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Effects of amylin and adrenomedullin on the skeleton
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Abstract
Amylin and adrenomedullin are related peptides with some homology to both calcitonin and calcitonin gene-related
peptide (CGRP). All these peptides have in common a 6-amino acid ring structure at the amino-terminus created by a
disulfide bond. In addition, the carboxy-termini are amidated. Both amylin and adrenomedullin have recently been found to
stimulate the proliferation of osteoblasts in vitro, and to increase indices of bone formation in vivo when administered either
locally or systemically1-4. Both amylin and adrenomedullin have also been found to act on chondrocytes (Cornish et al.,
submitted for publication), stimulating their proliferation in culture and increasing tibial growth plate thickness when
administered systemically to adult mice2,4. Studies of structure-activity relationships have demonstrated that osteotropic effects
of amylin and adrenomedullin can be retained in peptide fragments of the molecules. The full-length peptide of amylin has
known effects on fuel metabolism, and systemic administration of amylin is also associated with increased fat mass2. However,
the octapeptide fragment of the molecule, amylin-(1-8), is osteotropic and yet has no activity on fuel metabolism5. Similar
fragments of adrenomedullin have also been defined, which retain activity on bone but lack the parent peptide's vasodilator
properties3. Both amylin-(1-8) and adrenomedullin-(27-52) act as anabolic agents on bone, increasing bone strength when
administered systemically3,4. Thus, these small peptides, or analogues of it, are potential candidates as anabolic therapies for
osteoporosis. Both amylin and adrenomedullin may have effects on bone metabolism. Amylin is secreted following eating and
may direct calcium and protein absorbed from the meal into new bone synthesis. Amylin circulates in high concentrations in
obese individuals, and might contribute to the association between bone mass and fat mass. Our recent findings demonstrating
the co-expression of adrenomedullin and adrenomedullin receptors in osteoblasts6, along with the findings that the peptide
and its receptor are easily detectable during rodent embryogenesis7, suggest that this peptide is a local regulator of bone
growth. Thus, the findings reviewed in this paper illustrate that amylin and adrenomedullin may be relevant to the normal
regulation of bone mass and to the design of agents for the treatment of osteoporosis.
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Introduction
Amylin was originally isolated, approximately 15 years
ago, from amyloid deposits in the pancreases of patients with
insulinoma or diabetes mellitus8,9. It is co-secreted with
insulin from the pancreatic ‚-cell and there is evidence that
the insulin and amylin genes share transcriptional regulators10.
Thus, hyperglycemia stimulates amylin secretion11 and
hypoglycemia reduces it12. The excursion in circulating
insulin levels following a glucose challenge appears initially
to be greater than that seen with amylin, however, amylin’s
secretion may be more sustained13.
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Amylin may contribute to the relationship between body
mass and bone density. Body mass, or more particularly fat
mass, is a major determinant of bone density in women14.
While this might be mediated to some extent by the effect of
weight on skeletal load bearing, and by adipocyte production
of estrogen, neither of these explanations is adequate to
explain the published results15. Since both insulin and amylin
are hypersecreted in obesity and since both may potentially
act directly or indirectly to increase bone mass, they may
contribute significantly to this relationship. Indeed, circulating
insulin levels are directly related to bone density in normal
postmenopausal women14 and since amylin is co-secreted with
insulin it would seem likely that a similar relationship for this
peptide exists. In type I diabetic patients, amylin as well as
insulin circulate at low levels and bone density is also reduced.
We and others have demonstrated that amylin1,16,17 and insulin18
stimulate bone growth in vitro and in vivo.
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Adrenomedullin was first described in 199319 where it was
identified in a human phaeochromocytoma patient. This
peptide has since been found to be present not only in the
normal adrenal medulla but also in many other tissues20.
Adrenomedullin is a potent vasodilator, acting directly on
the renal, cerebral, mesenteric, pulmonary and systemic
circulations, including the vascular supply of the skeleton21.
Its haemodynamic effects are probably mediated via receptors
on vascular smooth muscle cells and possibly endothelial
cells. Binding to a number of other tissues, including lungs,
heart, kidneys and hypothalamus has also been demonstrated20.
We have recently shown specific binding of adrenomedullin
to primary osteoblasts6 and demonstrated that adrenomedullin
stimulates bone growth in vitro and in vivo3,4. Bone strength
was significantly increased when adrenomedullin was
systemically administered to adult mice4. Thus, amylin and
adrenomedullin may contribute to building stronger bones
and we have investigated these related peptides in a number
of skeletal models that are summarised in this review.

The peptides and their receptors
Amylin has an evolutionary relationship with insulin and
IGF-1. The peptide is structurally related to calcitonin,
Calcitonin gene-related peptide (CGRP) and adrenomedullin
(sequence identities 13%, 43-49% and 20%, respectively)22
(Fig. 1). All these peptides have an NH2-terminal ring created
by a disulfide bond, and are amidated at their carboxy-termini.
Amylin is a 37-amino acid peptide hormone that is
produced principally in the ‚-cells of the pancreatic islets
where its tissue content is less than 1% of that of insulin.
Amylin has also been detected in tissues of the gastrointestinal tract, with tissue concentrations about 1% of those
in the pancreas being found in the pyloric antrum23. Amylin
or its mRNA has also been found in lung, dorsal root
ganglion, hypothalamus and neuro-endocrine tumors24.
Circulating amylin levels are of the order of 5 pmol/liter
rising to 10-20 pmol/liter following a meal. Amylin secretion
is pulsatile, peaks occurring at about 5-minute intervals25.
Levels are higher in obese subjects and those with type II
diabetes26, but appear to be decreased by leptin27. There is

