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Fish scale is a suitable model for analyzing determinants of skeletal
fragility in type 2 diabetes
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The teleost fish has a unique hard tissue, scales that consist
of osteoblasts (bone formation cells), osteoclasts (bone
resorption cells), and calcified bone matrix, including type 1
collagen, bone γ-carboxyglutamic acid protein, osteonectin,
and hydroxyapatite [1–6]. In all vertebrates, including tel-
eosts, blood calcium levels are strictly kept at a constant
concentration (2 ~ 3 mM) between each species [7]. Teleost
scales have an important function in regulating blood cal-
cium levels because teleost scales, having both osteoblasts
and osteoclasts, known to function as potential internal
calcium reservoirs similar to those in the endoskeletons of
mammals [2, 5, 8]. Particularly, in fresh water teleosts such
as zebrafish and goldfish, which live in a low-calcium
environment, their scales play a very important role in
regulating the plasma calcium level.

In fish scales, as well as bone, several calcemic hormones
function in osteoblasts and osteoclasts. In the scales of
goldfish, parathyroid hormone (PTH), a hypercalcemic
hormone, acts on osteoblasts and then activated osteoclasts
via receptor activators of nuclear factor-κB (RANK)/
receptor activators of the nuclear factor-κB ligand

(RANKL) system, as PTH does in mammalian osteoblasts
and osteoclasts [9]. The hypocalcemic hormone, calcitonin,
suppressed osteoclastic activity in the scales of goldfish
[10, 11]. Furthermore, in zebrafish, arachidonic acid, which
is metabolized by cyclooxygenases to prostaglandin E2

(PGE2), affected scale regeneration (following the removal
of ontogenetic scales) and reduced mineral deposition
resulting from the activation of matrix metalloproteinase 2
and 9 (osteoclastic markers) [12]. In goldfish, PGE2 acts on
osteoblasts and then increases the osteoclastic activity in the
scales of goldfish via the RANK-RANKL system [13]. The
increase of RANKL (osteoclastogenesis-promoting factor)
mRNA expression by PGE2 treatment induced hypercalce-
mia in goldfish [13]. In addition to the above hormonal
responses, the morphological features of osteoclasts in tel-
eost scales are very similar to those of mammalian osteo-
clasts. Multinucleated osteoclasts with large numbers of
mitochondria and lysosomes were observed on the pit of the
scale [9, 14]. Some osteoclasts were attached to the scale by
a well-developed ruffled border [9, 14]. Judging from
observations of scale regeneration, the morphological fea-
tures of osteoblasts were very similar to the development of
mammalian membrane bone [15]. Teleost scales have a
number of physiological and morphological features in
common with mammalian bone.

Diabetes mellitus (DM), commonly referred to as dia-
betes, is a group of metabolic diseases that are characterized
by chronic hyperglycemia. DM is classified as being caused
by either the pancreas not producing enough insulin (type 1
DM: T1DM) or the cells (muscle, fat, and other cells) of the
body not responding properly to the insulin produced (type
2 DM: T2DM) [see a review, 16]. Furthermore, DM indu-
ces other pathologies, including bone disease, diabetic
retinopathy, nephropathy, neuropathy, cardiomyopathy, and
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microangiopathy [16]. In the case of bone disease, T1DM
leads to a high risk of fracture and osteoporosis because the
bone mineral density (BMD) is reduced in T1DM [16].
However, it has been debated whether T2DM is associated
with high risk of fractures even in presence of normal or
low-normal BMD [17]. To analyze the detailed mechanism
of the relationship between T2DM and bone disease, a
suitable model is earnestly desired.

In the study by Carnovali et al. [18], the authors intro-
duced a new model for studying glucose and bone meta-
bolism. Using the scales of zebrafish, a suitable model,
Carnovali et al. [18] examined the effect of hyperglycemia
on bone metabolism. After 28 days of treatment with 4 %
(w/v) glucose concentrations, the morphology of the retinal
blood vessels showed abnormalities resembling human
diabetic retinopathy. Next, bone metabolism was evaluated
using scales stained with calcein. Due to osteoclastic bone
resorption, a reduction (12.4 %) of the scale area was
measured on the surface of the scales in hyperglycemic
zebrafish. The osteoporotic-like phenotype was visualized
through the mineral matrix staining of scales. In addition,
hyperglycemic zebrafish scales showed a significant
decrease of osteoblastic marker enzyme (alkaline phospha-
tase) activity and an increase of osteoclastic marker enzyme
(tartrate-resistant acid phosphatase) activity. The expression
of osteoblastic marker mRNAs, such as osteocalcin and
osteoprotegerin, decreased significantly. However, further
study is needed to analyze RANKL (osteoclastogenesis-
promoting factor) mRNA expression at several time courses
because RANKL mRNA expression in the scales of
hyperglycemic zebrafish decreased significantly.

Our recent data [19] was supported by the conclusions of
Carnovali et al. [18]. Namely, after a 2-week exposure to
hyperglycemia, the high molecular weight fractions of bone
matrix collagen increased in the regenerating scales of
hyperglycemic goldfish, as compared with those of eugly-
cemic (control) goldfish. This suggests that non-enzymatic
cross-linking by advanced glycation end products (AGEs)
was occurring in the regenerating scales of hyperglycemic
goldfish. Thereafter, we conducted an in vitro study with
collagen extracted from goldfish scales. As a result, we
demonstrated that glyceraldehyde-driven non-enzymatic
cross-linking of collagen fibril compositions (particularly γ-
fraction) quickly increased with glyceraldehyde treatment.
This change in the molecular size of collagen fibrils indi-
cated the formation of multiple AGEs via a non-enzymatic
condensation reaction between reducing sugars and amino
groups of lysine or arginine residues of collagen fibril
protein. The findings of our in vitro study regarding
glyceraldehyde-derived AGEs are in agreement with find-
ings in diabetic rats [20].

Taking these results into consideration, we conclude that
the scales of teleosts such as zebrafish and goldfish are a

suitable model of hyperglycemic disease and will help
elucidate the molecular mechanisms of bone metabolic
changes in human diabetic patients.
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