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Abstract

BACKGROUND AND OBJECTIVES: There have been suggestions in literature that characteristic changes
of bone mass in osteoporosis may be related to the melatonin (Mel): The aim of this study was to demon-
strate whether pinealectomy and Mel administration can affect postmenopausal osteoporosis processes
induced in female rats by way of ovariectomy.

METHODS: The study included 198 animals; 6 remained intact (0), 96 were ovariectomized (Ox), and
the remaining ones underwent a sham operation (SOx). Two weeks after surgery, the rats were divided
into eight groups: 1) SOx + SPx, 2) SOx + SPx + Mel, 3) Ox + SPx, 4) Ox + SPx + Mel, 5) SOx + Px,
6) SOx + Px + Mel, 7) Ox + Px, 8) Ox + Px + Mel. Animals from the 5th, 6th, 7th and 8th groups were
pinealectomized (Px) while the remaining ones underwent a sham operation (SPx). Two weeks after
surgery Mel (50ug/100g of bm) were administered intraperitoneally in rats in the 2nd, 4th_ Gth and 8th
groups while the remaining animals were administered with solvent only (5% solution of ethyl alcohol
in physiological saline). Rats were administered the Mel solution or the solvent daily between 5 and 6
pm during a 4-week period. At the appropriate time, i.e. prior to surgery (group 0) and after 6, 12, 18 and
24 weeks from Px or SPx (time subgroups a, b, ¢ and d) the animals were placed separately in metabolic
cages (from 6.30 until 9.30 am) in order to collect urine aliquots for HYP and Ca determinations. The
blood for the assay of ALE, PICP and ICTP was collected within the next 24 hours at 8 am (rats killed
by decapitation).

RESULTS: The study has shown that pinealectomy had inducing, while exogenous Mel suppressing
effect upon the level of investigated markers of bone metabolism; these changes were more pronounced
in ovariectomized rats. Administration of Mel only partially levelled changes of bone metabolism caused
by pinealectomy. In rats with preserved pineal gland effect of Mel on bone turnover markers was less
pronounced. After discontinuing administration of Mel distinct tendency to increase studied biochemical
markers of bone metabolism was shown.

CONCLUSION: Our findings suggest that Mel is an important modulator of experimental osteoporosis
processes induced in female rats by way of ovariectomy.



Abbreviations

ALP  alkaline phosphatase

Ca total calcium

HYP  hydroxyproline

5-HT  5-hydroxytryptamine

ICTP  cross-linked carboxyterminal telopeptide of type I collagen
Mel  melatonin

0x ovariectomized rats

PICP  carboxyterminal propeptide of type I procollagen
Px pinealectomized rats

RIA  radioimmunological methods

SOx  sham ovariectomized rats

SPx  sham pinealectomized rats

Introduction

A few studies, particularly experimental, suggest that
the main neurohormone of pineal gland — melatonin
(Mel) can influence bone tissue metabolism. Our own
studies performed previously on starved male rats have
shown a significant suppressive effect of Mel on processes
of bone formation and resorption [1]. Furthermore, it has
been found [unpublished data] that illumination condi-
tions, pinealectomy, and long-term Mel administration
influence the circadian metabolism of bone tissue in male
rats, and the changes in endogenous Mel concentrations
seem to play an important role in the mechanism of this
dependence. In an experimental model of postmenopausal
osteoporosis, generated by ovariectomy in female rats, a
successive lowering of nocturnal Mel concentration was
observed [2]. These changes correlated, in an inversely
proportional manner, with the values of biochemical
markers of bone metabolism, particularly markers of
bone resorption. As a consequence of these studies it
seems that Mel deficiency, occurring probably as a result
of switching off female sex hormone function, may be a
cofactor in inducing bone mass changes in female rats
with removed ovaries [2].

