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 Abstract

Objective: We evaluated the effect of acute hypergravity (HG) on the immune response in a murine 
model of allergic asthma.

Material and methods: Twenty-eight BALB/c mice were used. Group A (control group, n = 7) 
mice were sensitized and challenged with normal saline. Group B (control HG exposure group, n = 7) 
mice were sensitized, challenged with saline, and exposed to acute HG (+10 Gz) for 4 hours. Group C 
(asthma group, n = 7) mice were challenged with intraperitoneal and intranasal ovalbumin (OVA) to 
induce asthma. Group D (asthma HG exposure group, n = 7) mice were exposed to HG for 4 hours 
after the induction of asthma. We estimated the total and OVA-specific serum IgE, serum titers of vari-
ous cytokines, and the number of eosinophils, neutrophils, and lymphocytes in bronchoalveolar lavage 
(BAL) fluid. Histopathology of the lung was also evaluated.

Results: The serum level of interleukin (IL)-5 was significantly higher in Group D (12.9 ±4.9 pg/ml) 
compared to that in Group C (4.7 ±6.5 pg/ml, p = 0.017). In BAL fluid, the number of neutrophils was 
significantly increased in Group D compared to Group C (p = 0.014). Group D demonstrated a higher 
infiltration of inflammatory cells (9973.8 ±1642.7 cells/mm2) compared to Group C (7666.3 ±586.5 
cells/mm2, p = 0.017). This tendency of increase in infiltration was not significant in non-asthmatic 
animals (Group A: 4488.8 ±176.1 cells/mm2 vs. Group B: 4946.3 ±513.7 cells/mm2, p > 0.05).

Conclusions: Acute HG exacerbated the allergic response by increasing serum IL-5 levels and 
promoting pulmonary infiltration of inflammatory cells.
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Introduction
During spaceflight, astronauts are exposed to various 

harmful stimuli such as radiation and acute changes in 
gravity and barometric pressure [1]. Hypergravity (HG), 
defined as a gravitational force higher than +10 Gz, during 
takeoff can critically affect the health of an astronaut. This 
effect of HG is largely explained by the physiological 
stress response that provokes the sympathetic nervous sys-
tem and the hypothalamic-pituitary-adrenal axis [2].

However, few studies have been conducted to investi-
gate the effect of HG on the immune system, and the re-
sults of studies conducted thus far are conflicting. Guégui-
nou et al. reported that serum corticosterone was increased, 
whereas serum interleukin (IL)-4 and IL-5 levels were 
unchanged, and IL-10 levels increased marginally after 
chronic exposure to HG [3]. Galimberti et al. showed that 

although HG had a negative effect on activation and pro-
liferation of T cells, it sped up the migration of T lympho-
cytes [4]. Other researchers, such as Pecaut et al., reported 
a decrease in serum interferon γ (IFN-γ) and an increase in 
IL-4 levels following HG exposure, implying a shift in the 
Th1/Th2 ratio toward the Th2 immune response and the 
possible aggravation of allergic disease [5].

Most previous studies on the effect of HG on the im-
mune function used healthy experimental animals. How-
ever, to our knowledge, no study has examined the effects 
of HG on immunological changes in animals with allergic 
disease or on the clinical course of the disease. Allergic 
asthma is characterized by bronchoconstriction, airway 
hyperreactivity, and pulmonary infiltration of inflamma-
tory cells. Therefore, we evaluated the effect of HG on the 
immune response in a murine model of asthma by assess-
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ing: (i) total and ovalbumin (OVA)-specific immunoglobu- 
lin E (IgE) in serum, (ii) serum titers of various cytokines, 
(iii) the number of different inflammatory cells such as 
eosinophils, neutrophils, and lymphocytes in the broncho-
alveolar lavage (BAL) fluid, and (iv) the histopathology of 
lung tissue after acute exposure to +10 Gz HG for 4 hours.

Material and methods

Animals

Twenty-eight female BALB/c mice were purchased 
from Orient Bio (Seongnam, Korea). All mice were 8 to 
10 weeks old and free of murine-specific pathogens. They 
were raised in a controlled environment, with a regular  
12-hour light/dark cycle and unrestricted access to food 
and water. Throughout the experimental period, all mice 
were fed OVA-free food. All mice used in this study were 
handled according to a protocol approved by the Institu-
tional Animal Care and Use Committee (INHA 130404-
202).

