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Abstract

Cyclooxygenase-2 (COX-2), a rate-limiting enzyme for prostaglandin biosynthesis, is
induced by various stimuli including mechanical stress, and plays important roles in
pathophysiological conditions. For example, gravitational stress has been shown to induce
expression of COX-2 in bone tissues, which is essential for bone homeostasis. To investigate
whether COX-2 is induced by gravitational loading in other tissues than bone, we exposed mice to
hypergravity at 2G and 3G for 4 hours. We demonstrate here that COX-2 is induced in the
mouse heart vessels by hypergravity. Moreover, hypoxia-inducible factor (HIF)-1a and
its downstream genes such as inducible nitric oxide synthase (iNOS), vascular endothelial
growth factor (VEGF) and heme oxygenase (HO)-1 were induced in the heart
simultaneously, while none of these genes were induced in the COX-2 (-/-) mouse heart.
Therefore, COX-2 induced in the heart helps protect the heart function against hypoxia

under hypergravity condition through HIF-1a induction.
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Introduction

Astronauts experience hypergravity of 3.2G at launch and 1.4G on reentry, and
aviators of jet fighters are exposed to accelerated hypergravity. To prevent unwanted
outcomes by exposure to such an increased gravity, it is helpful to understand the biological
responses to hypergravity using animal models. It has been well investigated that
mechanical stress caused by the gravity is important to maintain the bone mass, because a
reduced gravity decreases the mass and mechanical properties of human and animal bones
[1]. Prostaglandins (PGs) have been shown to mediate the gravity-dependent bone
formation and maintenance of bone structure [2]. Moreover, fluid shear stress by cultured
medium on osteoblasts induces expression of cyclooxygenase (COX)-2, the rate-limiting
enzyme for PG biosynthesis [3]. Furthermore, the serum-dependent COX-2 induction in
osteoblasts is suppressed significantly when cells are placed under microgravity in a space
shuttle [4]. These results demonstrate that the gravity-dependent COX-2 induction is
required for the bone tissue homeostasis. However, it has not been investigated whether a
gravitational loading induces COX-2 in other tissues than bone.

Under the normal gravity, COX-2 is induced essentially in inflammatory lesions and
tumor tissues, which plays a key role in the respective pathological conditions [5-7].
Although cytokines and tumor promoters mediate COX-2 induction in these lesions, direct
mechanical stress also induces COX-2 in normal tissues. For example, increased inner

pressure in the bladder and glomeruli induce COX-2 expression in the bladder detrusor



muscle and glomerular podocytes, respectively [8, 9]. Moreover, fluid shear stress and
increased luminal pressure of vessels induce expression of COX-2 in the vessel walls [10-
12].  Accordingly, it is possible that mechanical stimuli caused by gravitational force
stimulate COX-2 expression in other tissues than bone, and affect their physiological
functions.

To assess this possibility, we examined the mRNA levels for COX-2 in various
tissues after exposing mice to hypergravity at 2G or 3G for 4 hours. We demonstrate here
that hypergravity induces COX-2 expression in the lung, brain and heart. In the heart,
expression of hypoxia-inducible factor (HIF)-1a and its downstream genes were
upregulated by hypergravity in a COX-2-dependent manner. It has been reported recently
that inhibition of COX-2 in the heart causes increased risks of myocardial infarction and
stroke [13-16]. Moreover, COX-2 is induced by mild ischemia in the heart, and plays a
protective role against ischemic stress [17, 18].  Accordingly, our results suggest that the
hypergravity-dependent COX-2 expression in the heart has cardioprotective effects against

possible ischemic stress under hypergravity.



Materials and methods

Animals Female COX-2 (-/-) mice (n=3) and wild-type littermates (n=6) at 20
weeks of age were used for each hypergravity experiment at 2G, 3G and control 1G.
Generation of COX-2 gene knockout mice was described previously [6]. Animal
experiments were carried out with ethical committee approvals at Kyoto University (Kyoto,
Japan) and Japan Aerospace Exploration Agency (JAXA, Tsukuba, Japan).