Clinical studies suggest that characteristic changes
of bone mass in postmenopausal osteoporosis, resulting
from predominance of resorptive processes over those
leading to bone tissue formation, may be related to the
Mel [3]. It has been suggested that pineal Mel is an anti-
aging hormone [2-6] and that the menopause is associ-
ated with a substantial decline in Mel secretion and an
increased rate of pineal calcification [8-10]. Studies by
Sandyk et al. [3] indicate that the fall of Mel plasma levels
during the early stage of menopause may be an important
contributory factor in the development of postmenopa-
sual osteoporosis. Consequently, plasma Mel levels in
the early menopause could be used as a marker for sus-
ceptibility to postmenopausal osteoporosis [3]. In women
who were taking M-Oval specimen elaborated by Cohen
et al. [11] (containing 75 mg of Mel and a small amount of
estrogens) for a period of three years, an increase of bone
density was observed. It has been demonstrated that in
premenopausal obese women there exists a significant
correlation between Mel and type I collagen metabolism
[12]. Tt has also been found in postmenopausal obese
women with more than 20% overweight that increased
Mel secretion has protective significance in loss of bone
mass after menopause [13].

The aim of this study was to demonstrate whether
pinealectomy and long-term Mel administration can

affect experimental osteoporosis processes (assessed on
the base of assays of biochemical markers of bone turn-
over), induced in female rats by way of ovariectomy.

Material and methods

198 sexually mature female Wistar rats weighing 145
+ 9g were included in the study. During the experiment
the animals were housed under conditions of uniform
temperature (20 to 22°C), air humidity (80-85%) and
light (LD 12:12, light from 7 am to 7 pm). Rats were fed
at the onset of the dark phase using a standard diet suit-
able for conducting bone metabolism research in experi-
mental animals (Altromin Standard Di&ten, Austria) and
were given drinking water ad libitum.

After 2 weeks of adjustment vaginal swabs were
taken daily between 8 and 8.30 am. After establishing
the estrus cycle, 6 animals were left intact (group 0), 96
underwent ovariectomy in the estrus phase (Ox) and the
remaining ones underwent a sham operation (SOx). Two
weeks after surgery the rats were divided into eight equal
groups with regard to quantity (24 animals in each):

1) SOx + SPx, 2) SOx + SPx + Mel, 3) Ox + SPx,

4) Ox + SPx + Mel, 5) SOx + Px, 6) SOx + Px + Mel,

7) Ox + Px, 8) Ox + Px + Mel.

Animals from the 5th, 6th, 7th and 8th groups were
pinealectomized (Px) according to Kuszak and Rodins’
method [14] while the remaining ones underwent a sham
operation (SPx). Two weeks after surgery Mel (Sigma,
USA; 50 nug/100g b.m.) was administered intraperitone-
ally in the animals of 2nd, 4th_ 6th and 8th groups while the
remaining animals were administered with solvent only
(5% solution of ethyl alcohol in physiological saline). Rats
received the Mel solution or the solvent daily between 5
and 6 pm during a 4-week period.

At the appropriate time (with regard to time from Px
or SPx), i.e. prior to surgery (group 0) and after 6, 12,
18 and 24 weeks from operation (time subgroups a, b,
¢, and d) animals were marked and placed separately in
metabolic cages for 3 hours (from 6.30 until 9.30 am) in
order to collect urine aliquots for hydroxyproline (HYP)
and total calcium (Ca) determinations. Within the next
24 hours rats were decapitated (at 8 am). The blood was
collected into test tubes with granulated mass (Sarstedt)
and centrifuged immediately. The obtained serum was
stored frozen at —75°C until determination of alkaline
phosphatase (ALP) activity, carboxyterminal propeptide
of type I procollagen (PICP) and cross-linked carboxy-
terminal telopeptide of type I collagen (ICTP) concentra-
tions.

