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4  Millie Hughes-Fulford

functional hazard of a diminished skeleton, which could result in later
bone damage. Consequently, it is paramount to define the mechanism of
bone formation in microgravity in order to discover new countermeasures
to prevent bone loss during spaceflight.

To date, all countermeasures used to stop bone demineralization dur-
ing spaceflight or bed rest have had limited success. Exercise, dietary sup-
plementation with calcium or phosphorus, and pharmacological treatment
with salmon calcitonin and diphosphonates have been tried either in flight
or in bed rest studies. The most promising countermeasures are exercise
and diphosphonate treatment. However, exercise is only effective in bed
rest spudies when there is activity of 4 hours’ duration, and diphosphon-
ates ‘have side effects that include a potential for causing tumors. The
newer diphosphionate compounds show promise and may be useful in
future flights.

The physiological control of bone growth and remodeling is compli-
cated and not yet well defined. We do know that growth and remodeling
are influenced by systemic hormones such as calcitonin, parathyroid hor-
mone, vitamin D, and glucocorticoids. Measurements of parathyroid
hormone, vitamin D, calcitonin, and glucocorticoids are currently being
made on samples taken from crew members of STS-40, NASA'’s first dedi-
cated biomedical mission. In June of 1991 I was a scientist-astronaut
on NASA’s first dedicated biomedical mission Spacelab Life Sciences-1
also known as STS-40. Pre-, during, and postflight samples from my-
self and my fellow STS-40 crew members (Spaceship Columbia, launching
June 5 and landing June 14, 1991) will help define the underlying mecha-
nism of bone loss. The analysis of our blood and urine samples are not yet
completed as of this writing. Analyses of in-flight urine, fecal, and plasma

samples from Skylab crew members revealed changes in a number of -

biochemical parameters. Urinary output of hydroxyproline gradually in-
creased, indicating degradation of the collagenous matrix substance of
weight-bearing bones. Output of nitrogen, reflecting muscle atrophy, also
increased. Increased concentrations of urinary calcium has been noted in
astronauts starting within the first days of flight and in many of the astro-
nauts remaining at elevated levels throughout the period of space flight.
Various lines of evidence from human and animal studies suggest that
the loss of bone in space flight is due to a decrease in bone formation.
Studies of animals flown on board the Cosmos biosatellites and Spacelab
have also revealed changes in bone mineral content. Spacelab 3 rat stu-
dies, as well as previous animal studies flown on the Cosmos biosatellites,
showed significant skeletal changes even on the short flights. The changes
in skeleton in rats exposed to as little as 7 days of flight included de-
creased bone growth, decreased mineralization, decreased bending
strength, and decreased weight of the lumbar (L3) spines (5,29). Flight
rats after 18.5 days of microgravity showed a 30% decrease in mechanical
bending strength (6) as compared to a 28% reduction after 7 days on
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board Spacelab 3 (3). No changes have been noted in rat kidney calcitriol
receptors, suggesting an absence of causal roles of this system in regulat-
ing renal calcium loss (13). These and other studies suggest that the loss
of bone mineral in space is primarily due to an inhibited bone formation,
rather than an increased bone resorption (14,30). It is not known if the

. decrease in bone formation is due directly to the lack of gravity or to sys-

temic hormonal changes, or to a combination of these factors.
In our investigation of the possible systemic causes of bone loss in

spaceflight, we have been studying the role of the glucocorticoids and - :

prostaglandins in bone growth. Mounting evidence points to prostaglan-
din E; (PGE;) as a local bone growth regulator. Animals treated with

prostaglandin E have been noted to have proliferation of their long bones = §
(15). Moreover, infants with cyanotic congenital heart disease treated -

with prostaglandins to close the ductus, have been observed to have cor-
tical proliferation of long bones (25,26). In contrast to parathyroid hor-
mone, calcitonin and osteoclast activating factor (PGE;) do not inhibit
bone collagen synthesns (16). Prostaglandins have also been shown to
cause an increase in the incorporation of proline into collagen and non-
collagen proteins in chick bone (2). Prostaglandins are produced by
osteoblasts and are prime candidates for local bone regulating hormones.
In vitro stimulation of cultured bone cells can enhance prostaglandin pro-
duction (17,22-24). Direct mechanical stimulation of cat bone tissue has
been shown to increase the synthesis of PGE, in vivo (19). Recently Jee
(8) has demonstrated that FGE, stimulates trabecular bone formatlon in
vivo by 120% over a 21-day period.

