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Abstract After middle age, in human bone, the resorp-
tion usually exceeds formation resulting in bone loss
and increased risk of fractures in the aged population.
Only few in vivo models in higher vertebrates are avail-
able for pathogenic and therapeutic studies about bone
aging. Among these, male Danio rerio (zebrafish) can
be successfully used as low vertebrate model to study
degenerative alterations that affect the skeleton during
aging, reducing the role of sex hormones.

In this paper, we investigated the early bone aging
mechanisms in male zebrafish (3, 6, 9 months old)
scales evaluating the physiological changes and the
effects of prednisolone, a pro-osteoporotic drug.

The results evidentiated an age-dependent reduction
of the mineralization rate in the fish scales, as highlight-
ed by growing circle measurements. Indeed, the osteo-
blastic ALP activity at the matrix deposition site was
found progressively downregulated.

The higher TRAP activity was found in 63% of 9-
month-old fish scales associated with resorption lacunae
along the scale border. Gene expression analysis
evidentiated that an increase of the tnfrsf1b (homolog
of human rank) in aging scales may be responsible for
resorption stimulation.

Interestingly, prednisolone inhibited the physiologi-
cal growth of the scale and induced in aged scales a
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more significant bone resorption compared with untreat-
ed fish (3.8% vs 1.02%). Bone markers analysis shown
a significant reduction of ALP/TRAP ratio due to a
prednisolone-dependent stimulation of tnfsf1/ (homo-
log of human rankl) in scales of older fish.

The results evidentiated for the first time the presence
of a senile male osteoporosis in lower vertebrate. This
new model could be helpful to identify the early mech-
anisms of bone aging and new therapeutic strategies to
prevent age-related bone alterations in humans.
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Introduction

After middle age (3540 years), in humans, bone re-
sorption usually exceeds its formation resulting in a
bone loss condition, called primary osteoporosis, char-
acterized by increased risk of fractures in aged popula-
tion [52]. The osteoporosis in elderly is related to oxi-
dative stress, inflammation and cellular senescence [16,
35].

Several studies reported that the mineralization abil-
ity of osteoblasts was mainly reduced in aging with a
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progressive reduction of bone growth [7]. Osteoblast-
specific genes, such as Runt-related transcription factor
2 (Runx-2), show the same expression profile in mes-
enchymal stem cells (MSCs) as well as in peripheral
blood mononuclear cells (PBMCs), and they are highly
correlated with bone mineral density (BMD) and age in
men and women [55].

On the other hand, bone catabolic activity has the
tendency to increase with age. In particular, in vitro
osteoclastogenesis increases with age due to a modula-
tion of regulatory factors expressed in the bone marrow
like macrophage-colony stimulating factor (M-CSF),
osteoprotegerin (OPG), receptor activator of NF-«B
(RANK) and receptor activator of NF-kB ligand
(RANKL) [8].

Primary osteoporosis should be distinguished in fe-
male post-menopausal form and male form, depending
of differences between the sexes in hormonal physiolo-
gy and its consequences on bone tissue [43]. The drop in
oestrogen levels that characterizes the menopause in
female contrasts with the gradual downregulation of
sex hormones (andropause) in aging men [19].

Since hormonal factors have a dominant role in fe-
male osteoporosis, in vivo experimental models on male
animals have been used to investigate the characteristics
and the basic molecular mechanisms of age-related bone
loss [35, 51]. Nevertheless, the complexity of the cross-
talk systems and metabolic and physical-chemical reg-
ulations of higher vertebrate makes it difficult to dissect
the molecular and cellular mechanisms driving the early
phase of bone aging. A simpler animal model in lower
vertebrate could be very helpful to extend the knowl-
edge in this specific field of study.

The adult zebrafish is gaining importance as innova-
tive and readily available resource for studying skeletal
system [3, 14, 50] and bone metabolism both at cellular
and molecular level. In particular, the scale represents a
unique anatomical feature thanks to the presence of a
bone cell and mineralized matrix similar to human la-
mellar bone and with undoubted advantages like trans-
parency and easy handling [5]. These characteristics
allows using vital dyes to visualize and easily measure
the mineral matrix deposition and resorption. The same
approach cannot be applied to internal bones.

The basal mechanisms of bone loss during aging can
be better evidentiated in male fish because of non-
relevant modulation of oestrogen levels during aging
[46] and because of a testosterone level comparable with
female [37].
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Zebrafish bone tissues are characterized by age-
related changes in their structure, organization and com-
position. For example, old zebrafish (over 1 year after
fertilization) shows vertebral column deformity with
interesting similarities with degenerative joint disease
in humans [21], while first alterations in bone
microarchitecture can be evidentiated earlier (from
6 months after fertilization) in vertebral bodies [6, 38].