Centrifugation Experiments Mice were subjected to hypergravity for 4 hours using
Centrifugal Acceleration Test Facility at JAXA. Centrifugation with a 7.25 m-arm at
15.70 rpm and 19.23 rpm produced 2G and 3G hypergravity conditions, respectively. A
cage-mounting module was attached at the end of the arm that allowed one degree freedom,
thereby ensuring that the net G field was perpendicular to the cage floor. Temperature and
moisture in the cages were maintained at 22.5 °C and 42 = 2%, respectively.

Reverse-Transcription Polymerase Chain Reaction (RT-PCR) Mice were euthanized
immediately after centrifugation, and tissue samples were collected in RNAlater solution
(Qiagen). Total RNA was extracted from the colon, small intestine, stomach, kidney, lung,
brain, and heart using ISOGEN solution (Nippon Gene, Tokyo, Japan). To determine the
expression levels of genes, extracted RNA was reverse-transcribed and amplified with PCR
using specific primers. The genes analyzed were for COX-1, COX-2, HIF-1a, inducible
nitric oxide synthase (iNOS), vascular endothelial growth factor (VEGF), and heme

oxygenase (HO)-1. The following primer sets were used for the respective genes: COX-1



(F-5’-GAGATGCGCCTACAGCCCTT-3’, and R-5’-GCGTCTCACTAAGACAGACC-3);
COX-2 (F-5’-CAAACTCAAGTTTGACCCAG-3’, and R-5’-
GCCGGGATCCTTTTACAGCTCAGTTGAACG-3’); mPGES-1 (F-5’-
CCGAATTCTTGAAGTCCAGGCCGGCTAG-3’, R-5’-
TAATGTCGACACCAAGTCCGCAAGTTC-3’); HIF-1a (F-5’-
CATACAGTGGCACTCACAGTC-3’, and R-5’-CGTAACTGGTCAGCTGTGGT-3");
iINOS (F-5’-TGTCAGTGGCTTCCAGCTCC-3’, and R-5’-
TAGTCTTCCACCTGCTCCTC-3’); VEGF (F-5’-GCCAAGTGGTCCCAGGCTGC-3,
and R-5’-CTGTGCTGTAGGAAGCTCAT-3"); and HO-1 (F-5’-
TGAGCTGTTTGAGGAGCTGCA-3’, and R-5-GAAACGGATATCAAAGTGGCC-3’).
Specific GAPDH primers were used for the internal control to normalize the sample cDNA
amounts. Band intensities of the RT-PCR products were quantified using Image J
application (NIH). Statistical analyses were carried out by Student’s 7-test, and p-values <
0.05 were considered as significant.

Immunohistochemistry Localization of COX-1 and COX-2 in the heart was
investigated by immunohistochemistry. The heart tissues were fixed in 4%
paraformaldehyde, embedded in paraffin wax, and sectioned at 4-um thickness. Sections
were microwave-treated to retrieve antigens, blocked with 10% goat serum, and incubated
with the primary antibodies. Rabbit polyclonal antibodies for COX-1 (Santa Cruz

Biotechnology) and COX-2 (Cayman Chemical) were used at 100- and 500-fold dilutions,



respectively.  Staining signals were visualized using Vectorstain Elite Kit (Vector)
according to the manufacturer’s protocol. Serial sections were stained with hematoxylin

and eosin (H&E) and examined histologically.