One systemic factor that may regulate the prostaglandin effect on bone
growth is the glucocorticoid, cortisol. Clinical observations show that in-
creases of endogenous cortisol (two- to fivefold over normal levels) as
seen in Cushing’s syndrome is associated with bone loss and osteoporosis.
Numerous investigations have shown that bone mass is subnormal in both
Cushing’s syndrome patients and patients treated with steroids for asthma
and rheumatoid arthritis (1); however, the underlying cause of gluco-
corticoid-induced bone loss is still under debate. Treatments of patients
with asthma and rheumatoid arthritis demonstrate the deleterious effects
of glucocorticoids on bone formation; this bone loss involves trabecu-
lar bone and examination of these patients treated with the synthetic
glucocorticoid, prednisone, show a reduction in bone formation that
was postulated to be due to a direct effect of the glucocorticoid on
osteoblast bone formation (1). Glucocorticoid-induced osteoporosis pri-
marily involves decreased width of trabecular bone, suggesting a reduc-
tion of trabecular osteoblast -proliferation (1). The inhibitory effect of
glucocorticoids on bone formation was also observed in vivo in the rat,

- where cortisone inhibited new trabecular bone formation (10). Since glu-

cocorticoids inhibit the synthesls of PGE,, decreased synthesis of PGE;
may be the mechanism by which glucocorticoids inhibit bone formation.

¥




6 Millie Hughes-Fulford

Glucocorticoids may well play a role in the loss of bone in space flight.
Urinary analysis of nine Skylab astronauts showed that cortisol increased
from 5414 to 94+ 5 ug/total volume in-flight (10). In individual crew
members, urinary cortisols increase from 1.2-fold preflight to 2.8-fold
during flight (7). Many of these increased concentrations of cortisol are
comparable to the increased levels seen in Cushing’s syndrome, suggest-
ing ‘that the increased glucocorticoids occurring during spaceflight may
contribute to loss of bone in astronauts.

Bone formation is a complicated process that consists of two distinct
development stages at the cellular level—osteoblast proliferation and
osteoblast mineralization. To help us understand this complicated pro-
cess, we have used the cloned osteoblast cell line MC3T3-E1 as a model
for examining the cellular and molecular effects of the glucocorticoids on
osteoblast cell growth and mineralization. The glucocorticoids are known
to enter the cell nucleus and cause the synthesis of a class of proteins
called lipocortins. The lipocortins in turn inactivate phospholipase’ A,:
With decreased cellular phospholipase A;, reduced amounts of mem-
brane arachidonic acid (AA) are released into the cell, therehy reducing
the synthesis of endogenous prostaglandins and other eicosanoids.
This relationship is shown in the schematic of the synthetic pathway in
Fig. 1.1.

Although the direct cause of gluoooortncond-mduced osteoporosns is not
known, one possible explanation is that a systemic increase in glucocorti-
coid causes a decrease in synthesis of the local growth factor PGE; by the
mechanism shown in Fig. 1.1. The reduced PGE; synthesis would then
result in lowered osteocyte proliferation and synthesis of collagen matrix.

We have found, using our bone model, that exogenous glucocorticoid .

concentrations equivalent to the increases seen in spaceflight and
Cushing’s syndrome caused a sngmﬁcant decrease of PGE, synthesis, to
less than half when compared with the untreated osteoblasts; this de-
crease in endogenous prostaglandin synthesm was accompanied by a
decrease in bone growth as measured in milligrams of protein present in
the culture (Table 1.1). :

To test whether the decrease in grow(h and protein synthesis was
directly related to reduced DNA synthesis in the osteoblasts caused by
the glucocorticoid-induced decrease of synthesis of prostaglandin E,, we
designed experiments to test the ability of exogenous prostaglandin E, to
reverse the effects of glucocorticoids on DNA synthesis. As seen in Table
1.2 addition of 100 nM dexamethasone caused a 75% decrease in the in-
corporation of tritiated thymidine into DNA. The addition of 5 ug/ml of
prostaglandin E; caused a 50% increase in DNA synthesis of the gluco-
corticoid-treated cells. These data suggest that at least a portion of the
effect of dexamethasone and other glucocorticoids is due to the inhibition
of the specific eicosanoid, prostaglandin E,. The failure of a 100% rever-
sal of the glucocorticoid effect may be due to the inability of the added
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Figure 1.1. Metabolic pathway for prostaglandin synthesis. Prostaglandins are de-

. tived from arachidonic acid stored in the cell membrane phospholipid. Glucocor-
ticoids inhibit phospholipase A, through a lipocortin-mediated pathway, thereby
inhibiting synthesis of endogenous prostaglandin.

Table 1.1, Effects of dexamelhasone on protein, DNA and prostaglandin E,
syntheses.

. Percent of Percent of
Treatment . .Protein (ug) control PGE; (pg) control
Control 242+ 11 500 £ 16
Dexamethasone 201 £ 60 83t2 20+ 3 4611.2

MC3T3-E1 cells were grown as described in methods. The osteoblast cells were initialiy
sceded at 1 x 106 cells/dish, then treated for 24 hours with dexamethasone before analysis,
*Significantly different from control, p < .001. .

°T cu,—o—-r—o—lZ] .

COOH :
m/ arachidanic acld, folded eonformltlon
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Table 1.2, Partial reversal of dexamethasone inhibition of osteoblast growth by
dmPGE,.