one report of amylin production from a human osteoblastlike cell line28, raising the possibility of amylin production
locally within the bone microenvironment, but we have been
unable to confirm the presence of amylin mRNA in primary
rat osteoblasts (Naot et al. unpublished data).
Adrenomedullin is a 52-amino acid peptide hormone and
it differs from the other peptides in that it has a linear aminoterminal extension, consisting of 15 amino acids in the human
and 13 in the rat. Adrenomedullin, similar to amylin, circulates
at picomolar concentrations in both rats and man20,29.
Adrenomedullin is present in normal adrenal medulla and in
vascular beds throughout the body, including the atria, ventricles,
endothelial cells, lungs, brain, kidneys and bone7,20,30.
Adrenomedullin and its mRNA have been demonstrated by
immunohistochemistry and in situ hybridization, respectively,
to be expressed at high levels in the osteoblasts and chondrocytes of mouse and rat embryos7. These workers have identified
adrenomedullin in maturing cartilage, hypertrophic cartilage
and in osteoblasts of the developing bone. We have recently
shown that adrenomedullin is also expressed in primary
osteoblasts isolated from fetal rats6. Adrenomedullin mRNA
was detected by reverse transciptase polymerase chain reaction
(RT-PCR) and by northern blot analysis, and the cells also
stained positive with anti-adrenomedullin antibodies in an
immunocytochemical assay. We have also demonstrated by
RT-PCR that adrenomedullin is present in human chondrocytes
cultured from articular cartilage explants (Cornish et al.,
submitted for publication). The peptide has been shown to be
produced in a macrophage-monocyte cell line31, leading to
speculation that adrenomedullin may be produced by the
osteoclast, although to our knowledge this has not been
investigated. An increasing number of conditions are being
identified in which there are major perturbations of circulating
adrenomedullin concentrations including acute sepsis32, hyperthyroidism33, and pregnancy34, and high peptide concentrations
have been reported in umbilical cord plasma, and amniotic
fluid34. The increase in bone turnover seen in these conditions
and in the fetus might be contributed to by adrenomedullin.
In non-osseous tissues, it has been demonstrated that
separate specific receptors exist for amylin and CGRP, with
some evidence pointing to more than one class of receptor

Figure 1. Amino acid sequences of amylin, adrenomedullin and related peptides. There is a disulfide bond between the two underlined
cysteine residues in each molecule. All peptides are amidated at their carboxy-terminus. Amino acids are identified as follows: A, alanine;
C, cysteine; D, aspartic acid; E, glutamic acid; F, phenylalanine; G, glycine; H, histidine; I, isoleucine; K, lysine; L, leucine; M, methionine;
N, asparagine; P,proline; Q, glutamine; R, arginine; S, serine; T, threonine; V, valine; Y, tyrosine.
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for the latter. Amylin, CGRP and calcitonin are able to
displace each other from specific binding sites, implying
significant cross-reactivity of each with the receptors of the
other peptides. Whether this leads to significant biological
effects at the physiological peptide concentrations is unknown.
Amylin’s effects on osteoblast proliferation and osteoclastic
bone resorption can be dissociated using amylin fragments
and blockers (see below). This suggests that the peptide’s
actions on these two types of bone cells may be mediated by
different receptors. The data available at the present time are
consistent with the actions of amylin and CGRP on bone
resorption being mediated by the calcitonin receptor. In the
osteoblast, relative potencies of both agonists and antagonists
for amylin, CGRP and adrenomedullin suggest that these
peptides act through a common receptor on osteoblasts and
that the receptor has a lower affinity for CGRP than for the
other two peptides. Amylin is not only substantially more
potent than CGRP in stimulating osteoblast proliferation, but
the stimulation produced by CGRP 10-8M, is completely
blocked by the amylin receptor blocker amylin-(8-37) 10-10M,
whereas the CGRP receptor blocker CGRP-(8-37) 10-8M is
unable to completely block the effects of amylin in this model.
This implies that CGRP is more likely to be acting through an
amylin receptor than one specific for CGRP35. In a recent
study in primary human osteoblast-like cells, amylin-(8-37) was
able to block amylin’s proliferative effects yet this antagonist
was unable to block the proliferative effects of CGRP, although
these workers were also unable to demonstrate that CGRP(8-37) was able to block CGRP’s proliferative effect either36.
Recently, we have shown that the proliferative effects of
amylin and adrenomedullin are dependent on the presence of
the IGF-1 receptor37,38, although neither of these peptides
appear to compete for binding to this receptor, implying a less
direct mechanism for its involvement.
Uncertainty still surrounds the identities of the receptors
for this family of peptides in non-bone cells. A CGRP receptor
was identified in 1995 by Kapas39 but recent work by McLatchie
et al. cast doubt upon the significance of this receptor40. They
suggest that the CGRP receptor is in fact the so-called
calcitonin receptor-like receptor (CRLR). Cells expressing
this receptor alone are relatively unresponsive to CGRP, but
in the presence of a molecule they have termed receptor
activity modifying protein-1 (RAMP1), the CRLR is both
glycosylated and translocated to the cell surface, conferring
CGRP sensitivity. Separate proteins, RAMP2 and RAMP3,
interact with this receptor to produce adrenomedullin receptors.
Other groups have confirmed that these CRLR-based
receptors account for most of the specific binding of
adrenomedullin and CGRP in a variety of rat tissues41. When
RAMPs 1 or 3 interact with the calcitonin receptor (CTR2), an
amylin receptor is created42,43. Recently, we have demonstrated
that primary rat osteoblasts and UMR-106.06 osteoblast-like
cells express the mRNAs for all 3 RAMPs, CRLR, and for
the putative adrenomedullin receptor identified by Kapas6
(Fig. 2). In addition, we have shown that primary osteoblastic
cells can bind 125I-adrenomedullin with high affinity and analysis

