). In our study, only male volunteers were recruited to avoid interference due to hormonal differences between sexes. However, the influence of gender or cyclic hormonal changes on O-GlcNAc regulation needs to be studied in the future. The relatively few data available in the literature indeed suggest that O-GlcNAc interacts with hormonal receptors (46) including estrogen receptor (47, 48). It is also interesting to note that one of the regulatory enzymes of O-GlcNAc; O-GlcNAc transferase (OGT) is X-linked. Without X-inactivation, the expressional level of OGT would be approximately double in female cells (49).

Increasing amount of data demonstrates that the immune system is also influenced by physical activity, and moreover it is part of the systemic adaptation and response to physical challenges (50). Demargination of leukocytes and leukocytosis was recognized early as a consequence of physical exercise (45, 51). Limited inflammatory response can be elicited during exercise by muscle micro-injuries, bacterial translocation from the gut due to reduced blood flow or due to direct oxidative stress of various elements of the immune system (7, 37). On the other hand, activated leukocytes and inflammatory response consequently supports healing and regeneration (37, 52). There are many factors that may influence the actual outcome of the immunomodulatory effect of exercise the length and intensity of the exercise, whether it is aerobic or anaerobic and also the presence or absence of previous training exercise (53, 54). “Overreaching,” i.e., performing more strenuous exercise than the body can tolerate will lead to immunosuppression while moderate exercise will actually benefit the immune system and reduce infection incidence (50, 55). The distinction between pro- and anti-inflammatory effects of exercise is not clearly defined but it is rather a dynamic balance and the actual result is a mixture of a multitude of signaling elements (53).

As mentioned, protein O-GlcNAc modification has been proposed as a protective intracellular mechanism against various type of stress, including hypoxia, oxidative stress, heat-shock, and osmotic challenges (22). It was demonstrated previously (31, 56, 57) and we have also found in our present experiments that O-GlcNAc can elevate within minutes. Stress-induced O-GlcNAc may have several consequences: it may influence transcription (e.g., increasing the expression of heat-shock proteins), phosphorylation signaling, or protein degradation (18, 58). Immediate effects of O-GlcNAc that do not require de novo protein synthesis include the inhibition of enzymes involved in oxidative stress such as nitric oxide synthase (59, 60). Finally, it seems to be that O-GlcNAc may also suppress stress-induced intracellular free calcium elevation, which would otherwise lead to adverse effects (57). In our present report, we propose that O-GlcNAc modification may regulate immune response during exercise as part of the stress response system.

Several studies found that O-GlcNAc may participate in inflammatory responses (61–66), but the exact function and role of O-GlcNAc in the regulation of inflammation is still unclear (67, 68). For example, one of the key signal elements of the immune response, NFκB was shown not only to be activated by O-GlcNAc (41, 66, 69) but also to be inhibited by O-GlcNAc (64, 65, 70). This contradiction of results is probably caused by a complex interplay between several O-GlcNAc and phosphorylation sites on NFκB. Depending on the cell type, the duration, type and severity of stress, different posttranslational patterns may develop on NFκB and produce different outcomes. Despite uncertainties concerning the function of O-GlcNAc modification in immune cells, accumulating data suggest that O-GlcNAc elevation in WBCs is a quick and measurable response to activation (32, 71).

Our present work is the first that shows an elevation of O-GlcNAc levels in human WBCs following acute stress, i.e., physical exercise. Only a few studies used human WBCs to measure O-GlcNAc levels yet; in these studies, western blot and flow cytometry techniques were also used to demonstrate that O-GlcNAc levels can be assessed in human leukocytes (33, 35, 42). In contrast to western blot, flow cytometry may also allow for comparison of various subsets of leukocytes. As of now, flow cytometric studies, including our present work have only a limited resolution of leukocyte sub-types (granulocytes, lymphocytes, and monocytes) based on forward and side scatter plots. Thus our results have to be confirmed in the future by the simultaneous labeling of O-GlcNAc proteins and specific leukocyte surface markers such as CD45, CD3, CD19, CD4, CD8, etc.