Percent incorporation of

Treatment (*H]-Tdr (dpm/ug protein)

Contro! 100 6.2

Dexamethasone (100 nM) 21.5+6°

dmPGE; (Spg/ml) + 50.7 £ 2+
dexamethasone (100 nM)

MC3T3-E1 cells were seeded at 0.5 x 10 celis/well and were allowed to grow overnight be-
fore yreatment. Dexamethasone and/or dmPGE, were added and cells were incubated for 24
houis before analysis.

sSignificantly different from control, p < .001.

vSignificantly different from dexamethasone-treated cells, p < .001.

prostaglandin to fully enter the proper cell compartment or the require-
ment of other eicosanoids for cell growth.

The decrease in osteoblast growth (the first stage of bone formation)
caused by dexamethasone was accompanied by changes in the mineraliza-
tion stage of differentiation. In this set of experiments, the osteoblast
cells were grown over a 20-day period, with mineralization beginning to
occur after confluence (around 8 days of culture). One measure of miner-
alization is the production of collagen type I by the osteoblasts. Collagen
was measured by prior incubation of the osteoblast with 14C-proline for
20 ‘hours, and subsequent analysis using polyacrylamide gel electro-
phoresis (PAGE), radioautography, and densitrometry analysis.

In addition to the changes in DNA synthesis and growth, we found that
dexamethasone causes a decrease in endogenous collagen synthesis. In
the early stages of mineralization, this decrease is due to the reduced
capacity of the cell to make procollagen, followed by the inhibition of
converting the newly synthesnzed procollagen into collagen in the cell
(Table 1.3). This change in the synthesns and processing of collagen type I
in the osteoblast was also examined using epifluorscence and an affinity-
purified collagen type I antibody. The cells were first processed using von
Kossa’s staining technique to visualize mineralization, with the mineral
appearing as dark areas in the photomicrograph. The cell was ‘then
treated using a double antibody method to visualize the collagen type I
in the cell. The resulting photomicrographs are paired, showing the phase
contract photo (von Kossa-stained mineral) and collagen type I matrix
deposit. The control cells grow in parallel layers with the deposit of
mineral showing as darkened grains in the phase contrast photomicro-
graph (Fig. 1.2A); in Fig. 1.2B, the light areas of the photograph are
collagen matrix deposits visualized with immunofluorescent photomlcro-
graphy. The osteoblast cultures treated with dexamethasone show min-
eralization around irregular-shaped cells (Fig. 1.2C), and the uneven
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Table 1.3. Effects of dexamethasone on collagen type I synthesis.

Total collagen type [ Total procollagen percent
Day of percent of “C-proline- of total collagen type I
growth Treatment labelled protein unprocessed
8 Contro} 49.7 50.3
Dexamethasone 39.3 60.7
11 Control 43.5 56.5
Dexamethasone 36.3 63.7
13 Control 49.5 50.5
Dexamethasone 394 60.6

collagen matrix caused by the dexamethasone is visualized by the light
areas of Fig. 1.2D. Some of the collagen appears to remain inside the
cell, supporting the chemical data that showed a higher percentage of

* procollagen in the dexamethasone-treated cell.

What do these data mean in relation to bone formation and the loss of
bone during spaceflight or disease states that are associated with in-

_creased glucocorticoid serum concentrations? First, our findings demon-

strate that new growth of bone osteoblasts is inhibited by conditions that
lead to superphysiological levels of glucocorticoids. These increased glu-
cocorticoid levels accompanied by decreased osteoblast replication corre-
late well with clinical findings of decreased bone mass in astronauts,
Cushing’s syndrome patients, and glucocorticoid-treated asthma patients,
all of whom have superphysiological levels of glucocorticoids. Second,
glucocorticoids are known to inhibit synthesis of arachidonic acid and its
products; the addition of one of the products, PGE,, can restore over 50%
of -the growth in osteoblasts. These data point to the pivotal role of pro-
staglandin in osteoblast growth and mineralization. Third, the increased
concentration of glucocorticoids in osteoblasts also changes shape and
causes an uneven formation of the collagen matrix, which in turn leads to
a defect in the structure in the mineralized osteoblasts. This correlates
well with the known decrease in flexibility and strength in bones of gluco-
corticoid-treated patients and in rats flown in space for as little as 7 days
(1,29).

These cloned mouse osteoblasts, originally isolated by Kodama et al.
(9), retain specific functions of differentiated bone’ cells, such as pro-
duction of alkaline phosphatase, collagen, and osteocalcin, and the ability
to synthesize a mineralized protein matrix reflecting intramembranous
bone formation (21). Although the behavior of isolated cells in culture
may not reflect all the properties of osteoblasts in their complex in vivo
environment, which normally irvolves cell-to-cell interaction and me-
chanical loading of the tissue, the ability of these cultures to synthesize
tlssue-specnﬁc products suggests that a specific cell model system like this
is a potentially useful model for osteoblast function. Even with these