of competitive binding data suggested the existence of two types
of binding sites for adrenomedullin on primary osteoblasts.
However, the primary osteoblasts do not exhibit the calcitonin
receptor6. This raises an interesting question, as to what receptor
amylin is acting through. Thus, the receptor that binds and
mediates amylin’s effect in primary osteoblasts still needs to
be identified. In all the findings establishing the importance
of CRLR and CTR2 in association with the RAMPs as
defining the receptors of this peptide family, the endpoint
measured is a cAMP response which may not be the second
messenger mediating the action of these peptides on osteoblast
proliferation (Cornish, Callon and Reid, unpublished data).
Therefore, the relevance to osteoblast biology of these findings
remains to be determined. Neither the CGRP nor the
adrenomedullin receptor show significant cross-reactivity
with the other ligand, nor with amylin, as is demonstrated in
proliferation experiments. Furthermore, the structure-activityrelationship for the action of adrenomedullin on the receptor of
McLatchie et al. is quite different from that which we have
found in osteoblasts. These workers find that adrenomedullin(13-52) is the smallest active fragment whereas we find full
activity in adrenomedullin-(27-52)3. Thus, the receptor
complexes identified by McLatchie et al. appear to be different
from the receptors functioning in primary osteoblast cultures.
The receptors referred to above are all 7-transmembrane
G-protein coupled receptors, thought to act via adenylyl
cyclase and/or calcium-inositol signaling pathways. It should
be noted that the effects of these peptides on cyclic AMP
concentrations in osteoblasts are modest (in comparison with
parathyroid hormone, for instance) and that our recent work
indicates that amylin and adrenomedullin activate mitogenactivated protein kinase in osteoblasts38. Further work is needed
to delineate fully the second messenger pathways mediating
their effects in bone and to define whether different second
messenger systems are activated by the different amylin and
adrenomedullin fragments.

Figure 2. Expression of genes for adrenomedullin and its putative
receptors in primary osteoblasts and UM106-06 cells. RT-PCR was
carried out using specific primer pairs for the different cDNAs.
The RT-PCR products were resolved on a 1% agarose gel, except
for RAMP3 which was resolved on a 2% gel. All the amplified
cDNA fragments were extracted from the gels and their DNA
sequence determined. Lanes 1-6 and 13, RT-PCR products from
primary osteoblasts; lanes 7-12 and 14, RT-PCR products from
UMR106-06 cells. Lanes 1 and 7, adrenomedullin; lanes 2 and 8,
L1; lanes 3 and 9, RAMP1; lanes 4 and 10, RAMP2; lanes 5 and 11,
CRLR; lanes 6 and 12, CTR; lanes 13 and 14, RAMP3.
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Effects on osteoclasts
Soon after the isolation of amylin and the recognition of its
similarity to calcitonin, its effects on bone resorption were
investigated. Similar to calcitonin and CGRP, amylin lowers
plasma calcium levels when injected into man and rats although
amylin and CGRP are several orders of magnitude less potent
than calcitonin (Fig. 3a)44. A similar pattern of results is seen on
isolated osteoclasts (Fig. 3b). Amylin inhibits osteoclast motility
by way of increasing intracellular cyclic AMP concentration45.
Amylin does not produce the osteoclast retraction seen with
calcitonin. We have also studied the effect of amylin on
osteoclast development in mouse bone marrow cultures46. As
with calcitonin and CGRP, amylin inhibits both the
mononuclear osteoclast-like cell formation and the fusion of
these cells. In this system, calcitonin has a greater potency and
amylin is more active at lower concentrations than CGRP46.
Amylin has also been shown to reduce bone resorption in
organ culture. It is approximately equipotent with CGRP in
inhibiting calcitriol-stimulated resorption in fetal rat long
bones47. Amylin reduces both basal and parathyroid hormonestimulated bone resorption in neonatal mouse calvariae, and
cyclic AMP production is also stimulated in this model48,49.
In the studies of Cornish et al. (Fig. 4) inhibition of resorption

Figure 3. Effect of human amylin and human calcitonin on (a)
plasma calcium in the rat, and (b) bone resorption by isolated
osteoclasts in vitro. In (a), the doses are given in pmol/rat, and in
(b), in pmol/l. Data are mean ± sem. (From MacIntyre 1989, used
with permission). ■: human amylin, ■: human calcitonin.
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was seen at concentrations as low as 10-9M49.
These results should be interpreted in the light of the
marked propensity of amylin to adhere to the surfaces of
laboratory plasticware50, suggesting that the actual
concentrations of amylin in all in vitro experiments may be
one to two orders of magnitude less than the amount added
to the media. Thus, both the osteoclast and calvarial studies
imply that amylin may regulate bone resorption at physiological
concentrations. This activity is dependent on the presence of
the carboxy-terminal amide group. Amylin's inhibition of bone
resorption in neonatal mouse calvariae only occurs with the
intact molecule, in contrast to the situation with amylin action
on osteoblasts. Amylin fragments, which act as antagonists in
the osteoblast, do not affect amylin's effect on osteoclasts35.
The effect of amylin on resorption in vivo has now been
studied histomorphometrically in several different models.
Cornish et al.1 demonstrated 60-70% reductions in indices of
bone resorption following daily local administration of
amylin over the calvariae of adult mice (Fig. 5). Very similar
changes in resorption indices were seen following systemic
administration of amylin to adult male mice for 1 month2.
Consistent with the results in the organ culture the aminoterminal octapeptide of amylin [amylin-(1-8)] is without effect
on resorption in the systemic model5. In ovariectomized rats,
intact amylin reduces urinary excretion of deoxypyridinoline
and reduces bone loss17 (Fig. 6). In contrast, the earlier