These data indicated that zebrafish is a powerful
model to study the degenerative changes in the axial
skeleton during aging, from early events to the clinical
evidences in older fish. Nevertheless, few data have
been produced about the early mechanisms of bone
aging and their effects on cell behaviour, matrix turn-
over and gene regulation [6, 38].

In this work, we investigated early bone aging mech-
anisms in male zebrafish using scales as read-out system
and analysing the physiological changes and the effects
of prednisolone, as pro-osteoporotic stimulus, in fish of
different ages. This model will help to define early basic
mechanisms of age-related bone osteopenia and which
therapeutic strategy or agent could be used to modulate
bone alterations in humans.

Methods
Animals and treatments

Zebrafish of the AB strain were maintained in
ZEBTECO Bench Top System (Tecniplast, Italy) under
standard conditions [53] at 28 °C with a photoperiod of
14 h light and 10 h dark. This experimentation has used
male fish aged 3, 6 and 9 months, using a total of 126
fish. Fish of the 3 different ages comes from different
population since our preliminary studies demonstrated
that there is no variability between different cohorts of
fish of the same age (same length and weight, data not
shown). Treatments have been performed maintaining
fish in E3 medium (5 mM NaCl, 0.17 mM KCl,
0.33 mM CaCl,, 0.33 mM MgS0O,) at 28 °C. Zebrafish
osteoporotic model has been induced treating singularly
the fish with 80 pM prednisolone (I1-
dehydrohydrocortisone, PN, Sigma Aldrich) for 14 days
[41]. PN has been initially dissolved in dimethyl sulf-
oxide (DMSO) stock solution, then diluted in E3 medi-
um to create the final treatment solution. Treatment has
been performed maintaining fish in 250 ml of E3 medi-
um with 80 uM PN changing the solution every 48 h.
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Fish have been fed 3 times each day using standard
commercial fish food (Vipagran, Sera).

Sample collections

Blood collection has been performed according to
Eames’s previously published protocol [53]. Briefly,
MS-222 (tricaine; Sigma) was used at 0.02% to induce
anaesthesia, and then fish were decapitated by cutting
through the pectoral girdle with scalpel. Whole blood
was collected using a heparinized 100-mL
microcapillary tube (Sarstedt) adjacent to the severed
heart. Scales have been carefully removed from both
sides of fish body in the ventral area, under light stereo-
microscope (Olympus SZX-ZB7) using Dumont® Steel
Forceps (Sigma Aldrich) then processed differently de-
pending on the analysis to be performed as described
below.

Double bone matrix vital staining

To visualize and quantify the new bone matrix deposited
on the scale as new mineralized growing ring, fish have
been double stained using two dyes specific for the
mineralized matrix, following our previously published
protocol [41]. Briefly, at the beginning of the experi-
ments, fish have been live stained with a 0.005% Aliz-
arin Red S (ARS, Sigma Aldrich) E3 solution overnight
in the dark at 28 °C. After 2 weeks, fish have been live
stained overnight in the dark with a 0.005% calcein
(Bis[N,N-bis(carboxymethyl)aminomethyl]fluorescein,
Sigma Aldrich) E3 solution. After repeated washes,
scales have been collected as previously described and
fixed in 3.5% formaldehyde 0.1 M sodium phosphate
buffer solution, then scales have been analysed using a
fluorescence microscope (Olympus SZX-ZB7)
equipped with a Discovery CH30 camera (TiEsseLab).
Scale growing ring and scale area have been measured
using ISC Capture Software (TiEsseLab).

Biochemical alkaline phosphatase (ALP)
and tartrate-resistant acid phosphatase (TRAP) activity
assays

Explanted scales have been fixed using a 10% formalin
0.05 cacodylate buffer (pH 7.4) solution, and then bio-
chemical TRAP activity has been evaluated using a test
published by Perrson et al. [42], while biochemical ALP
activity was evaluated according to the previously

published method [39]. The absorbance of the resulting
solutions has been read at 405 nm using a spectropho-
tometer (iMarkTM Microplate Reader, Bio-Rad) and
converted into the amount of produced para-
nitrophenol (pNP) using a standard curve for pNP. The
resulting values have been normalized for scale area
values, then used to calculate ALP/TRAP ratio.