Results and Discussion

We first examined expression of COX-2 under normal gravity (1G) by RT-PCR in the
colon, small intestine, stomach, kidney, lung, brain and heart (Fig. 14). The COX-2
mRNA was detected in most tissues examined, which is consistent with a previous report
[19]. However, COX-2 expression was detected only weakly in the heart. When mice
were placed under the 3G condition for 4 hours, the COX-2 mRNA level was increased
significantly in the lung, brain and heart, although it remained unchanged in other tissues
(Fig. 14). We then quantified band intensities of the RT-PCR products from the lung, brain
and heart of both 2G- and 3G-exposed mice, and determined the relative mRNA levels to
that of the 1G-control (Fig. 1B). In the lung and brain, the COX-2 mRNA levels were
increased approximately 1.5 times both at 2G and 3G. In the heart, however, COX-2
expression was markedly elevated to 2.5 and 2.8 times in the 2G- and 3G-exposed mice,
respectively. It is likely that hypergravity at 2G is strong enough for the maximum COX-2
induction in these tissues, because the COX-2 level at 3G was almost the same as that at 2G.
While the direct metabolite of arachidonic acid by COX-2 is PGH,, it is further converted to
PGE; by an inducible enzyme mPGES-1 that appears to be functionally coupled with COX-
2 [20]. Moreover, we have demonstrated recently that simultaneous expression of COX-2
and mPGES-1 in vivo results in elevated tissue PGE, levels [21]. Interestingly, the levels
of mPGES-1 mRNA in the heart and brain were significantly higher under hypergravity than

those at 1G (Fig. 1C). Accordingly, it is likely that hypergravity enhances PGE; production



in the heart and brain through simultaneous induction of both COX-2 and mPGES-1.

Accumulating evidence indicates that COX-2 plays a protective role in the heart from
infarction and stroke (ref. 20 and see below). Accordingly, we examined heart samples for
further analyses. First, we determined COX-2-expressing cells in the heart by
immunohistochemistry. In the 3G-exposed mouse heart, a strong immunostaining signal
for COX-2 was found in the vessel wall (Fig. 2B), while it was not detected in the 1G-
control mice (Fig. 24). Abundant COX-2 staining in the 3G-exposed mouse heart was
found both in the vascular smooth muscle cells and endothelial cells (Fig. 2B, inset). We
did not find any histopathological lesions in the heart of the 3G-exposed mice, when
compared with that of the control mice (Fig. 2C and D). It has been reported that not only
COX-2, but also COX-1 is induced in the vessel walls, either by the increased fluid shear
stress or increased intraluminal pressure [11, 12], although COX-1 is generally expressed
constitutively. To examine the possibility whether shear stress or increased luminal
pressure of the heart vessels was involved in the hypergravity-dependent COX-2 induction,
we determined expression of COX-1 in the heart by immunohistochemistry. Notably, a
stronger signal for COX-1 was detected in the vessel wall of the 3G-exposed mouse heart
than in the 1G-control heart vessel (Fig. 2E and F). Consistent with the immunostaining
results, the COX-1 mRNA level determined by RT-PCR was increased 1.9- and 1.8-fold in
the 2G- and 3G-exposed mouse heart, respectively (Fig. 3). Induction of both COX

enzymes in the vessel walls strongly suggest that shear stress or increased inner pressure of



the vessels stimulates COX-2 expression [11, 12]. It is possible that hemodynamic changes
under hypergravity increased blood volume in the heart vessels, causing shear stress and
increased pressure. Importantly, induction of COX-1 in the heart was independent of
COX-2 expression, because the same induction of COX-1 was found in the COX-2 (-/-)
mouse heart under 2G and 3G conditions (Fig. 3).

Recently, it has been reported that users of high-dose rofecoxib (Vioxx), a COX-2
selective inhibitor, were 1.7 times more likely than non-users to have coronary heart disease
[13], and that long term use of rofecoxib increased risk of myocardial infarction and stroke
[15,16]. One of the possible reasons for the heart problems by COX-2 inhibition is
thrombosis by suppressing COX-2-dependent PGI, synthesis in the endothelial cells [10, 22].
PGI, potently inhibits aggregation of platelets through vasodilation and preventing the
proliferation of vascular smooth muscle cells. On the other hand, it has been demonstrated
that COX-2 expression and subsequent PGE; production are induced in the heart during
ischemic preconditioning which is an adaptive response of the heart to a mild ischemic stress
and plays a key role for cardioprotection against myocardial infarction [17, 18, 23]. To
examine whether hypergravity-induced COX-2 expression contributes to cardioprotection
from ischemic stress, we analyzed expression of HIF-1a in the hypergravity-exposed mouse
heart (Fig. 3). It has been shown that COX-2 induces HIF-1a at both transcriptional and
post-transcriptional levels [24, 25]. Interestingly, HIF-1a expression was elevated