Figure 4. Effect of rat amylin on basal bone resorption in neonatal
mouse calvariae. Based on data in Cornish et al. (1994).
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experiment of Romero51, in which amylin was administered
systemically to rats, showed only a non-significant trend
toward reduced resorption, and Borm et al. found no change
in resorption markers in 23 diabetic patients receiving the
amylin analogue, pramlintide, for 1 year52. The latter study
needs to be interpreted with caution, since it used an amylin
analog of unknown activity on bone, and it was uncontrolled.
Adrenomedullin, unlike the other members of this family,
does not inhibit bone resorption as assessed by 45Ca release
in neonatal mouse calvarial organ cultures and there was no

Figure 5. Comparison of the in vivo effects of rat amylin, human
adrenomedullin (ADM), rat calcitonin (CT) and rat CGRP on
bone histology in adult mice. Animals were injected daily with
4.1x10-9 mol of each peptide over the periosteum of one
hemicalvaria for 5 days, then sacrificed 1 week later. Data are
expressed as the ratio of each index measured in the injected
hemicalvaria to that measured in the contralateral, uninjected
hemicalvaria. n=5 in each group. Data are mean ± sem.
Significant differences (p<0.05), Student’s t test, between the
injected and uninjected hemicalvariae are indicated by asterisks.
(From Cornish et al. 1999, used with permission).

reduction in bone resorption indices seen when adrenomedullin
is administered either locally or systemically3,4.

Effects on osteoblasts
The binding of amylin to osteoblast-like cells was
demonstrated soon after the discovery of the peptide53 and
binding of amylin and stimulation of cyclic AMP production
was also demonstrated in a pre-osteoblastic cell line28.
However, these studies did not demonstrate cyclic AMP
production in response to amylin in primary osteoblast
cultures, although CGRP produced cyclic AMP in these cells.
Cornish et al.1 demonstrated stimulation of proliferation of

Figure 6. Effects of daily systemic administration of amylin (3Ìg/100g)
to ovariectomized rats for 90 days. Indices assessed were distal
metaphyseal bone mineral density of the femur (M-BMD), serum
osteocalcin concentration, and urinary excretion of deoxypyridinoline
(DPD). SH = sham operated, OVX = ovariectomized, AMY =
amylin. a, significantly different from sham animals, p<0.01; b,
significantly different from amylin-treated group, p<0.05; c,
significantly different from sham, p<0.05. (From Horcajada-Molteni
et al. 2000, used with permission).
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fetal rat osteoblasts by amylin in concentrations as low as 10-11M,
(i.e. periphysiological concentrations) (Fig. 7). The maximal
effects of amylin on cell proliferation in this culture system,
are similar to those of other osteoblast mitogens37, suggesting
that these effects might be of physiological significance.
Similar proliferative effects have been shown in human
osteoblasts by Villa et al.54 and by ourselves (unpublished
data). The effects of amylin, CGRP and PTH on the
development of mineralization in long-term osteoblast
cultures have been compared, and amylin was found to be a
more potent agent than either PTH or CGRP16.
Amylin-(1-8) also stimulates osteoblast proliferation,
though its half-maximally effective concentration is 10-fold
higher than that of the intact peptide (ie 2.0 x 10-11M for
amylin and 2.4 x 10-10M for the octapeptide)35 (Fig. 7). This
peptide also stimulates thymidine incorporation in neonatal
mouse calvariae55. In vivo studies of amylin's effect on

A

B

Figure 7. Dose-dependence of the effects of (A) rat amylin, rat
amylin-(1-8), and (B) human adrenomedullin on numbers of fetal
rat calvarial osteoblast-like cells in culture over 24 hours. Data are
expressed as treatment to control ratios. n=6 at each data point.
Data are mean ± sem. Statistical significance (by Student’s t test)
of differences from control: *p<0.03; **p<0.003. (From Cornish
and Reid 1998, used with permission).
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osteoblastic function are now available. Jacobs et al.56
commented on an increase in cortical endosteal osteoblast
numbers in normal rats treated with amylin, but not in
diabetic rats similarly treated. Subsequently, the same group
showed a transient elevation of serum osteocalcin in rats
given daily injections of amylin51. Cornish et al. have shown
2- to 4-fold increases in histomorphometric indices of
osteoblast activity in adult mice to which amylin was
administered locally over the calvariae daily for five days1
(Fig. 5). Similarly, we have now shown 30-100% increases in
these indices following daily systemic administration of
amylin over one month2. Horcajada-Molteni et al. have
demonstrated increases in serum osteocalcin concentrations
in ovariectomized rats treated systemically with amylin17
(Fig. 6), although the small human study with pramlintide
did not detect any changes in osteoblast function52.
These in vivo studies have now been extended to amylin(1-8). Daily systemic administration of this peptide to
sexually mature male mice for 4 weeks almost doubled
histomorphometric indices of osteoblast activity5. Thus, a
number of studies have found evidence of an anabolic action
of amylin and its amino-terminus in osteoblasts.
Adrenomedullin is a potent osteoblast mitogen, increasing
cell numbers and thymidine incorporation into DNA at
physiological concentrations of 10-12M and greater3 (Fig. 5).
Structure-activity-relationship studies revealed that treatment
for 24 hours with fragments of this protein, adrenomedullin (15-52), -(22-52), or -(27-52), produced a similar stimulation of
proliferation to that from the intact adrenomedullin molecule3.
In vascular smooth muscle, loss of the ring structure in the
adrenomedullin molecule, resulting from amino-terminal
truncation or removal of the disulfide bond, eliminates specific
binding and cyclic AMP formation57. In contrast, activity in
osteoblasts is preserved in peptides as short as adrenomedullin(27-52), suggesting that the disulfide bond and the ring
structure created by it, are not necessary. This suggests that a
different receptor mediates the effects of adrenomedullin in
osteoblasts from that in vascular smooth muscle. The activity of
these short fragments is also surprising when comparison is
made with amylin. When the ring is removed from amylin, the
resulting peptide [amylin-(8-37)] has no agonist activity on
osteoblasts and is in fact an antagonist. The effects of the intact
molecules of both adrenomedullin and amylin on osteoblast
proliferation are similar in terms of maximal effect, although
adrenomedullin produces detectable growth stimulation at
lower concentrations than amylin. Like CGRP, the proliferative
effects of adrenomedullin on osteoblasts are blocked by amylin
antagonists, such as amylin-(8-37), again suggesting involvement
of the same receptor.

