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Repeated Changes to the Gravitational Field Negatively Affect the Serum Concentration of Select Growth Factors and Cytokines
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Space flights, some physical activities, and extreme sports can greatly alter the gravitational forces experienced by the body. Being a deviation from the constant pull of Earth, these alterations can be considered gravitational stress and have the potential to affect physiological processes. Physical cues play a vital role in the homeostasis and function of the immune system. The effect of recurrent alterations of the gravitational pull on the levels of soluble mediator such as cytokines is unknown. Parabolic flights provide a controlled environment and make these a suitable model to study the effects of gravitational stress. Utilizing this model, we evaluated the effects of short-term gravitational stress on serum concentration of cytokines and other soluble mediators. Blood was taken from 12 healthy volunteers immediately before the first parabola and immediately after the last. Samples taken on the ground at corresponding time points the day before were used to control for circadian effects. A wide range of soluble mediators was analyzed using a multiplex bead assay. We found that the rate-change of eight molecules was significantly affected by the parabolic flight. Among other functions, these molecules, EGF, PDGF-AA, PDGF-BB, HGF, IP-10, Eotaxin (CCL11), TARC, and Angiopoietin-2, can be associated with bone remodeling and immune activation. It is therefore possible that gravitational stress can have clinically relevant impact on the control of a wide range of physiological processes.
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INTRODUCTION

All organisms on earth have evolved under a constant gravitational acceleration of 1 g. Space flight is a clear deviation from this, but also physical exercises and extreme sports, such as some amusement rides, skydiving, bungee jumping, or wing-suit flying, can change the experienced gravitational force and elicit acute stress (van Westerloo et al., 2011; Gomez and Rao, 2016; Liu et al., 2016). The changes range from microgravity at near weightlessness to hypergravity. In all cases, rapid and repeated changes can be experienced. These gravitational alterations are stressful by nature, and can have adverse effects such as impaired tissue, organ, and immune functionalities (Guéguinou et al., 2009; Crucian et al., 2018).

Given the omnipresence of the gravitational pull of Earth, it is difficult to model the effect of microgravity in a laboratory. This is in contrast to hypergravity, which can be achieved through centrifugation. Nonetheless, several in vitro and in vivo models, which mimic the physiological changes during decreased gravity, have been established (Clément, 2017). Parabolic flights have well defined periods of micro- and hypergravity and are therefore an attractive model to study different physiological responses to short-term gravitational stress (Le Bourg, 1999).

Assuming physiological responses to repeated changes of the gravitational field, we were wondering how this stress affects the serum concentration of soluble mediators such as cytokines and growth factors. We therefore collected serum from 12 healthy volunteers before and immediately after the parabolic flight maneuvers. The sera were analyzed for 51 mediators using multiplex bead assays and compared to sera collected one day before the flight at the same time points to control for circadian effects (Keller et al., 2009).

MATERIALS AND METHODS

Study Population and Ethics Statement

Blood was obtained from 12 apparently healthy volunteers; 5 females (mean 24.2 years, range 21–29), 7 males (mean 29.1 years, range 21–43). The study protocol was approved by the ethical committee of the Ruhr-Universität Bochum (register-number 5158-14). Exclusion criteria were intake of any kind of medication on a regular basis and a history of cardiovascular diseases including hypertension, coronary heart disease, congestive heart failure, stroke, as well as immune disorders, including diabetes, asthma, or allergies.

All participants provided written informed consent prior inclusion in the study. Participants of parabolic flights usually receive scopolamine as kinetosis prophylaxis, which was refrained in this study in order to avoid any drug-related changes.