A study by Myslicki et al. used human whole blood samples to measure O-GlcNAc (34). They found no correlation between whole blood O-GlcNAc and aerobic capacity (VO2peak) in healthy males, however, their samples were collected only from resting individuals. The direct activator of O-GlcNAc elevation in our experimental setup is not known yet. Several physical and biochemical factors could be responsible, such as acidosis, relative hypoxia, oxidative stress, increase of temperature, myokin release from the muscles, hormonal and metabolic changes (epinephrine, norepinephrine and glucose, insulin), or increased hemodynamic shear stress due to faster circulation. Our preliminary data on a Jurkat (T-cell derived) cell culture model suggest that lactic acid alone (up to 10 mM) is not sufficient to elicit a significant increase of O-GlcNAc (data not shown). Agonist, such as epinephrine and angiotensin II (57) and/or oxidative stress (72) are also likely candidates responsible for the O-GlcNAc elevation observed in our study but so far there is no experimental evidence available in leukocytes or leukocyte-derived cells to confirm it.

Under moderate-intensity exercise, blood glucose levels should remain relatively stable; while the muscles’ glucose uptake is increased during exercise, it is balanced by increased glucose production by the liver (73). Nevertheless, fluctuations in blood glucose levels could be a plausible explanation for the measured changes in O-GlcNAc levels. Hypoglycemia are known to cause a paradoxical increase in O-GlcNAcylation (74), however, it is unlikely that the duration of the exercise in our experimental setup would be sufficient to decrease glucose levels. On the contrary, the measured mean plasma glucose values—despite large individual variations—seemed to be slightly increased. Unfortunately, most studies investigated the effect of hyperglycemia with much higher glucose concentrations (25–30 mM). Moderately elevated glucose levels (~1 mM increase) were shown to increase O-GlcNAc levels only under long-term conditions (pre-diabetes) so far (35, 75).

In summary, our study demonstrated for the first time that following a single bout of running exercise, protein O-GlcNAc modification increased in WBCs. We have also shown that the bulk of this change is attributed to lymphocytes, while granulocytes remained relatively unchanged. While the understanding of the complex function of O-GlcNAc modification in leukocytes requires further extensive studies, we believe that our results presented here will help to elucidate the role of O-GlcNAc in stress adaptation mechanisms. Implications could include the development of new diagnostic tools for the monitoring of healthy (sport medicine) and metabolically unhealthy (e.g., diabetes) population as well.

ETHICS STATEMENT

This study was carried out in accordance with the recommendations of Guidelines of the Regional Committee for Research Ethics of the University of Pécs, Hungary. All subjects gave written informed consent in accordance with the Declaration of Helsinki. The protocol was approved by the Regional Committee for Research Ethics of the University of Pécs, Hungary (approval No.: 5187).

AUTHOR CONTRIBUTIONS

Study design and organization of the manuscript were perfor-med by TN, AS, IW, and AM. Data analysis, statistical analysis, and the first draft of the manuscript were performed by TN, EK, VF, TT, and AS. The manuscript review was performed by EK, VF, and TT. The final approval for publication was performed by TN, IW, and AM.

ACKNOWLEDGMENTS

We are grateful to Ágnes Radványi at the Department of Internal Medicine and Nephrology Center, Faculty of Medicine, University of Pécs for her contribution in enrolment and clinical assessment of the volunteers.

FUNDING

This work was supported by the EU founded Hungarian projects GINOP under Grant number 2.3.2.-15-2016-00050 and 2.3.3.-15-2016-00025 and supported by János Szentágothai Research Centre, University of Pécs.