Effects of peptides on bone volume
Considering that this family of peptides may be acting, in
part, in an autocrine/paracrine manner, we used an in vivo
model in which the local effects of factors on bone
histomorphometry can be determined. The peptides were
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administered by 5 daily subcutaneous injections over one of the
hemicalvariae of adult mice and the uninjected contralateral
hemicalvariae acted as controls. Amylin administration, at a
dose of 4x10-9mol per injection, significantly increased bone
formation, reduced resorption and led to a substantial increase
in mineralized bone area2 (Fig. 5). At equimolar doses, CGRP
in the same model produced no significant effects in
mineralized bone area and calcitonin caused a small, nonsignificant increase. Adrenomedullin increased indices of bone
formation to a similar extent to amylin, although there was no
effect on bone resorption3 (Fig. 5). Adrenomedullin also
significantly increased mineralized bone area in the calvaria3.
The consistent effects of amylin on bone formation and
resorption, suggested that amylin could contribute to the
regulation of bone mass and have a potential therapeutic role
in osteoporosis. However, to be used in this way it would be
necessary that amylin should increase bone mass when
administered systemically. Thus, we investigated amylin’s
effects in adult male mice injected subcutaneously with the
peptide at a dose of 10 Ìg/day for 4 consecutive weeks (5
injections/week). This treatment also resulted in increases in
bone formation and decreases in bone resorption3. There was a
striking increase (70%) in trabecular bone volume in the tibiae
of these animals which can be directly appreciated from the

Figure 8. Photomicrographs of the proximal tibiae of mice treated
systemically with (A) vehicle, or (B) amylin 10 Ìg/day for 4 weeks.
Trabecular bone volume is increased 70% in the amylin-treated
animals. (From Cornish et al. 1998, used with permission).

sections of bone, shown in Figure 8. Increases in trabecular
thickness and number as well as a decrease in trabecular
separation can be seen in this photomicrograph. The cortical
thickness was also significantly increased in the tibial shafts.
Amylin also increased the tibial length and growth plate
width, implying that the chondrocyte is also an amylin-target
cell. We have recently assessed this possibility directly in
primary cultures of canine chondrocytes. These cells show
increased thymidine incorporation and increased cell numbers
after treatment for 24 hours with amylin in concentrations of
10-11M and greater (Cornish et al., manuscript submitted).
These changes in chondrocyte proliferation in response to
amylin are comparable in magnitude to those seen in
osteoblasts. A further significant change noted in these
amylin-treated animals was an increase in the fat mass,
which had been predicted from its effects on intermediary
metabolism. Amylin causes insulin resistance in the liver and
in muscle but not in adipocytes24. Thus, hyperamylinemia
results in hyperinsulinemia that, in turn, stimulates lipogenesis.
The effects of systemically-administered amylin have also
been studied by Romero et al.51 who found small increases in
the bone mass of male rats in the absence of any changes in
histomorphometric or biochemical indices of bone turnover.
The more clear-cut result of our studies is possibly
attributable to our use of a 100-fold larger dose of peptide.
It is also possible that differences in peptide handling and
dissolution may have contributed, since amylin passes only
slowly into aqueous solution, is very adherent to plastic and
glass surfaces, and (when in powder form) is readily lost as a
result of its high electrostatic charge. Careful attention to
these issues has permitted us to effect a ten-fold increase in
the apparent potency of amylin in in vitro experiments, and
these practical issues may have contributed to the magnitude
of the effects demonstrated in vivo also. Other experimental
differences such as the use of a different animal model from
that used by Romero et al. may additionally have contributed
to the more marked effects seen in our study.
Recently, we have assessed the effects of systemic
administration of fragments of both amylin and adrenomedullin
to determine whether their beneficial effects on bone can be
dissociated from their potentially undesirable effects on fuel
metabolism and blood pressure, respectively. Systemic
administration of amylin-(1-8) at equimolar dosage used for
the full molecule (2.2 Ìg) , almost doubled histomorphometric
indices of osteoblast activity but did not change measures of
bone resorption5. Trabecular bone volume increased by 36%
(approximately half that seen for amylin entire molecule).
On three-point bending tests of bone strength of the tibiae,
displacement to fracture was increased by amylin-(1-8), from
0.302 ± 0.013 mm to 0.351 ± 0.017 mm (p = 0.02)5. In a
separate experiment utilizing dynamic histomorphometry
with bone-seeking fluorochrome labels, amylin-(1-8) was
administered by local injection over the calvariae of female
mice5. Amylin-(1-8) 40 nM increased the double-labeled
surface three-fold. The effect was dose-dependent from 0.4 40 nM, and greater than that of an equimolar dose of
21
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hPTH(1-34) (Fig. 9). Mineral apposition rate was increased
by 40 nM amylin-(1-8) but not by hPTH(1-34)5 (Fig. 9).
Adrenomedullin-(27-52), which is an osteoblast mitogen in
vitro (but no longer vasoactive), produced similar effects. In
the same systemic model and at an equimolar dosage to
amylin (8.1 Ìg per injection), adrenomedullin-(27-52)
produced increases in the indices of osteoblast activity, osteoid
perimeter and osteoblast perimeter (p<0.05, for both).
Osteoclast perimeter was not affected. There was a 21%
increase in cortical width and a 45% increase in trabecular
bone volume in animals treated with adrenomedullin-(27-52)
(p<0.002 for both). Assessment of bone strength by threepoint bending of the humerus showed both the maximal force
and the displacement to the point of failure were increased in
the animals treated with adrenomedullin-(27-52)4 (Fig. 10). It
is concluded that both amylin-(1-8) and adrenomedullin-(2752) act as anabolic agents on bone. These findings may be
relevant to the normal regulation of bone mass and to the
design of agents for the treatment of osteoporosis.