significantly in the heart both at 2G and 3G. Importantly, such induction of HIF-1o was not
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found in the COX-2 (-/-) mouse heart under the same conditions, indicating that COX-2 is
responsible for HIF-1o induction in the heart under hypergravity. We thus determined
expression of HIF-1a target genes, vascular endothelial growth factor (VEGF), inducible
nitric oxide synthase (iNOS) and heme oxygenase (HO)-1, which may protect heart tissues
from ischemia by stimulating angiogenesis and production of vasodilators [26]. Notably,
expression was increased significantly for iNOS, VEGF and HO-1 in the 2G- and 3G-exposed
mouse heart, compared with that of the 1G-control (Fig. 3). Furthermore, none of these
genes was upregulated in the COX-2 (-/-) mouse heart (Fig. 3). These results, taken
together, indicate that hypergravity stimulates COX-2 expression in the heart vessels, which is
responsible for further induction of HIF-1a and downstream iNOS, VEGF and HO-1. 1tis
of great interest to investigate whether these hypoxia-inducible factors are also induced in the
preconditioned heart in a COX-2-dependent manner [17, 18, 23]. Notably, COX-1
expression did not compensate for induction of these genes under hypergravity. Because
mPGES-1 is functionally coupled with COX-2, induction of COX-1 may result in production
of other prostanoid than PGE,. It has been demonstrated that COX-1 (/=) mice show
increased cardiac ischemic/reperfusion injury (21). Therefore, it is possible that COX-1 is
involved in the ischemic preconditioning through a PGE,/HIF-1a-independent pathway.

Although short term ischemic stress caused by coronary occlusion induces COX-2 in
the rabbit and mouse heart [18, 23], such ischemic stress is unlikely under the 2G or 3G

hypergravity. Consistently, hypoxic signs such as necrosis were never found in the 3G-
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exposed mouse heart (Fig. 2D). These results rule out the possiblity that COX-2 is induced
by ischemic stress under hypergravity. Rather, it is likely that blood stream in the coronary
vessels is increased under hypergravity, causing the COX-2 induction described above.
Importantly, we did not find any histopathological lesions in the lung, brain or heart of
COX-2 (-/-) mice (data not shown). It is possible that hypergravity per se is not the direct
cause of tissue hypoxia, but such hypergravitational responses rather help prevent
myocardial infarction and stroke from possible subsequent ischemic stresses. Astronauts
are exposed to hypergravity at launch and aviators of jet fighters also experience sustained
gravitational forces. Under such circumstances, aviators’ blood is pushed downwards, and
it is therefore possible that oxygen supply to the heart muscle falls less than the demand.
Induction of COX-2 can play a protective role in such situations. Therefore, our results
caution the possibility that use of the COX-2 inhibitors and non-steroidal anti-inflammatory

drugs under hypergravity increase the risk for myocardial infarctions and strokes.

-12-



Acknowledgements

We Thank H. Suzuki and T. Ohishi for administration at JAXA and preparation of
swing cage-mounting module. This work was supported by Ground-Based Research
Announcement for Space Utilization prompted by Japan Space Forum, and Grants from the

Ministry of Education, Culture, Sports, and Technology of Japan.

-13-



References

[1] J.J.W.A. Van Loon, J.P. Veldhuijzen, E.H. Burger, Bone and space flight An overview,
in: D. Moor, P. Bie, H. Oser, (Eds,), Biological and Medical Research in Space, Springer,
Berlin, 1996, pp. 259-299.

[2] J.W. Chow, T.J. Chambers, Indomethacin has distinct early and late actions on bone

formation induced by mechanical stimulation, Am. J. Physiol. 267 (1994) E287-E292.