Histological ALP and TRAP activity assays

To perform the histological ALP assay, scales have been
fixed with a 10% formalin 0.05 cacodylate buffer
(pH 7.4) solution, rinsed in PBS and then exposed to
BCIP®/NBT liquid substrate (Sigma Aldrich) accord-
ing to manufacturer’s protocol. Histological TRAP ac-
tivity assay has been performed using Leukocytes Acid
Phosphatase (TRAP) Detection Kit according to the
manufacturer’s protocol (Sigma Aldrich). Stained scales
have been analysed using a stereo-microscope
(Olympus SZX-ZB7) equipped with a Discovery
CH30 camera (TiEsseLab) to identify TRAP-positive
scales and quantify the resorbing area.

Gene expression analysis

Total RNA has been isolated from the scales using
Euro-GOLD Total RNA Kit (Euroclone), and the com-
plementary DNA (cDNA) was obtained using High
Capacity cDNA Reverse Transcription Kit (Applied
Biosystems). Real-time PCR analysis has been per-
formed with StepOne™ Real-Time PCR System (Ap-
plied Biosystems) using FluoCycle II™ SYBR® Mas-
ter Mix (Euroclone). The expression analysis was fo-
cused on bone-specific genes such as tumour necrosis
factor receptor superfamily member 11b (¢nfrsf11b, fish
homolog of human osteoprotegerin, OPG), tumour ne-
crosis factor receptor superfamily member 1b (¢nfrsf1b,
fish homolog of human rank) and tumour necrosis fac-
tor ligand superfamily member 11 (tnfsfl1, fish homolog
of human rankl).

Each PCR analysis has been performed in triplicate.
The gene-specific primers have been previously pub-
lished [26, 48], and the sequences were OPG_F 5'-
GGCGTCTGAAGAAACCTCTG-3" OPG_R 5'-
GCAGGATTGGGATGCAGTAT-3’; RANK F 5'-
AAGTGGACAGATTGTAAAGCTAT-3' RANK R
5'-GCCACCTGATGAGGTTTCAGCAC-3";
RANKL F 5'- TAGTGTGGCGATTCTGTTGC-3'
RANKL R 5'- ATTGGAAGGTGAGCTGATGG-3";
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3-ACTIN F 5'- CGAGCGTGGCTACAGCTTCA-3’
-ACTIN_R 5'- GACCGTCAGGCAGCTCATAG-3".
The amplification conditions have been previously pub-
lished [26] and consist of 3 min of initial denaturation at
95 °C followed by 40 cycles of denaturation at 95 °C for
30 s, annealing and extension at 60 °C for 40 s with a
single cycle for dissociation curve analysis. Analysis
have been performed using the Ct method with 3-actin
as the endogenous control. The average ACt value was
calculated by subtracting the control ACt from the
treated ACt and the relative quantity of mRNA was
calculated as 2°22“", Real-time PCR results have been
used to calculate tnfsfl1/tnfrsf11b ratio [44].

PTH blood analysis

Zebrafish blood has been collected and used to
quantify parathyroid hormone (parathormone, PTH)
by PTH ELISA test according to the manufacturer’s
protocol (Fish Parathormone Intact ELISA Kkit,
MybioSource). The absorbance has been read with
a spectrophotometer (iMarkTM Microplate Reader,
Bio-Rad).
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Fig. 1 a Alizarin red S/calcein live double staining in scales from
fish of different ages (scale bar=0.1 mm). Three-month-old fish
showed a significant growth rate identified as thickness of the new
deposited ring (green fluorescence). In 6-month-old fish scales, the
thickness of new ring was found reduced, whereas 9-month-old
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Statistics

Fish of 3 different ages (3, 6 and 9 months) have been
used to perform bone tissue analysis on the scales. Each
experiment has been performed using 14 fish of each
age (42 fish in total), treating 7 fish with prednisolone
and using 7 fish as control. The whole experiment has
been repeated 3 times using a total of 126 fish.

Biochemical analysis of ALP and TRAP activity
have been performed using 20 scales for fish for each
analysis, while histological assays have been performed
on 50 scales. All the remaining scales were used to
perform the gene expression analysis. The blood obtain-
ed from 7 fish has been pooled and used to perform PTH
ELISA assay. The qPCR experiments of bone marker
genes have been repeated three times with comparable
results. All the collected data have been analysed using
the one-way analysis of variance (ANOVA) followed
by Bonferroni test for multiple comparisons, and results
have been expressed as mean + standard deviation (SD)
vs control. All these tests have been repeated 3 times
with comparable results, and the significance values
have been set at less than p<0.05 (*), p<0.01 (*%)
and p < 0.001 (***),