Acknowledgement
We acknowledge funding support from the Health Research Council
of New Zealand.

References
1.

2.

3.

4.

Figure 9. Effect of rat amylin-(1-8) and human PTH (1-34) on the
extent of the fluorochrome double-labelled surface (upper panel)
and mineral apposition rate (lower panel) in mice calvariae. Mice
were treated with local subcutaneous injections over the central
calvaria for 5 consecutive days and sacrificed 10 days later. (From
Cornish et al. 2000, used with permission).
22

Cornish J, Callon KE, Cooper GJS, Reid IR. Amylin
stimulates osteoblast proliferation and increases
mineralized bone volume in adult mice. Biochem
Biophys Res Commun 1995; 207:133-139.
Cornish J, Callon KE, King AR, Cooper GJS, Reid IR.
Systemic administration of amylin increases bone mass,
linear growth, and adiposity in adult male mice. Amer J
Physiol-Endocrinol Metab 1998; 38:E694-E699.
Cornish J, Callon KE, Coy DH, Jiang N-Y, Xiao L,
Cooper GJS, Reid IR. Adrenomedullin is a potent
stimulator of osteoblastic activity in vitro and in vivo.
Amer J Physiol-Endocrinol Metab 1997; 273:E1113-1120.
Cornish J, Callon KE, Bava U, Coy BH, Mulvey TB,

Figure 10. Effects of daily systemic administration of adrenomedullin(27-52) for 4 weeks on mechanical strength of the humerus, assessed
by maximal force (Fmax) and displacement values from loaddeformation curves obtained from three-point bending tests. n = 20
in each group. Data are mean ± sem. *, significantly different from
control, p<0.03. (From Cornish et al. 2001, used with permission).

J. Cornish and I.R. Reid: Amylin and Adrenomedullin

5.

6.

7.

8.

9.

10.

11.

12.

13.

14.

15.

16.

17.

Murray MAF, Cooper GJS, Reid IR. Systemic
administration of adrenomedullin (27-52) increases
bone volume and strength in male mice. J Endocrinol
2001 (in press).
Cornish J, Callon KE, Gasser JA, Bava U, Gardiner
EM, Coy DH, Cooper GJS, Reid IR. Systemic
administration of a novel octapeptide, amylin-(1-8),
increases bone volume in male mice. Amer J PhysiolEndocrinol Metab 2000; 279:E730-E735.
Naot D, Callon KE, Cooper GJS, Reid IR, Cornish J.
A potential role for adrenomedullin as a local regulator
of bone growth. Endocrinology 2001 (in press).
Montuenga LM, Martinez A, Miller MJ, Unsworth EJ,
Cuttitta F. Expression of adrenomedullin and its receptor
during embryogenesis suggests autocrine or paracrine
modes of action. Endocrinology 1997; 138:440-451.
Cooper GJS, Willis AC, Clark A, Turner RC, Sim RB,
Reid KBM. Purification and characterization of a
peptide from amyloid-rich pancreases of type 2 diabetic
patients. Proc Natl Acad Sci USA 1987; 84:8628-8632.
Cooper GJS. Amylin: physiology and pathophysiology.
The endocrine pancreas and regulation of metabolism.
In: Jefferson LS, Cherrington AD (ed) The Handbook
of Physiology, Chapter 10, Section 7. American
Physiological Society, Oxford University Press, New
York, NY; 2000(in press).
German MS, Moss LG, Wang J, Rutter WJ. The insulin
and islet amyloid polypeptide genes contain similar cellspecific promoter elements that bind identical beta-cell
complexes. Mol Cell Biol 1992; 12:1777-1788.
O'Brien TD, Westermark P, Johnson KH. Islet amyloid
polypeptide and insulin secretion from isolated
perfused pancreas of fed, fasted, glucose-treated and
dexamethasone-treated rats. Diabetes 1991; 40:1701-1706.
Alam T, Chen L, Ogawa A, Leffert JD, Unger RH,
Luskey KL. Coordinate regulation of amylin and insulin
expression in response to hypoglycemia and fasting.
Diabetes 1992; 41:508-514.
Mitsukawa T, Takemura J, Asai J, Nakazato M,
Kangawa K, Matsuo H, Matsukura S. Islet amyloid
polypeptide response to glucose, insulin and somatostatin
analogue administration. Diabetes 1990; 39:639-42.
Reid IR, Plank LD, Evans MC. Fat mass is an
important determinant of whole body bone density in
premenopausal women but not in men. J Clin
Endocrinol Metab 1992; 75:779-82.
Reid IR, Ames R, Evans MC, Sharpe S, Gamble G,
France JT, Lim TMT, Cundy TF. Determinants of total
body and regional bone mineral density in normal
postmenopausal women - a key role for fat mass. J Clin
Endocrinol Metab 1992; 75:45-51.
Burns MD, Kawase T. Calcitonin gene-related peptide,
amylin, or parathyroid hormone stimulate (in vitro) biomineralization. J Bone Miner Res 1997;12(Suppl 1): S324.
Horcajada-Molteni MN, Davicco MJ, Lebecque P,
Coxam V, Young AA, Barlet JP. Amylin inhibits