PICP and ICTP concentrations were measured with
commercially available RIA kits (Farmos, Finland).
Serum ALP activity and urinary excretion of Ca were
determined using ALPHA DIAGNOSTICS kits (Poland).
Urinary excretion of HYP was determined according to
Drézdz et al. [15]. The sensitivity of assays was as follows:
PICP 1.2 ug/l, ICTP 0.34 pg/l, HYP 6.6 pmol/l. The linear-
ity for ALP and Ca methods were: up to 1000 U and up
tol6 mg/dl, respectively. The respective intraassay and
interassay coefficients of variations were: PICP 3.1 and
5.8%,ICTP 4.5 and 6 %, HYP 5.5 and 7.2 %, ALP 7.8 and
8.5 %, Ca4.7and 6.8 %.
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The results were analysed statistically using variance
analysis for parametric tests. After rejecting the variance
uniformity hypothesis, further analysis of statistical sig-
nificance was performed using Student t-test.

Results

In a model of experimental osteoporosis induced by
ovariectomy in female rats a distinct tendency to increase
the studied biochemical indices of bone metabolism was
shown; it was more pronounced in regard to resorption
markers, especially ICTP and HYP (Tables 1 and 2).
After ovariectomy (Ox + SPx group), the significant
increase in ALP values was observed in the beginning
of the 20th week (time subgroup c¢) while in the 8th week
(time subgroup a) in regard to ICTE, HYP and Ca values.
The ALP values remained at a similar level until the end
of observation, whereas ICTE, HYP and Ca concentra-
tions decreased gradually. There were no statistically
significant differences between ovariectomized rats and
the animals from the control group in regard to changes
of PICP concentrations during the time of the study.

Pinealectomy stimulated studied indices of bone turn-
over (Tables 1 and 2). ALP and PICP values were sig-
nificantly increased in the 18th week after pinealectomy,
whereas ICTP and HYP concentrations - on the 6th and
12th week, respectively (SOx + Px group). Pinealectomy
in these rats produced only a slight increase in calcium
urine excretion. In rats with removed ovaries (Ox + Px
group) the effect of pinealectomy on bone metabolism
was more pronounced. ALP activity and PICE, ICTE HYP
as well as Ca concentrations were significantly increased
on the 6th week after pinealectomy. Changes in the val-
ues of the studied indices of bone turnover (generated by
pinealectomy in SOx and Ox female rats) remained at a
similar level until the end of observation.

Long-term Mel administration suppressed studied
markers of bone turnover, and these changes were more

pronounced in rats with removed ovaries (Tables 1 and
2). After the 4th week of Mel administration (time sub-
group a) a significant decrease in ALP activity and PICP,
ICTP, HYP as well as Ca concentrations, versus appro-
priate control groups, was observed. Administration of
Mel only partially levelled changes of bone metabolism
caused by pinealectomy. In rats with preserved pineal
gland effect of Mel action on bone metabolism was less
pronounced, especially in SOx + SPx + Mel group.

After discontinuing Mel administration, a distinct
tendency to increase the studied biochemical markers
of bone metabolism was shown (time subgroups b - d).
In the 6th week after discontinuing Mel administration
(time subgroup b) an increase of ALP activity as well as
an increase of PICE, ICTP, Ca and HYP concentrations
were generally observed. These alterations were more
pronounced within the next weeks of observation (time
subgroups c and d). In the 24th week after discontinuing
Mel administration (time subgroup d) there were no sig-
nificant differences in regard to ALP activity as well as
concentration of PICE ICTE, HYP and Ca in comparison
to appropriate control groups.