REFERENCES

1. Gremeaux V, Gayda M, Lepers R, Sosner P, Juneau M, Nigam A. Exercise and longevity. Maturitas (2012) 73:312–7. doi:10.1016/j.maturitas.2012.09.012

2. Kessler HS, Sisson SB, Short KR. The potential for high-intensity interval training to reduce cardiometabolic disease risk. Sports Med (2012) 42:489–509. doi:10.2165/11630910-000000000-00000

3. Pedersen BK, Saltin B. Evidence for prescribing exercise as therapy in chronic disease. Scand J Med Sci Sports (2006) 16(Suppl 1):3–63. doi:10.1111/j.1600-0838.2006.00520.x

4. Vasconcellos F, Seabra A, Katzmarzyk PT, Kraemer-Aguiar LG, Bouskela E, Farinatti P. Physical activity in overweight and obese adolescents: systematic review of the effects on physical fitness components and cardiovascular risk factors. Sports Med (2014) 44:1139–52. doi:10.1007/s40279-014-0193-7

5. Lawler JM, Rodriguez DA, Hord JM. Mitochondria in the middle: exercise preconditioning protection of striated muscle. J Physiol (2016) 594:5161–83. doi:10.1113/JP270656

6. McGinnis GR, Ballmann CG, Peters B, Nannayakarra G, Roberts MD, Amin RH, et al. Interleukin-6 mediates exercise preconditioning against myocardial ischemia reperfusion injury. Am J Physiol Heart Circ Physiol (2015) 308(11):H1423–33. doi:10.1152/ajpheart.00850.2014

7. Accattato F, Greco M, Pullano SA, Carè I, Fiorillo AS, Pujia A, et al. Effects of acute physical exercise on oxidative stress and inflammatory status in young, sedentary obese subjects. PLoS One (2017) 12:e0178900. doi:10.1371/journal.pone.0178900

8. Barbieri E, Sestili P. Reactive oxygen species in skeletal muscle signaling. J Signal Transduct (2012) 2012:982794. doi:10.1155/2012/982794

9. Kenney WL, Ho CW. Age alters regional distribution of blood flow during moderate-intensity exercise. J Appl Physiol (1995) 79:1112–9. doi:10.1152/jappl.1995.79.4.1112

10. Kim B, Lee H, Kawata K, Park J-Y. Exercise-mediated wall shear stress increases mitochondrial biogenesis in vascular endothelium. PLoS One (2014) 9:e111409. doi:10.1371/journal.pone.0111409

11. Ozaki H, Loenneke JP, Buckner SL, Abe T. Muscle growth across a variety of exercise modalities and intensities: contributions of mechanical and metabolic stimuli. Med Hypotheses (2016) 88:22–6. doi:10.1016/j.mehy.2015.12.026

12. Milisav I, Poljsak B, Šuput D. Adaptive response, evidence of cross-resistance and its potential clinical use. Int J Mol Sci (2012) 13:10771–806. doi:10.3390/ijms130910771

13. Berzosa C, Cebrián I, Fuentes-Broto L, Gómez-Trullén E, Piedrafita E, Martínez-Ballarín E, et al. Acute exercise increases plasma total antioxidant status and antioxidant enzyme activities in untrained men. J Biomed Biotechnol (2011) 2011:540458. doi:10.1155/2011/540458

14. Hawley JA, Hargreaves M, Joyner MJ, Zierath JR. Integrative biology of exercise. Cell (2014) 159:738–49. doi:10.1016/j.cell.2014.10.029

15. Hoffman NJ, Parker BL, Chaudhuri R, Fisher-Wellman KH, Kleinert M, Humphrey SJ, et al. Global phosphoproteomic analysis of human skeletal muscle reveals a network of exercise-regulated kinases and AMPK substrates. Cell Metab (2015) 22:922–35. doi:10.1016/j.cmet.2015.09.001

16. Noble EG, Shen GX. Impact of exercise and metabolic disorders on heat shock proteins and vascular inflammation. Autoimmune Dis (2012) 2012:836519. doi:10.1155/2012/836519

17. Martinez MR, Dias TB, Natov PS, Zachara NE. Stress-induced O-GlcNAcylation: an adaptive process of injured cells. Biochem Soc Trans (2017) 45:237–49. doi:10.1042/BST20160153

18. Butkinaree C, Park K, Hart GW. O-linked beta-N-acetylglucosamine (O-GlcNAc): extensive crosstalk with phosphorylation to regulate signaling and transcription in response to nutrients and stress. Biochim Biophys Acta (2010) 1800:96–106. doi:10.1016/j.bbagen.2009.07.018