9 months

months

fish did not show any significant deposition. b Quantification of
the ring thickness in scales from 3-, 6- and 9-month-old fish
(3 months vs 6 months, p<0.001; 3 months vs 9 months,
p<0.001; 6 months vs 9 months, p <0.001). The mineralization
rate was inversely proportional to the age of the fish
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Fig. 2 a Anabolic activity on zebrafish scales measured by ALP
biochemical assay normalized for scale area. No modulation of
ALP activity was observed in 3-, 6- and 9-month-old fish. b
Histochemical staining for ALP activity on aging scales (scale

Results

Zebrafish scale growing circle thickness is
age-dependent

Double vital staining with alizarin red S-calcein has
been used to calculate the mineralization rate in the scale
as thickness of the new ring deposited [41]. The scales
of 3-month-old fish (young adult) formed a thick grow-
ing ring as expression of intense matrix deposition. In 6-
month-old fish (adult fish) scales, the physiological
thickness of new ring was found reduced, whereas 9-
month-old fish (old fish) did not show a significant
mineralized matrix deposition (Fig. 1a). The quantifica-
tion of the ring thickness confirmed that the mineraliza-
tion rate is inversely proportional to the age of the fish
since 6 months-old fish ring thickness is —68% of the
3 month-old ring and the thickness of the 9 month-old
fish ring is —95% of the 3 month-old ring (Fig. 1b;
3 months vs 6 months, p<0.001; 3 months vs
9 months, p < 0.001; 6 months vs 9 months, p < 0.001).

Anabolic bone activity is modulated by age in zebrafish
scale

Alkaline phosphatase (ALP) is a very well-known
marker of bone anabolic activity. Explanted scales from
3-, 6- and 9-month-old fish have been used to measure
ALP activity through a biochemical assay. No

months

bar=0.05 mm). A strong ALP activity has been detected in
matrix-deposing cells (black arrow) in 3-month-old fish. The
signal has become slightly downregulated in 6-month-old fish
(black arrow) and disappeared in 9-month-old fish

significant modulation of ALP activity in the scales
was found associated with the aging of the fish (Fig. 2a).
As demonstrated in literature, the cells responsible
for the mineralized matrix deposition in the scales are
characterized by intense ALP activity [40]. The histo-
chemical staining for ALP activity has been performed
on zebrafish scales from 3-, 6- and 9-month-old fish to
highlight the differences in osteoblastic activity at the
primary deposition site. The matrix-deposing cells ap-
peared strongly positive for ALP activity in 3-month-old
fish, whereas the signal decreased in 6-month-old fish
(Fig. 2b). Later, in 9-month-old fish, no differences were
detected in ALP activity at deposition site (Fig. 2b),
suggesting an arrest of the bone production process.

Catabolic bone activity is modulated by age in zebrafish
scales

The biochemical analysis of tartrate-resistant acid phos-
phatase (TRAP) activity on zebrafish scales from 3-, 6-
and 9-month-old fish has indicated a significant increase
related to the age of fish since 6-month-old TRAP is
increased by 72% and 9-month-old TRAP is increased
by 345% compared with 3-month-old fish TRAP (Fig. 3a;
TRAP: 3 months vs 9 months, p <0.001; 6 months vs
9 months, p<0.001). In order to visualize the active
osteoclasts in the scales, a histochemical staining has been
performed on the same fish identifying TRAP-positive
signal only in 9-month-old fish associated with small
resorption lacunae along the border of the scale (Fig. 3b).
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The calculated area of the bone loss corresponded to an
average of 1.02% of the scale surface (not shown). Bio-
chemical TRAP analysis (Fig. 3a) detected a low TRAP
activity in scales of 3 and 6 months old fish, but it is so low
that it can be considered as background noise as confirmed
by the histological analysis.

a

TRAP activity (pmoli pNP)

3 6 9  months

@ 3 months @ 6 months 0 9 months

Gene expression analysis performed by real-time PCR
has shown an increase of mfisf1b (homolog of human
rank) in scales from 6- and 9-month-old fish and an age-
dependent downregulation of mfsf11 and tfrsf11b (ho-
molog of human rankl and opg) (Fig. 3¢ OPG: 3 months
vs 6 months, p <0.01; 3 months vs 9 months, p < 0.001;