Systemic sensitization and intranasal challenge

Sensitization and intranasal challenge were performed 
to induce allergic asthma in mice as previously described 
with minor modifications [6, 7]. Under pathogen-free con-
ditions, OVA (40 μg/kg; Sigma-Aldrich; St. Louis, MO, 
USA) was diluted in sterile normal saline along with alu-
minum hydroxide gel (alum adjuvant, 40 mg/kg), and in-
traperitoneally injected to mice on days 1, 5, 14, and 21. 
Thereafter, mice were challenged intranasally from day 22 
through day 35 with a daily dose of OVA diluted in sterile 
normal saline (20 μl of 25 mg/ml OVA per mouse).

Exposure to hypergravity

We used a centrifuge for the HG experiment. The cen-
trifuge had a 2.0-m arm with a cage at its end to hold the 
animals. When the arm rotated, an outward force was exerted 
on the cage. With a rotation speed of 67.0 rpm, we produced 
HG of 10.0 Gz. A high-resolution video camera inside the 
cage enabled observations of any abnormal behavior of the 
mice. For control groups without HG exposure, mice were 
placed in the same room with the HG exposure group, but 
were not centrifuged (stationary control). Therefore, the ex-
perimental environment was essentially the same for all the 
animals, other than the HG and angular velocity that were 
applied specifically to the HG exposure group.

Group A (control group, n = 7) mice were given intra-
peritoneal and intranasal normal saline, without exposure to 
HG. Mice in group B (control HG exposure group, n = 7) 
were also challenged with normal saline only, but were then 
exposed to acute HG for 4 hours, 24 hours after the last 
intranasal saline challenge. Mice in group C (asthma group,  
n = 7) received intraperitoneal and intranasal OVA chal-
lenge to induce asthma, with no exposure to HG. Finally, 

Group D (asthma HG exposure group, n = 7) mice were 
exposed to HG for 4 hours, 24 hours after the last intranasal 
OVA challenge for induction of asthma. Immediately after 
HG exposure, mice were sacrificed, and their serum, BAL 
fluid, and lung tissues were collected for analysis.

Serum collection and bronchoalveolar lavage 
fluid harvest

Serum was collected from the mice by the aortic punc-
ture technique. Bronchoalveolar lavage fluid was harvested 
by endotracheal lavage with normal saline (approximately 
4 ml) [8]. The BAL fluid was filtered through wet gauze. 
To determine the viability of the cells and the total cell 
count, we used the trypan blue exclusion test. The BAL 
fluid was then centrifuged at 150 × g for 10 minutes. The 
pellet was suspended immediately in 4 ml of saline, and 
total cell numbers were counted in duplicates with a hemo-
cytometer. Subsequently, a 100-μl aliquot was centrifuged 
in a Model 2 Cytospin cytocentrifuge (Shandon Scientific; 
Pittsburg, PA, USA). Differential cell counts were deter-
mined from centrifuged preparations stained with Diff-
Quick by counting 500 or more cells from each animal at 
a magnification of 1000× (oil immersion).

Enzyme-linked immunosorbent assay (ELISA)

Serum titers of total and OVA-specific IgE were de-
termined by ELISA as previously described [9]. Total IgE 
was measured and compared with a known mouse IgE 
standard (BD Pharmingen; San Diego, CA, USA). As there 
is no mouse OVA-specific IgE standard available, we used 
the optical density (OD) at 450 nm instead of concentra-
tions. We also determined serum titers of IL-1, IL-5, IL-10 
and IL-13 by the ELISA technique following the manufac-
turer’s instructions.

Histopathology

Lung tissues were fixed in formalin solution for 
3 weeks. They were then embedded in paraffin using stan-
dard methods. Sections (4 μm thick) were stained with 
hematoxylin and eosin to detect cellular infiltration. The 
number of infiltrated cells in 1 mm2 of lung parenchyma 
was counted in 10 random fields of high resolution (400×).