Parabolic Flight and Blood Donation

An Airbus A310 performed a single successful test parabola and 30 regular parabolas in which phases of weightlessness were achieved. This microgravity phase of each parabola was flanked by a pull-up and a pull-out phase at about 1.8 g hypergravity (Figure 1A). Each phase lasted about 20 s. The parabolas were performed in six sets of five parabolas. Each set was separated by steady flight of 5 to 8 min. The steady flight in 1 g between two parabolas lasted for 2 min. The cabin conditions remained stable at all times with a pressure of 830 mbar, cabin luminosity of 800 lux and a temperature of 19–21°C with a humidity of 15%. All participants were at rest throughout the flight.
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FIGURE 1. Soluble mediators are decreased after gravitational stress. (A) Single parabola with alteration in experienced gravitational acceleration. (B) Sampling scheme applied in the study – blood was taken before the first parabola (P0) and after the last (P180), both during 1 g. The day before, two samples were taken on the ground at time points of the corresponding in-flight samples (C0 and C180). (C) Principal component analysis of the change in concentration of all 51 measured molecules from t180 to t0. (D) Soluble mediators with significant fold change. (E–H) Soluble mediators with different time related changed between the control phase and the flight phase. The individual donors are annotated by each point for the C180/C0 ratio. (I–L) Individual samples of the data presented in panels (E–H). ∗p < 0.05, ∗∗p < 0.01, and ∗∗∗p < 0.001.



The participants had no prior experience with parabolic flights. Each participant flew just once, and was equipped with an intravenous cannula, from which the blood samples were obtained during the flight. Blood was collected in S-Monovette Z-Gel tubes (Sarstedt, Germany). Serum was obtained by centrifugation at 2500 g, 4 min, room temperature immediately after arrival of the plane. The decanted serum was stored at -80°C until use.

Assessment of Serum Concentration of Soluble Mediators

Fifty one soluble mediators were assessed using four different LEGENDplex panels (BioLegend, Germany), covering IL-5, IL-13, IL-2, IL-6, IL-9, IL-10, IFN-γ, TNF-α, IL-17A, IL-17F, IL-4, IL-21, and IL-22 (Human Th Cytokine Panel), TSLP, IL-1α, IL-1β, GM-CSF, IFN-α, IL-23, IL-12p40, IL-12p70, IL-15, IL-18, IL-11, IL-27, and IL-33 (Human Cytokine Panel 2), IL-8, IP-10, Eotaxin, TARC, MCP-1, RANTES, MIP-1α, MIG, ENA-78, MIP-3α, GROα, I-TAC, and MIP-1β (Human Proinflammatory Chemokine Panel), and Angiopoietin-2, EGF, EPO, FGF-basic, G-CSF, GM-CSF, HGF, M-CSF, PDGF-AA, PDGF-BB, SCF, TGF-α, and VEGF (Human Growth Factor Panel). The samples were processed per manufacturer’s instructions. Briefly, 1:2 diluted serum samples were mixed with assay beads in a V-bottom microtiter plate at 500 rpm, at room temperature for 2 h. Detection antibodies were added, and incubated for 1 h at 500 rpm followed by addition of Streptavidin-PE detection antibody for 30 min at 500 rpm. Samples were acquired on a CytoFLEX flow cytometer (Beckman Coulter, Germany), and the concentration was extracted from the resulting fcs-files using beadplexr, version 0.1 (Stervbo et al., 2018b).

Inclusion of a mediator in the statistical analysis required a measurable concentration at all four time points in at least three donors. The analyzed mediators were occasionally below the standard range, leading to missing measurements for a few of the mediators and donors (Supplementary Figure 1).

Statistical Analysis and Graphical Representation

Data were analyzed with R, version 3.5.1. Statistical comparison was performed using a repeated measure One Way ANOVA followed by Sidak’s multiple comparison test where appropriate. The box-whiskers plot indicates the 25, 50, and 75 percentile as well as range. ∗p < 0.05, ∗∗p < 0.01, and ∗∗∗p < 0.001 of the indicated comparisons. Each point signifies a donor.