9 months

* % *

* %

2 —AACT

tnfsfll
RANKL

mfrsfl1b

OPG
Fig. 3 a TRAP, measured by biochemical assay and normalized
for scale area, has indicated a progressive increase of the activity in
3-, 6- and 9-month-old fish (3 months vs 9 months, p <0.001;
6 months vs 9 months, p <0.001). b Histochemical staining for
TRAP activity on aging scales (scale bar=0.1 mm). TRAP-
positive signal has been detected along scale border of 9-month-
old fish surrounding a bone resorption area. ¢ Gene expression
analysis on aging scales. Real-time PCR for bone-specific genes
has shown an increase of nfisflb (homolog of human rank)
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tnfsf11/tnfrsf11b ratio

mfrsflb 3 6 9 months

RANK
expression in scales from 6- and 9-month-old fish and an age-
dependent downregulation of tnfsf11 and tnfrsf11b (homolog of
human rankl and opg) (OPG: 3 months vs 6 months, p <0.01;
3 months vs 9 months, p <0.001; 6 months vs 9 months, p <0.01.
RANKL: 3 months vs 6 months, p <0.01; 3 months vs 9 months,
p<0.001; 6 months vs 9 months, p <0.01. RANK: 3 months vs
6 months, p <0.001; 3 months vs 9 months, p <0.001). d Calcu-
lated nfsf11/mfisf11b (rankl/opg) ratio was found unchanged
during aging
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6 months vs 9 months, p <0.01. RANKL: 3 months vs
6 months, p<0.01; 3 months vs 9 months, p <0.001;
6 months vs 9 months, p<0.01. RANK: 3 months vs
6 months, p <0.001; 3 months vs 9 months, p <0.001).
The tnfsf11/mfrsfl1b (rankl/opg) ratio, known to be in-
volved in the regulation of bone resorption, was found
unchanged by comparing the ages (Fig. 3d).

The aging modulates bone turnover regulatory
pathways

To evaluate the bone turnover activity in aging scales,
ALP/TRAP ratio was calculated showing a progressive
reduction from 3- to 9-month-old fish with a decrease of
20% in 6-month-old fish and of 63% in 9-month-old
fish (Fig. 4a; 3 months vs 6 months, p <0.05; 3 months
vs 9 months, p<0.001; 6 months vs 9 months,
p<0.001). These data clearly indicated an increasing
tendency to bone resorption in old scales. The calcium
metabolism and its hormonal regulation network play an
important role in human bone turnover; an example is
the parathormone (PTH) pathway [13]. To investigate
whether the age modulates the hormonal signalling in-
volved in zebrafish bone metabolism, PTH has been
quantified in the blood of 3-, 6 -and 9-month-old fish.
The results indicated that PTH significantly increased
with age in fish blood (Fig. 4b; 3 months vs 6 months,
»<0.001; 3 months vs 9 months, p < 0.001; 6 months vs
9 months, p < 0.001).

Prednisolone treatment—induced bone resorption
activity in aged fish

Prednisolone (PN) is a glucocorticoid that is well known
to be a pro-osteoporotic agent in humans [1] as well as

a

3 6 9 months
Fig. 4 a Calculated ALP/TRAP ratio. A trend to bone resorption
has been indicated by the lowering of ALP/TRAP ratio as the age

increases (3 months vs 6 months, p < 0.05; 3 months vs 9 months,
p<0.001; 6 months vs 9 months, p<0.001). b PTH level

ALP/TRAP ratio
S = N W A L N9

in fish [10, 41]. To investigate whether PN exerts dif-
ferent effects on fish bone at different age, we treated 3-,
6- and 9-month-old fish with 80 uM PN for 2 weeks.
After that, the mineralization rate and the presence of
resorption areas have been evaluated in the scales of
treated and non-treated fish. Control fish have been
maintained in E3 medium only since our preliminary
studies demonstrated that treating in E3 medium with
DMSO at the same concentration used to perform PN
treatment does not affect fish health status and scale
metabolism (data not shown). The analysis has shown
that PN treatment inhibited the deposition of the new
mineralized ring in all ages and induced a significant
bone resorption in 6- and 9-month-old fish scales (Fig.
Sa). In particular, the scale area characterized by bone
loss was more extensive in 9-month-old (—3.8%) than
in 6-month-old (— 1.8%) fish (Table 1).

Scales from 3-, 6- and 9-month-old PN-treated fish
have been also used to measure ALP activity through
biochemical assay. A significant reduction of ALP ac-
tivity has been highlighted in 6 and 9 months-old fish
treated with PN compared with untreated fish of the
same age (Fig. 5b left panel; ALP: 6 months CTR vs
6 months PN, p<0.001; 9 months CTR vs 9 months
PN, p<0.001).

The biochemical analysis of TRAP activity per-
formed on scales explanted from the same fish has
indicated a significant increase in PN-treated 9-month-
old fish compared with earlier ages as well as with
untreated fish of the same age (Fig. 5b right panel;
TRAP: 3 months CTR vs 9 months CTR, p<0.001;
6 months CTR vs 9 months CTR, p <0.05; 9 months
CTR vs 9 months PN, p<0.001). The number of
TRAP-positive scales also increased with age and after
PN treatment (Table 1).