Discussion

In a model of experimental osteoporosis induced by
ovariectomy in female rats a distinct tendency to increase
the studied biochemical markers of bone metabolism was
shown; it was more pronounced in regard to resorption
markers, especially ICTP and HYP. These data indicate
that ovariectomy and decreased estrogen levels result
in increased bone turnover. Although there is evidence
that estrogen deficiency is an important contributory
factor, the pathogenesis of postmenopausal osteoporosis
is multifactorial and presently poorly understood [2, 3,
16-18]. Our previous studies showed evidence that not
only estrogen deficiency, but also Mel deficiency induced
by ovariectomy in female rats can change in a substan-

Table 1. Dynamic patterns of serum alkaline phosphatase (ALP) activity and carboxyterminal propeptide of type I procollagen
(PICP) concentrations in ovariectomized (0x), pinealectomized (Px) and sham operated (SOx and/or SPx) rats after long-term

melatonin (Mel) administration. Data are expressed as mean+SD

Time from Px or SPx (weeks) [time subgroups]

Groups 0 6 [a] 12 [b] 18 [c] 24 [d]
ALP [U/1]
1. SOx + SPx 187.24 £21.13 178.96 £ 28.98 150.21 £17.95 150.99 £ 30.00
2. SOx + SPx + Mel 149.73 £ 29.50* 144.96 £18.01*  125.77 +18.03 135.47 £19.43
3. Ox+SPx 209.80 £ 29.87 197.20 £ 22.07 186.01 £10.06*  189.43 +39.23*
4. Ox+SPx+Mel 210.01+20.01 161.55*20.11* 155.55 £18.36"  155.69 +19.07*  162.87 +20.33
5. SOx + Px 200.51 £20.32 191.50 £ 20.31 190.37 £21.32*  192.06 + 24.17*
6. SOx + Px + Mel 158.40 £ 19.78# 153.20 £19.81# 157.40+18.70# 168.69 +22.39
7. Ox+ Px 260.32 +£30.21* 247.36 £20.32* 223.66 +16.89*  214.05* 26.37*
8. O0x + Px+ Mel 190.89 £ 22.46~ 189.48 £20.52~ 178.70 £ 28.46~  185.80 +25.18
PICP [ug/1]
1. SOx + SPx 9.60+1.76 9.44 +0.47 9.99+0.76 10.20 £ 0.54
2. SOx + SPx + Mel 7.66 £0.65* 7.54 £ 0.66* 8.26 £ 0.59* 9.17£0.98
3. Ox+SPx 10.70 = 1.96 10.30+0.76 8.80+1.19 9.40 £ 0.64
4. 0x +SPx + Mel 9.72%+1.76 8.20 £0.81* 7.96 £ 0.55% 7.20 +0.88% 8.24+1.02
5. SOx + Px 10.57 + 1.67 11.25+2.00 13.03 £ 1.45* 13.21+1.05*
6. SOx + Px + Mel 8.31+0.99# 8.98 £ 1.12# 10.90 £ 0.87# 11.73 £ 1.37
7. Ox+Px 12.83 £0.98* 12.73 £1.74* 13.20 £ 1.60* 14.13 £2.07*
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tial manner the bone tissue metabolism [2]. In an experi-
mental model of experimental osteoporosis (generated by
ovariectomy in female rats) we have shown a decrease
of nocturnal concentrations of Mel appearing two weeks
after the ovariectomy. However, from the 4th week after
surgery the difference in Mel concentrations decreased, in
comparison to the control group. The nocturnal changes
in Mel concentrations observed in ovariectomized rats
within 8 weeks of surgery correlated significantly and
negatively with serum ICTP and both urinary HYP and
Calevels, and only slightly - with serum ALP activity and
PICP concentrations. These results suggest that second-
ary changes in Mel concentration, due to the deficiency
of sex hormones, co-participating in the development of
bone mass changes are characteristic for postmenopausal
osteoporosis [2].

Results presented in our recent study seem to sup-
port the above-mentioned hypothesis. It has been shown
that pinealectomy stimulated serum ALP activity, PICPE,
and ICTP concentrations and urinary excretion of HYP
and Ca; these changes were more pronounced in ovari-
ectomized rats. It is most probably connected with the
influence of secondary changes in endogenic factors
concentrations including hormones (also Mel), growth,
and immunological factors, induced by ovariectomy [1-3,
11-13, 16-24].