Statistical analyses

We used the Kruskal-Wallis test and Mann-Whitney 
U test to compare immune responses among the groups, in-
cluding differences in the total and OVA-specific IgE levels 
in serum; the number of eosinophils, neutrophils, and lym-
phocytes in the BAL fluid; the serum titer of each cytokine; 
and the number of inflammatory cells in lung parenchyma. 
SPSS 19.0 software (SPSS; Chicago, IL, USA) was used, 
and p-values < 0.05 were considered statistically significant.
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Results
Group C (asthma group) and Group D (asthma HG 

exposure group) mice showed significantly elevated lev-
els of serum total and OVA-specific IgE compared to 
Group A (control group, p < 0.01). However, no statisti-
cally significant differences in the serum titers of total and 
OVA-specific IgE were observed between Group A and 
Group B (control HG exposure group) mice. Group D 
showed slightly higher levels of serum total and OVA-spe-
cific IgE compared to Group C, although the difference 
was not statistically significant (p > 0.05) (Fig. 1).

Hypergravity groups (Groups B and D) showed no 
significant differences in their serum IL-1, IL-10, and  
IL-13 levels compared to their normogravity counterparts 

(Groups A and C; p > 0.05, Fig. 2A). Groups A and B 
showed no significant differences in their serum IL-5 lev-
els. However, in asthmatic animals, HG exposure induced 
a significant increase in IL-5 levels (Group C vs. Group D, 
p = 0.017, Fig. 2B).

A higher number of neutrophils and a lower number 
of lymphocytes were present in the BAL fluid of Group D 
compared to Group C mice (Fig. 3). In histopathological 
examinations, Group D demonstrated increased infiltra-
tion of inflammatory cells after HG exposure compared to 
Group C (Group C: 7666.3 ±586.5 cells/mm2 vs. Group D: 
9973.8 ±1642.7 cells/mm2, p = 0.017, Fig. 4). This tendency 
of increased infiltration after HG exposure was not statis-
tically significant when non-asthmatic animals were com-

Fig. 1. Serum titers of A) total and B) OVA-specific IgE. Group A (control group), Group B (control hyper-gravity 
group), Group C (allergic asthma group), group D (asthma hyper-gravity group) (**Significant difference from Group A, 
p < 0.01, ***Significant difference from Group A, p < 0.001, ‡Significant difference from Group B, p < 0.01, Krus-
kal-Wallis test and Mann-Whitney U test)
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Fig. 2. Serum titers of A) IL-1, IL-10, IL-13, and B) IL-5. Group A (control group), Group B (control hyper-gravity 
group), Group C (allergic asthma group), group D (asthma hyper-gravity group) (**Significant difference from Group A, 
p < 0.01, ***Significant difference from Group A, p < 0.001, †Significant difference from Group B, p < 0.05, ‡Significant 
difference from Group B, p < 0.01, Kruskal-Wallis test and Mann-Whitney U test)
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pared (Group A: 4488.8 ±176.1 cells/mm2 vs. Group B: 
4946.3 ±513.7 cells/mm2, p > 0.05, Fig. 4).

Discussion
In mice without asthma, serum total and OVA-specific 

IgE levels did not increase after HG exposure. This re-
sult is essentially in agreement with the results of previous 
studies. Voss reported minor and statistically insignifi-
cant fluctuations in serum immunoglobulin levels during 
a space flight of short duration [10].

In animals with allergic asthma, serum total and 
OVA-specific IgE levels increased slightly after acute HG 
exposure. Antonelli et al. reported that the number of mast 
cells increased after HG exposure, particularly in the blood 
vessels around the lung airway epithelium [11]. The marginal 
increase in IgE could result from the degranulation of mast 
cells that were recruited by the strong gravitational force.

In our study, serum IL-1 levels did not increase af-
ter acute HG exposure in non-asthmatic or asthmatic an-
imals. Liu et al. reported that IL-1 expression transiently 
increased in the rat brain after repeated exposure to HG of 
+14 Gz. However, expression levels returned to normal after  
48 hours [12]. In our study, IL-1 levels in Group D were 
not significantly higher than those in the other groups. The 
minimal change might have been due to the fact that we 
only used a single exposure to +10 Gz in our study.