1.8
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measured in fish blood showed that the hormone significantly
increased with age (3 months vs 6 months, p <0.001; 3 months
vs 9 months, p <0.001; 6 months vs 9 months, p <0.001)
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4 Fig. 5 a Alizarin red/calcein live double staining of PN-treated
scales from fish of different ages (scale bar=0.1 mm). PN
inhibited the formation of the new mineralized scale ring in fish
of all ages and induced a significant bone resorption in 6- and 9-
month-old fish scales (white arrows). b ALP and TRAP activity
assay on PN-treated scales from fish of different ages. A signifi-
cant reduction of ALP activity has been highlighted in 6- and 9-
month-old fish treated with PN compared with untreated fish of the
same age. The TRAP activity was significantly increased in PN-
treated 9-month-old fish compared with earlier ages as well as with
untreated fish of the same age (ALP: 6 months CTR vs 6 months
PN, p<0.001; 9 months CTR vs 9 months PN, p <0.001; TRAP:
3 months CTR vs 9 months CTR, p<0.001; 6 months CTR vs
9 months CTR, p<0.05; 9 months CTR vs 9 months PN,
p<0.001). ¢ Gene expression analysis for bone marker genes on
PN-treated zebrafish scales. The expression of tnfrsf1b, tnfsfl1 and
tnfrsf11b (homologs of human rank, rankl and opg, respectively)
was found increased in all ages after PN treatment (OPG: 3 months
vs 9 months, p<0.001; 6 months vs 9 months, p<0.001.
RANKL: 3 months vs 6 months, p < 0.001; 3 months vs 9 months,
p<0.001; 6 months vs 9 months, p <0.001. RANK: 3 months vs
6 months, p <0.001; 3 months vs 9 months, p <0.001). d Calcu-
lated tnfsf11/tnfrsf11b (rankl/opg) ratio. The upregulation of
tnfsf11 (human rankl) allowed the increase of the tnfsfi1/tnfrsfl11b
(rankl/opg) ratio in 6- and 9 month-old PN-treated fish (3 months
vs 6 months, p <0.001; 3 months vs 9 months, p <0.001). e ALP/
TRAP ratio in PN-treated fish. Compared with the untreated fish,
ALP/TRAP ratio decreased more rapidly during aging after PN
treatment (6 months CTR vs 3 months CTR, —15%, p <0.05;
9 months CTR vs 3 months CTR, —73%, p<0.001; 9 months
CTR vs 6 months CTR, —68%, p<0.001; 6 months PN vs
3 months PN, —73%, p<0.001; 9 months PN vs 3 months PN,
—90%, bp<0.001; 9 months PN vs 6 months PN, —18%,
»<0.01)

The study of the gene expression performed by real-
time PCR highlighted an age-dependent increase of the
tnfrsflb, tnfsfl1 and tnfrsf11b (homologs of human
rank, rankl and opg, respectively) in scales of PN-
treated 3-, 6- and 9-month-old fish (Fig. 5c; OPG:
3 months vs 9 months, p < 0.001; 6 months vs 9 months,
p<0.001. RANKL: 3 months vs 6 months, p <0.001;
3 months vs 9 months, p < 0.001; 6 months vs 9 months,
p<0.001. RANK: 3 months vs 6 months, p<0.001;
3 months vs 9 months, p <0.001). Among these, a
stronger upregulation of fsf1/ (homolog of human
rankl) in 6- and 9-month-old PN-treated fish allowed
to increase the tnfsf11/tnfrsf11b (rankl/opg) ratio (Fig.
5d; 3 months vs6 months, p <0.001; 3 months vs
9 months, p <0.001).

As consequence, the ALP/TRAP ratio in PN-
treated fish decreased more rapidly during aging
compared with untreated fish (Fig. Se).

Table 1 Catabolic characteristics of aging scales of untreated (ctr)
and PN-treated (PN) fish

Months 3 6 9

% RA TPS RA TPS RA TPS
ctr 0 0 0 0 -1.02 63
PN 0 0 —1.81 70 -3.8 95

Resorption area (RA) was expressed as percentage of scale surface
lost, while the intensity of the resorbing stimulus was expressed as
percentage of TRAP-positive scales (TPS)