19. Hahne H, Sobotzki N, Nyberg T, Helm D, Borodkin VS, van Aalten DMF, et al. Proteome wide purification and identification of O-GlcNAc-modified proteins using click chemistry and mass spectrometry. J Proteome Res (2013) 12:927–36. doi:10.1021/pr300967y

20. Hart GW, Slawson C, Ramirez-Correa G, Lagerlof O. Cross talk between O-GlcNAcylation and phosphorylation: roles in signaling, transcription, and chronic disease. Annu Rev Biochem (2011) 80:825–58. doi:10.1146/annurev-biochem-060608-102511

21. Buse MG, Robinson KA, Marshall BA, Hresko RC, Mueckler MM. Enhanced O-GlcNAc protein modification is associated with insulin resistance in GLUT1-overexpressing muscles. Am J Physiol Endocrinol Metab (2002) 283:E241–50. doi:10.1152/ajpendo.00060.2002

22. Zachara NE, O’Donnell N, Cheung WD, Mercer JJ, Marth JD, Hart GW. Dynamic O-GlcNAc modification of nucleocytoplasmic proteins in response to stress: a survival response of mammalian cells. J Biol Chem (2004) 279:30133–42. doi:10.1074/jbc.M403773200

23. Chatham JC, Marchase RB. The role of protein O-linked beta-N-acetylglucosamine in mediating cardiac stress responses. Biochim Biophys Acta (2010) 1800:57–66. doi:10.1016/j.bbagen.2009.07.004

24. Vibjerg Jensen R, Johnsen J, Buus Kristiansen S, Zachara NE, Bøtker HE. Ischemic preconditioning increases myocardial O-GlcNAc glycosylation. Scand Cardiovasc J (2013) 47:168–74. doi:10.3109/14017431.2012.756984

25. Jones SP, Zachara NE, Ngoh GA, Hill BG, Teshima Y, Bhatnagar A, et al. Cardioprotection by N-acetylglucosamine linkage to cellular proteins. Circulation (2008) 117:1172–82. doi:10.1161/CIRCULATIONAHA.107.730515

26. Belke DD. Swim-exercised mice show a decreased level of protein O-GlcNAcylation and expression of O-GlcNAc transferase in heart. J Appl Physiol (2011) 111:157–62. doi:10.1152/japplphysiol.00147.2011

27. Bennett CE, Johnsen VL, Shearer J, Belke DD. Exercise training mitigates aberrant cardiac protein O-GlcNAcylation in streptozotocin-induced diabetic mice. Life Sci (2013) 92:657–63. doi:10.1016/j.lfs.2012.09.007

28. Cox EJ, Marsh SA. Exercise and diabetes have opposite effects on the assembly and O-GlcNAc modification of the mSin3A/HDAC1/2 complex in the heart. Cardiovasc Diabetol (2013) 12:101. doi:10.1186/1475-2840-12-101

29. Hortemo KH, Lunde PK, Anonsen JH, Kvaløy H, Munkvik M, Rehn TA, et al. Exercise training increases protein O-GlcNAcylation in rat skeletal muscle. Physiol Rep (2016) 4:e12896. doi:10.14814/phy2.12896

30. Peternelj TT, Marsh SA, Strobel NA, Matsumoto A, Briskey D, Dalbo VJ, et al. Glutathione depletion and acute exercise increase O-GlcNAc protein modification in rat skeletal muscle. Mol Cell Biochem (2015) 400:265–75. doi:10.1007/s11010-014-2283-0

31. Medford HM, Porter K, Marsh SA. Immediate effects of a single exercise bout on protein O-GlcNAcylation and chromatin regulation of cardiac hypertrophy. Am J Physiol Heart Circ Physiol (2013) 305:H114–23. doi:10.1152/ajpheart.00135.2013

32. Golks A, Guerini D. The O-linked N-acetylglucosamine modification in cellular signalling and the immune system. “Protein modifications: beyond the usual suspects” review series. EMBO Rep (2008) 9:748–53. doi:10.1038/embor.2008.129