[3] E.H. Burger, J. Klein-Nulend, Microgravity and bone cell mechanosensitivity, Bone 22

(1998) 127S-130S.
[4] M. Hughes-Fulford, Changes in gene expression and signal transduction in
microgravity, J. Gravit. Physiol. 8 (2001) 1-4.

[5] R.N. DuBois, S.B. Abramson, L. Crofford, R.A. Gupta, L.S. Simon, L.B.A. van De
Putte, P.E. Lipsky, Cyclooxygenase in biology and disease, FASEB J. 12 (1998) 1063-
1073.

[6] M. Oshima, J.E. Dinchuk, S.L. Kargman, H. Oshima, B. Hancock, E. Kwong, J.M.

Trzaskos, J.F. Evans, M.M. Taketo, Suppression of intestinal polyposis in Apc*’/
knockout mice by inhibition of cyclooxygenase-2 (COX-2), Cell 87 (1996) 803- 809.
[7] H. Oshima, M. Oshima, K. Inaba, M.M. Taketo, Hyperplastic gastric tumors induced
by activated macrophages in COX-2/mPGES-1 transgenic mice, EMBO J. 23 (2004)

1669-1678.

[8] J.M. Park, T. Yang, L.J. Arend, J.B. Schnermann, C.A. Peters, M.R. Freeman, J.P.

-14-



Briggs, Obstruction stimulates COX-2 expression in bladder smooth muscle cells via
increased mechanical stress, Am. J. Physiol. 276 (1999) F129-F136.

[9] L.C. Martineau, L.I. McVeigh, B.J. Jasmin, C.R.J. Kennedy, p38 MAP kinase mediates
mechanically induced COX-2 and PG EP4 receptor expression in podocytes:
implications for the actin cytoskeleton, Am. J. Physiol. 286 (2004) F693-F701.

[10] M.A. Gimbrone Jr, J.N. Topper, T. Nagel, K.R. Anderson, G. Garcia-Cardena,
Endothelial dysfunction, hemodynamic forces, and atherogenesis, Ann. NY Acad. Sci.
902 (2000) 230-239.

[11] R. Doroudi, L.M. Gan, L.S. Sjogren, S. Jern, Effects of shear stress on eicosanoid gene
expression and metabolite production in vascular endothelium as studied in a novel
biomechanical perfusion model, Biochem. Biophys. Res. Commun. 269 (2000) 257-
264.

[12] R. Doroudi, L.M. Gan, L.S. Sjogren, S. Jern, Intraluminal pressure modulates
eicosanoid enzyme expression in vascular endothelium of intact human conduit vessels
at physiological levels of shear stress, J. Hypertens. 20 (2002) 63-70.

[13] W.A. Ray, C.M. Stein, J.R. Daugherty, K. Hall, P.G. Arbogast, M.R. Griffin, COX-2
selective non-steroidal anti-inflammatory drugs and risk of serious coronary heart
disease, Lancet 360 (2002) 1071-1073.

[14] G.A. FitzGerald, COX-2 and beyond: Approaches to prostaglandin inhibition in

human disease, Nat. Rev. Drug Discov. 2 (2003) 879-890.

-15-



[15] E.J. Topol, Failing the public health - rofecoxib, Merck, and the FDA, New Engl. J.
Med. 351 (2004) 1707-1709.

[16] N.M. Davies, F. Jamali, COX-2 selective inhibitors cardiac toxicity: getting to the
heart of the matter, J. Pharm. Pharmaceut. Sci. 7 (2004) 332-336.

[17] R. Bolli, K. Shinmura, X.L. Tang, E. Kodani, U.T. Xuan, Y. Guo, B. Dawn, Discovery
of a new function of cyclooxygenase (COX)-2: COX-2 is a cardioprotective protein that
alleviates ischemia/reperfusion injury and mediates the late phase of preconditioning,
Cardiovasc. Res. 55 (2002) 506-519.