Intensification of suppression of studied bone turn-
over markers by long-term Mel administration observed
in rats with removed ovaries (especially in Ox+Px+Mel
group) is probably due to synergistic, independent Mel

and sex hormones influence on bone metabolism as well
as interactions between these hormones. Several stud-
ies have shown the effect of estrogen on Mel synthesis
in female peripubertal and perimenopausal rats [25-27].
It has been shown that ovariectomy produced a large
estradiol-reversible decrease in 125I-Mel binding in the
medulla-pons and hypothalamus. In contrast, 1251-Mel
binding sites in the other brain regions were gener-
ally unaffected by ovariectomy or estradiol [28]. Both
5-hydroxytryptamine (5-HT) and Mel concentrations
were reduced during proestrus [29]. Ovarian hormones
blocked the isoproterenol-induced elevation of pineal
Mel production in the female rat and reduced 5-HT con-
centrations in ovariectomized rats [29-31]. Moreover,
ovariectomy increased the density of B-adrenoreceptors,
whereas estradiol replacement blocked these effects.
These data suggest that estradiol directly modulates the
responses to dopaminergic neurosecretory system in the
hypothalamus to Mel [29-31]. On the other hand, it was
observed that Mel decreased ovarian weight in rats and
inhibited compensatory hypertrophy of the remaining
ovary after unilateral ovariectomy [32]. Several investi-
gations have also demonstrated an inhibitory effect of the
pineal gland/Mel on the hypothalamo-pituitary-ovarian
axis function [5, 6]. It is widely stated that antigonado-
tropic effect of Mel is achieved by the reduced hypotha-
lamic GnRH release and/or synthesis [5].

Differences in Mel effects on bone tissue metabolism
observed in female rats with preserved ovaries in com-
parison to those after ovariectomy can also be related

Table 2. Dynamic patterns of serum concentrations of cross-linked crocarboxyterminal telopeptide of type I collagen (ICTP) and
urinary excretion of hydroxyproline (HYP) and total calcium (Ca) in ovariectomized (0x), pinealectomized (Px) and sham operated
(SOx and/or SPx) rats after long-term melatonin (Mel) administration. Data are expressed as mean+SD

Time from Px or SPx (weeks) [time subgroups]
2[b

Groups 0 6 [a] 18 [c] 24 [d]

ICTP [ug/l]
1. SOx + SPx 16.44 + 1.65 14.44+1.11 14.99 +£0.91 16.00 + 2.00
2. SOx + SPx + Mel 12.90 + 1.43* 11.45+1.73* 12.52 +1.23* 13.95 £ 1.07
3. Ox+SPx 21.30+£ 1.15* 20.34+0.99* 19.90 + 0.87* 20.18 + 1.43*
4. Ox + SPx + Mel 14.72 +£0.73 16.03 + 1.87* 15.64 + 1.26" 16.29 £ 1.79* 17.31+1.58
5. SOx + Px 18.67 £ 1.33* 17.37 £ 1.26* 17.90 = 1.74* 20.60 + 1.97*
6. SOx + Px + Mel 14.47 = 1.50# 14,20+ 1.774# 14.80 + 1.444 17.51+2.62
7. Ox+Px 23.54+1.92* 20.09 + 1.84* 21.06 + 2.53* 22.26 £ 0.96*
8. Ox+ Px+ Mel 17.48 £ 2.02~ 15.44 + 1.34~ 17.14 £ 1.42~ 19.21+£2.99