33. Madsen-Bouterse SA, Xu Y, Petty HR, Romero R. Quantification of O-GlcNAc protein modification in neutrophils by flow cytometry. Cytometry A (2008) 73:667–72. doi:10.1002/cyto.a.20569

34. Myslicki JP, Shearer J, Hittel DS, Hughey CC, Belke DD. O-GlcNAc modification is associated with insulin sensitivity in the whole blood of healthy young adult males. Diabetol Metab Syndr (2014) 6:96. doi:10.1186/1758-5996-6-96

35. Springhorn C, Matsha TE, Erasmus RT, Essop MF. Exploring leukocyte O-GlcNAcylation as a novel diagnostic tool for the earlier detection of type 2 diabetes mellitus. J Clin Endocrinol Metab (2012) 97:4640–9. doi:10.1210/jc.2012-2229

36. Baudoin L, Issad T. O-GlcNAcylation and inflammation: a vast territory to explore. Front Endocrinol (2014) 5:235. doi:10.3389/fendo.2014.00235

37. Shek PN, Shephard RJ. Physical exercise as a human model of limited inflammatory response. Can J Physiol Pharmacol (1998) 76:589–97. doi:10.1139/y98-040

38. Army/US. Army Physical Readiness Training. (2012). Appendix A1-24. Available from: https://armypubs.army.mil/epubs/DR_pubs/DR_a/pdf/web/ARN7938_FM 7-22 INC C1 Final.pdf (Accessed: April 23, 2018).

39. Sloot PM, Figdor CG. Elastic light scattering from nucleated blood cells: rapid numerical analysis. Appl Opt (1986) 25:3559. doi:10.1364/AO.25.003559

40. Gabriel HH, Kindermann W. Adhesion molecules during immune response to exercise. Can J Physiol Pharmacol (1998) 76:512–23. doi:10.1139/y98-067

41. Golks A, Tran T-TT, Goetschy JF, Guerini D. Requirement for O-linked N-acetylglucosaminyltransferase in lymphocytes activation. EMBO J (2007) 26:4368–79. doi:10.1038/sj.emboj.7601845

42. Kneass ZT, Marchase RB. Neutrophils exhibit rapid agonist-induced increases in protein-associated O-GlcNAc. J Biol Chem (2004) 279:45759–65. doi:10.1074/jbc.M407911200

43. Faude O, Kindermann W, Meyer T. Lactate threshold concepts: how valid are they? Sports Med (2009) 39:469–90. doi:10.2165/00007256-200939060-00003

44. Dale G, Fleetwood JA, Weddell A, Ellis RD, Sainsbury JR. Fitness, unfitness, and phosphate. Br Med J (1987) 294:939. doi:10.1136/bmj.294.6577.939

45. Steel JM, Steel CM, Johnstone FD. Leukocytosis induced by exercise. Br Med J (1987) 295:1135–6. doi:10.1136/bmj.295.6606.1135-c

46. Bowe DB, Sadlonova A, Toleman CA, Novak Z, Hu Y, Huang P, et al. O-GlcNAc integrates the proteasome and transcriptome to regulate nuclear hormone receptors. Mol Cell Biol (2006) 26:8539–50. doi:10.1128/MCB.01053-06

47. Chen YX, Du JT, Zhou LX, Liu XH, Zhao YF, Nakanishi H, et al. Alternative O-GlcNAcylation/O-phosphorylation of Ser16 induce different conformational disturbances to the N terminus of murine estrogen receptor β. Chem Biol (2006) 13:937–44. doi:10.1016/j.chembiol.2006.06.017

48. Kanwal S, Fardini Y, Pagesy P, N’Tumba-Byn T, Pierre-Eugène C, Masson E, et al. O-GlcNAcylation-inducing treatments inhibit estrogen receptor α expression and confer resistance to 4-OH-tamoxifen in human breast cancer-derived MCF-7 cells. PLoS One (2013) 8:e69150. doi:10.1371/journal.pone.0069150