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

ovariectomy-induced bone loss in rats. J Endocrinol
2000; 165:663-668.
Cornish J, Callon KE, Reid IR. Insulin increases
histomorphometric indices of bone formation in vivo.
Calcif Tissue Int 1996; 59:492-495.
Kitamura K, Kangawa K, Kawamoto M, Ichiki Y,
Nakamura S, Matsuo H, Eto T. Adrenomedullin: a
novel hypotensive peptide isolated from human
pheochromocytoma. Biochem Biophys Res Commun
1993; 192:553-560.
Hinson JP, Kapas S, Smith DM. Adrenomedullin, a
multifunctional regulatory peptide [Review]. Endocrine
Rev 2000; 21:138-167.
Kato T, Bishop AT, Wood MB, Adams ML. Effect of
human adrenomedullin on vascular resistance of the
canine tibia. J Orthop Res 1996; 14:329-333.
Reid IR, Cornish J. Amylin and CGRP. In: Bilezekian
JP, Raisz LG, Rodan GA (eds) Principals in Bone
Biology. 2nd ed. Academic Press, San Diego; 2001(in
press).
Nakazato M, Asai J, Kangawa K, Matsukura S, Matsuo
H. Establishment of radioimmunoassay for human islet
amyloid polypeptide and its tissue content and plasma
concentration. FEBS Lett 1989; 164:394-399.
Cooper GJS. Amylin compared with calcitonin generelated peptide - structure, biology, and relevance to
metabolic disease. Endocrine Rev 1994; 15:163-201.
Juhl CB, Porksen N, Sturis J, Hansen AP, Veldhuis JD,
Pincus S, Fineman M, Schmitz O. High-frequency
oscillations in circulating amylin concentrations in
healthy humans. Amer J Physiol-Endocrinol Metab
2000; 278:E484-E490.
Butler PC, Chou J, Carter WB, Wang Y-N, Bu B-H.
Chang D, Chang J-W, Rizza RA. Effects of meal
ingestion on plasma amylin concentration in NIDDM
and nondiabetic humans. Diabetes 1990; 39:752-76.
Karlsson E, Stridsberg M, Sandler S. Leptin regulation
of islet amyloid polypeptide secretion from mouse
pancreatic islets. Biochem Pharmacol 1998; 56:13391346.
Gilbey SG, Ghatei MA, Bretherton-Watt D, Zaidi M,
Jones PM, Perera T, Beacham J, Girgis S, Bloom SR.
Islet amyloid polypeptide: production by an osteoblast
cell line and possible role as a paracrine regulator of
osteoclast function in man. Clin Sci 1991; 81:803-808.
Kitamura K, Ichiki Y, Tanaka M, Kawamoto M, Emura
J, Sakakibara S, Kangawa K, Matsuo H, Eto T.
Immunoreactive adrenomedullin in human plasma.
FEBS Lett 1994; 341:288-290.
Ichiki Y, Kitamura K, Kangawa K, Kawamoto M,
Matsuo H, Eto T. Distribution and characterization of
immunoreactive adrenomedullin in human tissue and
plasma. FEBS Lett 1994; 338:6-10.
Kubo A, Minamino N, Isumi Y, Katafuchi T, Kangawa
K, Dohi K, Matsuo H. Production of adrenomedullin in
macrophage cell line and peritoneal macrophage. J Biol
23