In non-asthmatic mice, there was no statistically signif-
icant increase in the serum levels of interleukins involved 
in IgE isotype switching (IL-13) and in the regulation of 
eosinophilia (IL-5). These findings are consistent with 
those of previous studies. Guéguinou et al. reported that 
chronic HG (+3 Gz for 3 weeks) did not increase serum 
IL-5 levels in mice [3]. However, we showed that these 
cytokines increased in asthmatic mice after a single expo-
sure to acute HG. To our knowledge, this is the first study 

Fig. 3. Number of inflammatory cells in bronchoalveolar lavage fluid. Eosinophils (A), neutrophils (B), and lymphocytes 
(C) (**Significant difference from Group A, p < 0.01, ***Significant difference from Group A, p < 0.001, Kruskal-Wallis 
test and Mann-Whitney U test)
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to evaluate the effect of acute HG on the humoral immune 
system in a murine model of allergic asthma. Increased 
levels of IL-13 could induce an increase in serum IgE, 
and increased IL-5 could trigger peripheral eosinophilia. 
Therefore, it is possible that acute HG exposure exacer-
bates allergic asthma through the induction of the Th2 hu-
moral immune response.

In our study, the serum titer of IL-10 in non-asthmatic 
animals did not change after HG exposure (Group B). This 
result is entirely consistent with the results of earlier re-
search. Guéguinou et al. reported that serum IL-10 did not 
increase after chronic exposure to +3 Gz HG [3]. When we 
exposed asthmatic animals to HG (Group D), serum IL-10 
levels showed no significant increase.

Fig. 4. Histopathologic examination of the lung tissue. A) Hematoxylin and eosin staining, A and B: 200×, C and D: 400×. 
B) The number of infiltrated inflammatory cells in 1 mm2 of lung parenchyma (Kruskal-Wallis test and Mann-Whitney 
U test)
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We counted the numbers of eosinophils, neutrophils, 
and lymphocytes in BAL fluid. To our knowledge, this is 
the first study to evaluate inflammatory cell numbers in 
BAL fluid after HG exposure. After HG exposure, the num-
ber of inflammatory cells tended to decrease in non-asth-
matic animals. Gridley et al. reported that the number of 
lymphocytes and monocytes (but not granulocytes) de-
creased after chronic exposure to +3 Gz for 3 weeks [13]. 
Therefore, they suggested that progenitors of lymphocytes 
and monocytes were more affected by HG acceleration than 
progenitors of granulocytes [13]. In our study, the number 
of neutrophils increased and the number of lymphocytes de-
creased when asthmatic mice were exposed to HG. There-
fore, increased infiltration of polymorphonuclear cells into 
the lung could also explain the acute exacerbation of asthma 
by HG. Furthermore, the degree of lymphocyte depletion 
after HG exposure could be a reliable predictor of survival 
[14]. Although the number of lymphocytes in the BAL fluid 
of Group D mice was lower than that of Group C mice, the 
differences were not statistically significant. Therefore, lym-
phocyte depletion does not appear to be a reliable prognostic 
factor of survival in asthmatic animals.

By histopathological examination of lung tissue, we 
confirmed that allergic asthma was exacerbated by acute 
exposure to HG. Acute exposure to +10 Gz HG increased 
the infiltration of inflammatory cells in the lung parenchy-
ma of mice with allergic asthma. To our knowledge, this 
is the first study to suggest that individuals with allergic 
asthma are more susceptible to acute changes in gravity. 
Elucidation of the underlying pathophysiological mecha-
nism will provide further insights into this phenomenon. 
Cogoli suggested several mechanisms by which acute HG 
exposure could affect the immune function: (i) activation 
of signaling pathways related to cellular activation and cy-
tokine secretion, (ii) increase in expression of receptors 
related to growth factors and immunoregulatory molecules, 
and (iii) interaction between antigen-presenting cells and 
lymphocytes [15]. The increase in exhaled nitric oxide and 
the re-distribution of blood flow to the dependent region of 
the lung is another possible mechanism [16, 17].

A limitation of our study is that we did not include any 
rotational control group in our experiments, as stressors, 
rotation, and angular velocity could affect the physiolog-
ical status of an organism [14]. However, Gridley et al. 
reported that immunological differences among mice in 
stationary and rotational control groups were negligible up 
to 10 days of continuous rotation [13]. Given that we ex-
posed our mice to rotation for only 4 hours, the differenc-
es between stationary and rotational control groups would 
likely be minimal.

In conclusion, in a murine model of allergic asthma, 
acute exposure to HG exacerbated the allergic disease by 
increasing serum IL-5 levels and promoting the infiltration 

of inflammatory cells into the lung parenchyma.
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