RESULTS

Blood samples were taken circa 30 min after takeoff prior to the first parabolic maneuver (P0) and 3 h later after the last parabola (P180) before the landing procedure initiation (Figure 1B). As control, blood was taken at corresponding time points on the ground 24 h before the parabolic flight (C0 and C180). Thus, the time span from C0 to C180 is referred to as control period and P0 to P180 as parabolic flight period (Figure 1B).

To exclude the circadian influence we focused our analysis on the rate-change of inflammatory mediators in the control (C180/C0) and in the parabolic flight period (P180/P0). Applying the dimension reduction method principle component analysis (PCA), we found a clear separation of the rate-change in the control period compared to the flight period in the first principal component alone (Figure 1C). This separation was driven by a set of eight soluble mediators with a significant average fold change (Figure 1D). In addition, we found no correlation between the rate-change of cortisol to the rate-change of the soluble mediators (Supplementary Figure 2). Though slightly less pronounced in the females, we observed a similar reduction in soluble mediators for both genders (Supplementary Figure 3). Our data thus indicate that repeated changes to the gravitational field cause alteration to the serum concentration of different soluble mediators.

The ratio of the growth factors EGF, PDGF-AA, PDGF-BB, and HGF decreased during the flight period compared to the control period (Figures 1E–H). This change in ratio was not only due to particular differences at the start of the flight compared to the control samples (Figures 1I–L). Our data therefore support the possibility that gravitational stress affects the serum concentration of factors, which are involved in numeral biological processes.

Soluble mediators with immune modulatory capacities such as IP-10, Eotaxin (CCL11), TARC, and Angiopoietin-2 have an average ratio for the flight period which is less than one, and significantly lower than the ratio for the control period (Figures 2A–D). Since the decreased rate-change was not due to a particularly skewed time point (Figures 2E–H), we conclude that the parabolic flight is associated with a decrease in serum levels of inflammatory mediators.
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FIGURE 2. Gravitational stress results in a decrease of soluble mediators with immune modulatory capacities. (A–D) Soluble mediators with different time related changes between the control phase and the flight phase. The individual donors are annotated by each point for the C180/C0 ratio. (E–H) Individual samples of the data presented in panels (A–D). ∗p < 0.05, ∗∗p < 0.01, and ∗∗∗p < 0.001.



To elucidate possible interactions between the identified mediators we utilized the Reactome Pathway Knowledgebase (Fabregat et al., 2018). The database was queried with the UniProt IDs: P01133 (EGF), PDGF1 (PDGFA), P01127 (PDGFB), P51671 (Eotaxin CCL11), P14210 (HGF), P02778 (IP-10), Q92583 (TARC), and O15123 (Angiopoietin-2). We found an effect of the identified mediators on the JAK/STAT signaling axis as well as PI3K/Akt and RAF/MAP signaling axis (data not shown). This observation suggests cytokine interaction and their important role in interleukin signaling and general signal transduction.

DISCUSSION

Gravitational stress can be experienced through different physical activities and – as with stress in general – it can potentially affect several biological processes. Still, the mechanistic impact of short and of long-term gravitational stress is not known. We report here on eight soluble factors that decrease during parabolic flights with potential biological effects (Supplementary Table 1). In addition to the primary roles, EGF, PDGF-AA, PDGF-BB, and HGF have all been associated with bone homeostasis and bone remodeling (Kratchmarova et al., 2005; Nakamura and Mizuno, 2010). IP-10, Eotaxin (CCL11), and TARC are known to play a role in immune cell activation though their roles as chemoattractant (Pease and Horuk, 2009a,b; Karin and Razon, 2018). The vascular growth factor Angiopoietin-2 might also be associated with immune regulation, as it has been demonstrated that the ratio of Angiopoietin-2 to Angiopoietin-1 is associated with poor clinical outcome of early sepsis (Fang et al., 2015). The decrease of Eotaxin is in line with previous observations after 60 day bed rest (Hoff et al., 2015) and associates with our previous observation of fewer circulating eosinophils (Stervbo et al., 2018a).