J. Cornish and I.R. Reid: Amylin and Adrenomedullin

Chem 1998; 273(27):16730-16738.
32. Hirata Y, Mitaka C, Sato K, Nagura T, Tsunoda Y,
Amaha K, Marumo F. Increased circulating
adrenomedullin, a novel vasodilatory peptide, in sepsis.
J Clin Endocrinol Metab 1996; 81:1449-1453.
33. Taniyama M, Kitamura K, Ban Y, Eto T, Katagiri T.
Elevated
plasma
adrenomedullin
level
in
hyperthyroidism. Eur J Clin Invest 1996; 26:454-456.
34. Di Iorio R, Marinoni E, Scavo D, Letizia C, Cosmi EV.
Adrenomedullin in pregnancy. Lancet 1997; 349:328.
35. Cornish J, Callon KE, Lin CQ, Xiao CL, Mulvey TB,
Coy DH, Cooper GJS, Reid IR. Dissociation of the
effects of amylin on osteoblast proliferation and bone
resorption. Amer J Physiol-Endocrinol Metab 1998;
274:E827-E833.
36. Villa I, Melzi R, Pagani F, Ravasi F, Rubinacci A,
Guidobono F. Effects of calcitonin gene-related
peptide and amylin on human osteoblast-like cells
proliferation. Eur J Pharmacol 2000; 409:273-278.
37. Cornish J, Callon KE, Grey AB, Balchin LM, Cooper
GJS, Reid IR. Comparison of the effects of calcitonin
gene-related peptide and amylin on osteoblasts. J Bone
Miner Res 1999; 14(8):1302-1309.
38. Grey AB, Cornish J, Callon KE, Lin C, Gilmour RS,
Reid IR. Amylin and adrenomedullin signaling to MAP
Kinase involves the IGF-1 receptor. J Bone Miner Res
1999; 14(Suppl 1):S461.
39. Kapas S, Catt KJ, Clark AJL. Cloning and expression of
cDNA encoding a rat adrenomedullin receptor. J Biol
Chem 1995; 270:25344-25347.
40. McLatchie LM, Fraser NJ, Main MJ, Wise A, Brown J,
Thompson N, Solari R, Lee MG, Foord SM. RAMPs
regulate the transport and ligand specificity of the
calcitonin- receptor-like receptor. Nature 1998; 393:
333-339.
41. Chakravarty P, Suthar TP, Coppock HA, Nicholl CG,
Bloom SR, Legon S, Smith DM. CGRP and adrenomedullin binding correlates with transcript levels for
calcitonin receptor-like receptor (CRLR) and receptor
activity modifying proteins (RAMPs) in rat tissues. Br J
Pharmacol 2000; 130:189-195.
42. Muff R, Buhlmann N, Fischer JA, Born W. An amylin
receptor is revealed following co-transfection of a
calcitonin receptor with receptor activity modifying
proteins-1 or -3. Endocrinology 1999; 140:2924-2927.
43. Christopoulos G, Perry KJ, Morfis M, Tilakaratne N,
Gao Y, Fraser NJ, Main MJ, Foord SM, Sexton PM.
Multiple amylin receptors arise from receptor activitymodifying protein interaction with the calcitonin
receptor gene product. Molecular Pharmacology 1999;
56:235-242.
44. MacIntyre I. Amylinamide, bone conservation, and
pancreatic beta cells. Lancet 1989; i:1026-1027.

24

45. Alam AS, Moonga BS, Bevis PJ, Huang CL, Zaidi M.
Amylin inhibits bone resorption by a direct effect on the
motility of rat osteoclasts. Exp Physiol 1993; 78:183-196.
46. Cornish J, Callon KE, Bava U, Kamona SA, Cooper
GJS, Reid IR. Effects of calcitonin, amylin and
calcitonin gene-related peptide on osteoclast
development. Bone 2001 (in press).
47. Tamura T, Miyaura C, Owan I, Suda T. Mechanism of
action of amylin in bone. J Cell Physiol 1992; 153:6-14.
48. Pietschmann P, Farsoudi KH, Hoffmann O, Klaushofer K,
Horandner H, Peterlik M. Inhibitory effect of amylin
on basal and parathyroid hormone-stimulated bone
resorption in cultured neonatal mouse calvaria. Bone
1993; 14:167-172.
49. Cornish J, Callon KE, Cooper GJS, Reid IR. The effect
of amylin in neonatal mouse calvaria. Bone Miner 1994;
25(Suppl 1):s41.
50. Young AA, Gedulin B, Wolfelopez D, Greene HE,
Rink TJ, Cooper GJS. Amylin and insulin in rat soleus
muscle - dose responses for cosecreted noncompetitive
antagonists. Amer J Physiol-Endocrinol Metab 1992;
263:E274-E281.
51. Romero DF, Bryer HP, Rucinski B, Isserow JA,
Buchinsky FJ, Cvetkovic M, Liu CC, Epstein S. Amylin
increases bone volume but cannot ameliorate diabetic
osteopenia. Calcif Tissue Int 1995; 56:54-61.
52. Borm AK, Klevesath MS, Borcea V, Kasperk C, Seibel
MJ, Wahl P, Ziegler R, Nawroth PP. The effect of
pramlintide (amylin analogue) treatment on bone
metabolism and bone density in patients with type 1
diabetes mellitus. Horm Metabol Res 1999; 31:472-475.
53. Datta HK, Rafter PW, Ohri SK, MacIntyre I,
Wimalawansa SJ. Amylin-amide competes with CGRP
binding sites on osteoblast-like osteosarcoma cells. J
Bone Miner Res 1990; 5 (Suppl 2):s229.
54. Villa I, Rubinacci A, Ravasi F, Ferrara AF, Guidobono
F. Effects of amylin on human osteoblast-like cells.
Peptides 1997; 18:537-540.
55. Cornish J, Callon KE, Lin CQ-X, Xiao CL, Mulvey TB,
Cooper GJS, Reid IR. Trifluoroacetate, a contaminant
in purified proteins, inhibits proliferation of osteoblasts
and chondrocytes. Amer J Physiol-Endocrinol Metab
1999; 277:E779-E785.
56. Jacobs TW, Takizawa M, Liu CC, Berlin JA, Katz IA,
Stein B, Joffe II, Cooper GJS, Epstein S. Amylin
stimulates bone cell turnover in vivo in normal and
diabetic rats. J Bone Miner Res 1992; 7 (Suppl 1):s226.
57. Eguchi S, Hirata Y, Iwasaki H, Sato K, Watanabe TX,
Inui T, Nakajima K, Sakakibara S, Marumo F.
Structure-activity relationship of adrenomedullin, a novel
vasodilatory peptide, in cultured rat vascular smooth
muscle cells. Endocrinology 1994; 135:2454-2458.