[18] K. Shinmura, X.L. Tang, Y. Wang, Y.T. Xuan, S.Q. Liu, H. Takano, A. Bhatnagar, R.
Bolli, Cyclooxygenase-2 mediates the cardioprotective effects of the late phase of
ischemic preconditioning in conscious rabbits, Proc. Natl. Acad. Sci. USA 97 (2000)
10197-10202.

[19] G. P. O’Neill, A. W. Ford-Hutchinson, Expression of mRNA for cyclooxygenase-1 and

cyclooxygenase-2 in human tissues, FEBS Lett. 330 (1993) 156-160.

[20] M. Murakami, H. Naraba, T. Tanioka, N. Semmyo, Y. Nakatani, F. Kojima, T. Tkeda,
M. Fueki, A. Ueno, S. Oh-ishi, I. Kudo, Regulation of prostaglandin E; biosynthesis by
inducible membrane-associated prostaglandin E; synthase that acts in concert with
cyclooxygenase-2, J. Biol. Chem. 275 (2000) 32783-32792.

[21] H. Oshima, M. Oshima, K, Inaba, M.M. Taketo, Hyperplastic gastric tumors induced

by activated macrophages in COX-2/mPGES-1 transgenic mice, EMBO J. 23 (2004)

-16-



1669-1678.

[22] G.A. FitzGerald, Coxibs and cardiovascular disease, New Engl. J. Med. 351 (2004)
1709-1711.

[23] M.G.W. Camitta, S.A. Gabel, P. Chulada, J.A. Bradbury, R. Langenbach, D.C. Zeldin,
E. Murphy, Cyclooxygenase-1 and -2 knockout mice demonstrate increased cardiac
ischemia/reperfusion injury but are protected by acute preconditioning. Circulation 104
(2001) 2453-2458.

[24] G.L. Wang, B.H. Jiang, E.A. Rue, G.L. Semenza, Hypoxia-inducible factor 1 is a
basic-helix-loop-helix-PAS heterodimer regulated by cellular O, tension, Proc. Natl.
Acad. Sci. USA 92 (1995) 5510-5514.

[25] Y.J. Jung, J.S. Isaacs, S. Lee, J. Trepel, L. Neckers, IL-13-mediated up-regulation of
HIF-1a via an NFkB/COX-2 pathway identifies HIF-1 as a critical link between
inflammation and oncogenesis, FASEB J. 17 (2003) 2115-2117.

[26] G.L. Semenza, Hypoxia-inducible factor 1: oxygen homeostasis and disease

pathophysiology, Trends Mol. Med. 7 (2001) 345-350.

-17-



Figure Legends

Fig. 1. Expression of COX-2 at indicated gravitational conditions. (A) Representative RT-
PCR at 1G control (-) and 3G (+) in the colon, small intestine, stomach, kidney, lung, brain
and heart. (B, C) Relative mRNA levels of COX-2 (B) and mPGES-1 (C) in the lung, brain
and heart at 2G and 3G, compared with that at 1G are presented as the mean =s.d. *,p <

0.05 to 1G control.

Fig. 2. Immunohistochemistry of COX-2 in the heart under 1G control (4) and 3G (B).
Inset in (B) shows the heart vessels at a higher magnification. Near by serial sections of
(4) and (B) are shown in (C) and (D), respectively (H&E). Immunostaining for COX-1 in
the heart at 1G (£) and 3G (F) are indicated. Asterisks indicate vessels. Arrowheads in
(B) and in (F) show positive staining for COX-2 and COX-1, respectively. Arrows in the
inset (B) point to endothelial cells and smooth muscle cells that express COX-2.
Expression of COX-2 is not detected in the 1G-control heart vessels (4), whereas weak

COX-1 staining is found in the control vessel (£). Bars indicate 200 wm.

Fig. 3. Expression of COX-1, HIF-1a, iNOS, VEGF and HO-1 at 2G and 3G compared
with that at 1G in the heart of the COX-2 wild-type mice (open bars) and COX-2 (-/-)
mice (black bars). The relative mRNA levels are presented as the mean +s.d. *,p <

0.05 to 1G control of the respective COX-2 genotypes.
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