49. Olivier-Van Stichelen S, Hanover JA. X-inactivation normalizes O-GlcNAc transferase levels and generates an O-GlcNAc-depleted Barr body. Front Genet (2014) 5:256. doi:10.3389/fgene.2014.00256

50. Gleeson M. Immune function in sport and exercise. J Appl Physiol (2007) 103:693–9. doi:10.1152/japplphysiol.00008.2007

51. Shephard RJ. Development of the discipline of exercise immunology. Exerc Immunol Rev (2010) 16:194–222.

52. Santos SA, Silva ET, Caris AV, Lira FS, Tufik S, Dos Santos RVT. Vitamin E supplementation inhibits muscle damage and inflammation after moderate exercise in hypoxia. J Hum Nutr Diet (2016) 29:516–22. doi:10.1111/jhn.12361

53. Gjevestad GO, Holven KB, Ulven SM. Effects of exercise on gene expression of inflammatory markers in human peripheral blood cells: a systematic review. Curr Cardiovasc Risk Rep (2015) 9:34. doi:10.1007/s12170-015-0463-4

54. Sakharov DA, Maltseva DV, Riabenko EA, Shkurnikov MU, Northoff H, Tonevitsky AG, et al. Passing the anaerobic threshold is associated with substantial changes in the gene expression profile in white blood cells. Eur J Appl Physiol (2012) 112:963–72. doi:10.1007/s00421-011-2048-3

55. Belotto MF, Magdalon J, Rodrigues HG, Vinolo MAR, Curi R, Pithon-Curi TC, et al. Moderate exercise improves leucocyte function and decreases inflammation in diabetes. Clin Exp Immunol (2010) 162:237–43. doi:10.1111/j.1365-2249.2010.04240.x

56. Kearse KP, Hart GW. Lymphocyte activation induces rapid changes in nuclear and cytoplasmic glycoproteins. Proc Natl Acad Sci U S A (1991) 88:1701–5. doi:10.1073/pnas.88.5.1701

57. Nagy T, Champattanachai V, Marchase RB, Chatham JC. Glucosamine inhibits angiotensin II-induced cytoplasmic Ca2+ elevation in neonatal cardiomyocytes via protein-associated O-linked N-acetylglucosamine. Am J Physiol Cell Physiol (2006) 290:C57–65. doi:10.1152/ajpcell.00263.2005

58. Kazemi Z, Chang H, Haserodt S, McKen C, Zachara NE. O-linked beta-N-acetylglucosamine (O-GlcNAc) regulates stress-induced heat shock protein expression in a GSK-3beta-dependent manner. J Biol Chem (2010) 285:39096–107. doi:10.1074/jbc.M110.131102

59. Hilgers RHP, Xing D, Gong K, Chen Y-F, Chatham JC, Oparil S. Acute O-GlcNAcylation prevents inflammation-induced vascular dysfunction. Am J Physiol Heart Circ Physiol (2012) 303:H513–22. doi:10.1152/ajpheart.01175.2011

60. Storey KB, Wu C-W. Stress response and adaptation: a new molecular toolkit for the 21st century. Comp Biochem Physiol A Mol Integr Physiol (2013) 165:417–28. doi:10.1016/j.cbpa.2013.01.019

61. Huang J-B, Clark AJ, Petty HR. The hexosamine biosynthesis pathway negatively regulates IL-2 production by Jurkat T cells. Cell Immunol (2007) 245:1–6. doi:10.1016/j.cellimm.2007.03.006

62. Kneass ZT, Marchase RB. Protein O-GlcNAc modulates motility-associated signaling intermediates in neutrophils. J Biol Chem (2005) 280:14579–85. doi:10.1074/jbc.M414066200

63. Liu H, Wang Z, Yu S, Xu J. Proteasomal degradation of O-GlcNAc transferase elevates hypoxia-induced vascular endothelial inflammatory response†. Cardiovasc Res (2014) 103:131–9. doi:10.1093/cvr/cvu116