In line with our observations, EGF has been reported reduced after physical exercise (Accattato et al., 2017). The platelet-derived growth factors PDGF-AA and PDGF-BB have been have been reported to have a protective effect in oxidative stress (Zheng et al., 2010, 2013). An association with PDGF expression and sheer stress has further been reported (Resnick et al., 1997; Wilson et al., 1998). However, no effect of changes to peripheral systolic blood pressure could be observed in our cohort (Seibert et al., 2018). In the context of gravitational stress, TARC is particularly interesting, because this molecule has been suggested as a candidate biomarker for posttraumatic stress disorder in males (Dalgard et al., 2017).

It has previously been observed that long term space flight can lead to changes in the plasma concentration of the growth factors TPO and VEGF and of the pro-inflammatory cytokines TNF-α and IL-8 (Crucian et al., 2014). The latter is in line with observations, that long term space flight depress the cytokine producing capabilities of T-cells after mitogenic stimulation (Crucian et al., 2015). Our results reveal no change to these factors, and we ascribe this contrast to the repeated alteration between hyper- and hypogravity experiences on a parabola flight compared to the constant microgravity during long term space flights. Acute stress caused by bungee jump has likewise been shown to cause a decrease in TNF-α, IL-8, and IL-10 (van Westerloo et al., 2011). The contrast to our study is probably found in the different approach taken to assess the stress induced effect on cytokines. Future studies will need to include measurement with and without ex vivo LPS stimulation to assess the full effect of stress on cytokines.

The pathway analysis revealed that the immediate effect of the eight identified soluble mediators involved the JAK/STAT axis, the PI3K/Akt axis, and the RAF/MAP axis. Collectively these pathways indicate a general response to cytokines and growth factors as exemplified by EGR and IL-3 signaling (Steelman et al., 2004; Di Domenico and Giordano, 2017). The cellular effect of these pathways range from apoptosis to cell survival, differentiation, and proliferation. Thus, additional studies are needed to elucidate the intermediate and long-term effect of these affected pathways.

The levels of the factors reported here are all within the ranges found in the literature for healthy individuals and potential biological effects of the gravitational stress induced alteration have to be analyzed in future studies (Ayache et al., 2006; Kim et al., 2011; Yu et al., 2015). However, not all mediators could be found at every time point, but measured levels were generally well within the assay standard range. Additionally, we observed no difference between C0 and C180 indicating that any change in mediator concentration during the parabolic flight, is due to the gravitational stress and not a circadian effect. For three mediators (EGF, PDGF-BB, and Eotaxin) we did observe a significant difference between C0 and P0, but attribute this to the anticipation and excitement of approaching the parabolic flight, which is in agreement with slightly elevated cortisol levels at P0 (Stervbo et al., 2018a).

We found for all eight mediators that the P180 levels were smaller than the P0 levels, and that the C0 levels were larger than the C180 level. This is a surprising finding, as it indicates that the molecules are removed from circulation after binding to their appropriate receptors. Consequently, this could point to an increase in receptor expression, and it will be interesting to see the interplay between soluble mediators and their receptors during and after gravitational stress. Alternatively, the decrease could be attributed to a decrease in the secreting cells, or the secretory function of these cells. When analyzing the response of females and males separately, we see a stronger effect in the males for some mediators compared to the females. We expect this to be due the slightly smaller female subgroup and general loss of power due to the sub-setting. It will be important for future studies to keep this aspect in mind.

The long-term effects of gravitational stress were not addressed in the present study. The participants remained apparently healthy after the flight and the impact of the alterations of the eight soluble mediators remains speculative. Though this pose some limitations on the conclusions which can be drawn, the data presented here nonetheless demonstrate that repeated changes to the gravitational acceleration can induce changes to circulating cytokines. Future studies should consider the potential effects on bone and immune homeostasis. This could be of particular relevance to the pilots and staff of the parabolic flights, fighter pilots, and others who are regularly subjected to gravitational stress.
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