HYP [umol/L]
1. SOx + SPx 15.81+1.43 14.72 £ 1.77 17.30+ 1.34 17.40 £ 1.43
2. SOx + SPx + Mel 12.92 + 1.82* 12.66 = 1.96 14.92 +1.79* 15.53 £ 1.77
3. Ox+SPx 20.15 + 1.58* 19.19+ 1.67* 21.50 + 1.50* 20.40+1.71*
4. 0Ox + SPx + Mel 16.05+1.93 15.89 + 1.78* 15.92 + 1.54* 19.23+£1.99 18.13 £ 1.68
5. SOx + Px 17.31+2.31 17.50 + 1.94* 21.48 +1.79* 20.93 +2.36*
6. SOx + Px + Mel 13.97 £ 1.63# 14.22 + 1.80# 17.97 £2.37# 18.67 + 2.06
7. Ox+Px 20.73+2.76* 19.99 + 1.85* 23.21+2.71* 23.66 + 1.99*
8. Ox+ Px+ Mel 15.50 + 1.92~ 14.88 = 2.00~ 18.48 +£1.89~ 20.29 £ 2.93

Ca [mmol/l]
1. SOx + SPx 2.8310.28 3.36 £0.22 3.35+0.48 2.94+0.86
2. SOx + SPx + Mel 2.41+0.30* 2.89 +£0.29* 3.00£0.34 2.70 £ 0.47
3. Ox+SPx 3.31£0.24* 4.27£0.23* 3.72 £ 0.46 3.30+0.59
4. Ox + SPx + Mel 2.69£0.19 2.76 £0.31* 3.62 £ 0.497 3.21+£0.45 2.94+0.32
5. SOx + Px 3.07 £0.41 3.61£0.36 3.78 £0.40 3.27 £0.37
6. SOx + Px + Mel 2.51+0.384% 3.08 £ 0.43# 3.25+0.48 2.96 £ 0.40
7. Ox+Px 3.64 +0.42* 4.16 + 0.45* 4.19 £ 0.38* 3.83+0.41%
8. Ox+ Px+ Mel 2.75 + 0.40~ 3.16 £ 0.43 3.35+0.46 2.94 +0.89

* p <0.05 vs control group (SOx + SPx); * p < 0.05 vs group 3 (0x + SPx); # p < 0.05 vs group 5 (SOx + Px); ~ p < 0.05 vs

group 7 (Ox + Px)
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to the effect of secondary (induced by ovariectomy)
changes in endogenic factors concentrations includ-
ing hormones, growth and immunological factors [2,
3, 13, 16-23].

In female rats with preserved pineal gland effect of
Mel action on bone metabolism was less pronounced
which suggests that the pineal gland itself can modify
the effects of its own action most probably by specific
receptors for this hormone [5, 6, 33-37]. It was shown
that the density of these receptors is inversely propor-
tional to Mel concentration in blood, hence the stron-
gest effect of this hormone action is in the end of light
phase [33-35]. Other studies suggest the possibility of
indirect influence of administrated Mel on the pineal
gland by inducing changes in hormones concentra-
tions [38-42], which could influence secondarily the
pineal gland [43-46].

Exogenous Mel administration only partly levelled
changes in concentrations of biochemical markers of
bone metabolism caused by pinealectomy, especially
ICTP and HYP. That indicates most probably par-
ticipation of other pineal factors in this mechanism.
In the pineal gland of mammalians, other except
Mel indoles substances presence was revealed [5, 6,
47]. The presence of polypeptide substances includ-
ing those synthesized in the pineal gland (potential
pineal hormones) was discovered [5, 6, 48]. However,
their chemical structure and potential participation in
regulatory mechanisms underlying the control of the
pineal gland are still unknown.

The effect of estrogen and Mel on bone tis-
sue metabolism seems to be synergistic, although
achieved through independent mechanisms. It is well
known that osteoblasts and osteoclasts have recep-
tors to estrogens, which suggests the possibility of
its direct influence on bone tissue [16, 17, 49-51]. It
is claimed that estrogens can also cause changes in
concentration of systemic and local factors such as:
calcitonin, interleukin-1 and 6, transforming growth
factor-p (TGF-B), prostaglandin E2 or insulin-like
growth factors (IGFs), especially IGF-1 [51-56]. Estro-
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