64. Nöt LG, Brocks CA, Vámhidy L, Marchase RB, Chatham JC. Increased O-linked beta-N-acetylglucosamine levels on proteins improves survival, reduces inflammation and organ damage 24 hours after trauma-hemorrhage in rats. Crit Care Med (2010) 38:562–71. doi:10.1097/CCM.0b013e3181cb10b3

65. Xing D, Gong K, Feng W, Nozell SE, Chen Y-F, Chatham JC, et al. O-GlcNAc modification of NFκB p65 inhibits TNF-α-induced inflammatory mediator expression in rat aortic smooth muscle cells. PLoS One (2011) 6:e24021. doi:10.1371/journal.pone.0024021

66. Zhang D, Cai Y, Chen M, Gao L, Shen Y, Huang Z. OGT-mediated O-GlcNAcylation promotes NF-κB activation and inflammation in acute pancreatitis. Inflamm Res (2015) 64:943–52. doi:10.1007/s00011-015-0877-y

67. Johnson B, Opimba M, Bernier J. Implications of the O-GlcNAc modification in the regulation of nuclear apoptosis in T cells. Biochim Biophys Acta (2014) 1840:191–8. doi:10.1016/j.bbagen.2013.09.011

68. Nagy T, Miseta A, Kovacs L. Protein-associated O-GlcNAc, a multifunctional mechanism in cell signaling and its role in the pathogenesis of diabetes, stress and malignant diseases. Biochem Med (2007) 17:162–77. doi:10.11613/BM.2007.015

69. Yang WH, Park SY, Nam HW, Kim DH, Kang JG, Kang ES, et al. NFkappaB activation is associated with its O-GlcNAcylation state under hyperglycemic conditions. Proc Natl Acad Sci U S A (2008) 105:17345–50. doi:10.1073/pnas.0806198105

70. Zou L, Yang S, Champattanachai V, Hu S, Chaudry IH, Marchase RB, et al. Glucosamine improves cardiac function following trauma-hemorrhage by increased protein O-GlcNAcylation and attenuation of NF-{kappa}B signaling. Am J Physiol Heart Circ Physiol (2009) 296:H515–23. doi:10.1152/ajpheart.01025.2008

71. Lund PJ, Elias JE, Davis MM. Global analysis of O-GlcNAc glycoproteins in activated human T cells. J Immunol (2016) 197:3086–98. doi:10.4049/jimmunol.1502031

72. Kátai E, Pál J, Poór VS, Purewal R, Miseta A, Nagy T. Oxidative stress induces transient O-GlcNAc elevation and tau dephosphorylation in SH-SY5Y cells. J Cell Mol Med (2016) 20:2269–77. doi:10.1111/jcmm.12910

73. Adams OP. The impact of brief high-intensity exercise on blood glucose levels. Diabetes Metab Syndr Obes (2013) 6:113–22. doi:10.2147/DMSO.S29222

74. Taylor RP, Parker GJ, Hazel MW, Soesanto Y, Fuller W, Yazzie MJ, et al. Glucose deprivation stimulates O-GlcNAc modification of proteins through up-regulation of O-linked N-acetylglucosaminyltransferase. J Biol Chem (2008) 283:6050–7. doi:10.1074/jbc.M707328200

75. Park K, Saudek CD, Hart GW. Increased expression of β-N-acetylglucosaminidase in erythrocytes from individuals with pre-diabetes and diabetes. Diabetes (2010) 59:1845–50. doi:10.2337/db09-1086

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2018 Nagy, Kátai, Fisi, Takács, Stréda, Wittmann and Miseta. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fimmu-09-00970-t001.jpg
Variable

n=6

Age (years) 30£52
Body weight (kg) 77586
BMI (kg/m?) 2394223
History of smoking 0(0%)
Chronic diseases 0(0%)
Regular medications 0(0%)
2-Mile run (duration) 940855
Regular exercise/week (duration) 119 £ 88 min

Data are mean + SD.