Discussion

Several studies demonstrated a clear relationship be-
tween aging and bone metabolism in vertebrates, in
which early phases associated with changes at molecular
and cellular level play a crucial role [2, 17]. Due to the
complexity of the regulation systems, the mechanisms
are not yet completely understood. Bone markers, sys-
temic metabolic signals, cell behaviour and gene expres-
sion could be better investigated in a simple animal
model to dissect in detail the early phase of bone aging.
Zebrafish is a powerful animal model with many advan-
tages such as small size, low cost of maintenance and
rapid development. In addition, thanks to his high con-
servation of bone structure, it is an excellent model of
osteogenesis, bone metabolism and bone remodelling
[54]. In particular, the scale represents an optimum
model for bone metabolism studies at cellular and mo-
lecular level [39, 42]. In the present work, we investi-
gated the early mechanisms of bone aging in zebrafish
using the scale as innovative read-out system. Adult fish
from 3 to 9 months have been used based on previous
studies about age-dependent vertebral microalterations
in adult zebrafish [6, 38, 46].

The analysis of the scale ring demonstrated that the
osteodeposition rate decreases with age from 3 months
to terminate at 9 months with a complete arrest of its
growth. These data suggested that the osteodeposition
process in fish scale is regulated during the life and
coordinated with the body growth, as well as in humans.

In zebrafish scale, the cells responsible for the initial
bone matrix deposition are characterized by intense
ALP activity [40] as well as in humans [23]. The histo-
logical staining in old-fish scales highlighted an age-
dependent downregulation of ALP signal in the matrix-
producing cells, suggesting that their activity is progres-
sively switched off during aging, whereas the total ALP
activity did not change significantly in the whole scale.
In fact, the variation of ALP signal in few matrix-
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deposing cells (black arrows in Fig. 2b) is clearly too
low to be detected with biochemical ALP activity mea-
surement in whole scale.

Since ALP is expressed in the early differentiation
process of the human osteoblasts [18], we hypothesize
that the shutdown of the osteodeposition activity is prob-
ably due to an impairment of the differentiation process-
es. To support these data, in humans, age-related bone
loss is predominantly due to a reduced osteoblast activity
[11] and associated with a decrease in the number of
MSCs and their differentiation potential [31, 56].

The analysis of bone catabolic activity, measured in
fish scales through the specific biomarker TRAP, indi-
cates a statistically significant increase related to fish
age. In 9-month-old fish, we observed 63% of TRAP-
positive scales (Table 1), in which a visible bone resorp-
tion process takes place along the scale border.

Osteoclasts and TRAP activity are modulated by
human bone aging processes since it has been demon-
strated that osteoclast cells become more active on aged
bone matrix than on young one [8, 22].

The increase of TRAP activity in aged fish scales
could be explained mainly by the upregulation of the
tnfrsf1b (homolog of human rank) in 6- and 9-month-
old fish. It is known that age exerts multiple effects on
expression of gene coding receptors and endogenous
bone regulatory factors. In particular, age-related upreg-
ulation of RANK may indicate an increase in the num-
ber osteoclast progenitors and/or the number of recep-
tors per cell. It has been also demonstrated in mice that
such condition could make osteoclast progenitors more
responsive to M-CSF and to RANKL [4]. The increase
of TRAP activity allows, consequently, to a progressive
decline in the ALP/TRAP ratio during aging in fish
scales.

The biochemical changes associated to aging in
fish involved also the PTH blood level, which in-
creases progressively with age. This condition is
found also in humans where sex steroids, calcium
and renal function may induce an increase of PTH
levels the in blood of aged women and men [25].
The increased serum PTH may act directly on oste-
oclastic activity increasing bone resorption as dem-
onstrated in the fracture-healing model of
orchiectomized mice [30]. The mechanism of PTH-
induced osteoclast differentiation and activation could
be mediated by parathormone receptor 1 (PTHRI)
and Vacuolar-type H™-ATPase (V-ATPase), both
expressed in osteoclast precursors [32]. However,
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we should also consider that environment and diet
are different in human and fish.

We conclude that zebrafish possesses a form of senile
osteoporosis detectable in the scales and characterized
by biochemical, histological and molecular evidences
similar to aged human bone. Since we used male ani-
mals, the oestrogen hormones were not involved in the
regulation of bone metabolism in our model.

The scales, as part of the dermal skeleton, are not
subjected to mechanical or gravitational forces, and, in
addition, they show great similarity with human bone in
terms of cell function and biochemical regulations [40,
47]. For these reasons, the scale represents an excellent
model to study the basic mechanisms of metabolic
changes in aging bone.

The glucocorticoid PN is a well-known pro-osteopo-
rotic agent in humans [28] as well as in zebrafish [10,
15, 41].