OPS/images/fimmu-09-00970-t002.jpg
Resting Exercise

Before After Before After Units
Sodium 1407 £1.1 1402+ 1.1 1414212 1420213 mM
Potassium 43+03 46£02 43£02 42£02 mM
Calcium 2400 2501 24£01 25£0.1% mM
Magnesium 0901 0900 0901 0901 mM
Chioride 97.8+16 982+13 1016+28" 998+2.7 mM
Phosphate 12204 12201 11202 154034 mM
Insulin 40.0£80 59.5+9.3" 54.0+296 6194389 pM
Lactate 14205 14204 1304 69 1.74¢ mM
Glucose 52403 48+0.7 51+04 64+16 mM
Bilirubin 137 67 18572 14878 18778 M
Urea 56+16 5214 54£13 52111 mM
Creatinine 865+ 96 782193 77.5£63 1022 £7.04 M
Uric acid 319.7 £ 535 302.7 + 59.6 3142408 356.0 +47.4 ™
Cholesterol 47£07 4907 4.7£07 4807 mM
Triglyceride 12104 19+04" 1.3+03 15405 mM
Lactate dehydrogenase 3180329 3365 + 56.9 3185 +26.2 380.5 +33.2 un
Alkaline phosphatase 632£10.6 67.011.7 741 £15.4 77.0£13.0 unL
CK 179.3£81.0 1838+ 75.1 1965+ 82.3 229.8+90.6 uL
Total protein 74.0+22 763426 75.7£40 780+27 gL
Albumin 48820 51.0+1.9" 49.4£29 51928+ oL
CRP 0.7+03 0.7+03 05£02 06+03 mg/L
White blood cells 63+08 6411 66+10 84144 GL
Neutrophils 30£07 33£10 32£08 3909 GL
Lymphocytes 23403 22403 25+03 36+0.74 GL
Morocytes 0401 0400 04£01 05+0.1 aL
Eosinophils 0303 0203 03£03 02£03 aL
Basophils <0.1£00 <0.1£00 <0.1£00 <0.1£00 GL
RBC 54£02 54£02 52£03 5303 7w
Hgb 154374 155.5+10.7 152.0+9.4 165.9£92 gL
Hot 47.1£20 469 2.7 46926 463122 %
PLT 2208175 236.8 + 24.1 2332+ 193 273.7 £30.5+ anL

Data are mean + SD (n = 6).
D < 0.05 vs resting-before.
D < 0.05 vs resting-after.

< 0.05 vs exercise-before.






OPS/images/fimmu-09-00970-g003.jpg
A R
250 kD

- 150 KD
-
e 75kD

S e - S0KD
Before Resting —
#o#2 #3

Actn  50kD

-. 150 kD
v 100kD
o e

W 50kD
Before Exercise
#o#2 #3
Acin S0KD
—-——— 0

RL2

- Densitometry (RL2)

After Resting
# #2 #3 00| O Before (contro)

Actin = After
N

RL2

0
! " Resting Exercise

e ——
After Exercise
" o#2 43

Actin
- —

9% of control





OPS/images/fimmu-09-00970-g004.jpg
250 kD

o |a
o |o
= |=
O IO

~
o
=
o

[
3
|)\_ |
<}

50 kD
37kD

\

0"
R
‘ '&‘h

#1 #3

Actin

RL2 +20 mM GIcNAc





OPS/images/cover.jpg
? frontiers

in Immunology

Protein O-GIlcNAc Modification

Increases in White Blood Cells

After a Single Bout of Physical
Exercise





OPS/images/fimmu-09-00970-g001.jpg
*
Glucose  Lactate Triglyceride Creatinine Phosphate cK
*
WBC  Neutrophils Lymphocytes Monocytes ~ RBC Hgb PLT





OPS/images/fimmu-09-00970-g002.jpg
A
10004 1
Granulocytes

SS I Monocytes

bl = O

] B> Lymphocytes
03 S v |
0

FS 1000

relative fluorescence

Granulocytes

1

N

, M

Granulocytes

Lymphocytes

u

il

Lymphocytes

Monocytes

u

Monocytes





OPS/images/logo.jpg
Ghesk for

i@