The treatment of fish with PN inhibits the formation
of the new scale ring in fish of all ages and, in addition,
induces an important osteoporosis-like phenotype in the
scales of older fish. The absence of matrix deposition in
young animals indicates that PN has important negative
effects on osteoblast activity as confirmed by the reduc-
tion of ALP activity after glucocorticoid treatment in the
scales of the same age. The bone resorption stimulation
of PN can be explained by the enhanced TRAP activity
in PN-treated scales with respect to untreated fish of the
same age. Indeed, the resorption area is proportional to
the TRAP activity level at 6- and 9-month-old fish.

It has been demonstrated that the incidence of verte-
bral fractures are age-dependent in human patients treat-
ed with high-dose of glucocorticoids [33, 49]. Our data
support this evidence, suggesting that, in humans as well
in fish, these pro-osteoporotic drugs are more effective
on old bone than younger one.

The increase of osteoclast activity may be due to a
PN-dependent over-stimulation of #fsf7/ (homolog of
human rankl) in 6- and 9-month-old fish, which causes
the elevation of tnfsf11/tnfrsf11b (rankl/opg) ratio.
These data suggest that PN stimulates osteoclast activ-
ity, enhancing the catabolic stimuli, which are already
elevated in the old bone due to the upregulation of
RANK (Table 2).

Although not performed on proteins, the gene ex-
pression analysis of OPG, RANKL and OPG/RANKL
ratio can be informative in zebrafish as demonstrated in
dexamethasone-treated model [34] and in adult scales
after biophysical stimulation [26].
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Talking about molecular mechanisms, it has been
demonstrated that glucocorticoid treatment promotes
osteoclast differentiation and activity increasing
RANKL production [27] In vitro, RANKL has been
found to induce cell-cell fusion during osteoclast differ-
entiation and syncytial organization [36]. Our data indi-
cated that a similar mechanism may be used by PN in
zebrafish scale.

In conclusion, the present work demonstrated for the
first time that zebrafish develops a form of bone aging
detectable in the scales where the osteoblasts become
progressively inactive from 6 to 9 months and the oste-
oclasts are activated at 9 months. These data confirm
that early crucial events of bone aging in zebrafish
should be studied from 3 to 9 months. In fact, previous
works on zebrafish have demonstrated that structural
microalterations were detected in spine between 6 and
9 months [6, 38, 46], as well as in male rodent models,
where the early events of age-related osteopenia have
been detected around few months ([20]., [24]).

Interestingly, these data indicates that fish scale and
male human skeleton share a very similar growth curve
in which osteodeposition rate is maximal in juvenile
stage (<6 months/30 years) and slightly declines in
early adult stage (6-9 months/30-45 years), generating
a negative bone balance (Fig. 6).

Senile male osteoporosis in humans is associate with
a reduction in BMD between 0.5 and 1% per year [9],
while in female is reported between 2 and 4% per year in
the first 5 to 10 years after menopause [29]. Considering
the differences between humans and fish, we can as-
sume that a reduction of 1.02% in fish scale surface
could be considered a model of senile male osteoporosis
comparable with that of humans.

In aged male fish, the bone resorption activity in the
scale of adult fish is accelerated when treated with pro-
osteoporotic agents like prednisolone (Fig. 6). In fact,

Table 2 Summary of bone alterations in aged zebrafish scales
from untreated and PN-treated fish

PN RANK/OPG RANK ALP/TRAP BONE LOSS
- - 1 ! 1
ot t 1 1

Physiologically, elevated RANK is associated to old zebrafish
scales, whereas pro-osteoporotic stimuli, such as PN, enhance
RANKL expression, which over-stimulates TRAP-dependent re-
sorption activity in osteoclasts

937
FISH AGE (months)
A 3 6 9
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Fig. 6 Comparison between bone growth (human male) and scale

growth (zebrafish male) at different age. In zebrafish, the catabolic
phase is accelerated by prednisolone (PN)

also in humans, osteoclast activity is higher in aged
bones [22].

The whole life span of fish does not have linear
timeline with respect to humans because of phylogenetic
distance, like rodents [12, 45]. Nevertheless, consider-
ing that Danio rerio reproductive phase spans, more or
less, between 3 mpf (human 1214 years, adolescence)
and 12 mpf (human 55 years), the curve of bone mass
seems to be similar in fish and humans. Further studies
will be addressed to verify the persistence and any
modulation of bone loss phenotype in the scales of older
fish (> 1 year). This study will better elucidate the
mechanisms of the clinical complications in the late
phase of age-dependent bone loss.

In conclusion, despite the anatomical and phyloge-
netic distance, the model of senile male osteoporosis in
zebrafish scale can help to understand the early mecha-
nisms of the physiological bone aging and screen po-
tential new anti-osteoporotic drugs.
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