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Abstract Amylin is a 37-amino acid peptide first isolated, purified, and characterized from the amyloid deposits 
in the pancreases of type 2 diabetics. It is synthesized and secreted primarily from pancreatic beta cells along with 
insulin. The ability of amylin to potently reduce insulin-stimulated incorporation of glucose into glycogen in skeletal 
muscle requires both an intact 2Cys-7Cys disulfide bond and a COOH-terminal amide. Amylin has structural and 
functional relationships to two other messenger proteins, calcitonin and CGRP. Amylin has relatively potent calcitonin- 
like activity on bone metabolism and weaker CGRP-like activity on the vasculature. CGRP is a slightly weaker agonist 
than amylin for metabolic responses. Although rat calcitonins are weak, teleost fish calcitonins are very potent agonists 
for amylin’s metabolic effects. This group of peptides appears to act on a family of related G protein-coupled receptors; 
several variant calcitonin receptors have recently been cloned and expressed. These receptors appear to be coupled to 
adenylyl cyclase in many instances; recent evidence supports the view that amylin’s effects on skeletal muscle occur, at 
least in large part, through activation of the cAMP pathway. o 1994 Wiley-Liss, Inc. 
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INTRODUCTION 

This brief overview outlines some key aspects 
of amylin structure, synthesis, secretion, and 
physiology that have been characterized during 
the 6 years since amylin was first identified [ 11. 
A potent effect of amylin at inhibiting insulin- 
stimulated incorporation of glucose into glyco- 
gen in rat soleus muscle, was reported in 1988 
[2]; since that time, biological actions on several 
metabolically important processes and a variety 
of other systems have been reported [31. Func- 
tional relationships to calcitonin and CGRP (cal- 
citonin gene-related peptide) have also been un- 
covered; the current understanding of these 
relationships and the emerging picture of a fam- 
ily of receptors of these bioactive peptides are 
discussed. Detailed investigation of receptor 
binding, signal transduction, and cellular target 
enzymes reveals very potent effects of amylin in 
vitro, in the 10-100-pM range, comparable to 
the levels of amylin reported in rodent and hu- 
man plasma. These findings, along with the 
developing concepts of amylin’s roles in meta- 
bolic control and the use of amylin receptor 
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antagonists to probe actions of endogenous amy- 
lin in vivo (summarized in Young et al., page 12, 
this issue) fit with the original concept of amylin 
as an endocrine partner to insulin. 

STRUCTURE 

Figure 1 shows the primary structure of hu- 
man amylin as directly elucidated by amino acid 
sequencing of material isolated and purified from 
human pancreatic amyloid, together with its 
two post-translational modifications, the disul- 
fide bond and the COOH-terminal amidation 
[l l .  Amylin is about 50% identical to CGRP-I 
and CGRP-I1 and structurally related to the 
calcitonins. Determination of the primary se- 
quence allowed molecular cloning of the amylin 
gene in humans and several mammalian spe- 
cies. There appears to be only one gene copy, in 
humans on chromosome 12. The open reading 
frame codes for a precursor molecule, pre- 
proamylin with typical hormone-processing diba- 
sic sites, and an amidation signal, i.e., a glycine 
next to the COOH-terminal tyrosine [41. 

There is considerable interspecies variation in 
the central region of the primary structure of 
amylin. However, the N-terminal and C-termi- 
nal portions of the molecule are strongly con- 
served. In human amylin the region between 
amino acids 20 and 29 appears to form beta- 
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Fig. 1 .  Comparison of the structure of amylin, CGRPs, and calcitonins. 

pleated sheets and to be responsible for the very 
strong tendency to self-aggregate and form the 
insoluble plaques, which are pancreatic amyloid 
material [5]. This feature makes human amylin 
extremely difficult to work with either as an 
experimental tool or as a potential therapeutic 
agent. For this reason, a modified amylin ago- 
nist, AC137, with proline substituted at posi- 
tions 25,28, and 29, is now being used in clinical 
trials. 

Recent circular dichroism and solution NMR 
measurements (N. Anderson, manuscript in 
preparation) with both human and rat amylin 
indicate a significant amount of secondary struc- 
ture in these molecules. The N-terminal loop 
has a fairly well-defined structure, the region 
from approximately amino acids 7-20 has a 
marked tendency to form an a-helix and from 
both of these physical chemistry studies and 
studies of chemical modifications of the COOH- 
terminus, there is good evidence for a P-turn 
between positions 30 and 36. 

SECRETION 

Tissue localization studies using in situ hybrid- 
ization (mRNA) or immunofluorescence (ir) 
show that amylin message and protein are most 
prominent in pancreatic p-cells [6,71; however, 
as shown in Table 1, evidence from one or both 
techniques indicates that small amounts of amy- 
lin may be expressed in a variety of other tissues 
[81. Stimulus-secretion studies with isolated 
p-cells [91, disaggregated islets [10,111, and per- 
fused pancreas 1121 show that during brief stimu- 
lation by glucose or arginine, amylin, and insu- 

TABLE I. Amylin Localization 

High Pancreatic @-cell ir, mRNA 
Pancreatic &cell (rat) ir 

Low Dorsal root ganglion ir, mRNA 
Lung ir, mRNA 
Stomach ir, mRNA 
Intestinal tract ir 
Hypothalamus ir 

Tumors Insulinoma ir, mRNA 
Osteoblastoma ir, mRNA 
Pancreatic tumors ir 
Oat cell carcinoma ir 

lin are secreted at approximately constant molar 
ratio, typically 2-5% amylin compared to insulin 
in the rat. However, on prolonged stimulation 
by glucose, and in models in which animals 
become insulin resistant and type 2 diabetic, 
there is evidence that the amylinlinsulin ratio 
can increase [13,141. Minimal or undetectable 
levels of amylin in human subjects with insulin- 
dependent diabetes, in whom p cells have been 
destroyed by autoimmune attack, suggest that 
most circulating amylin derives from p-cell secre- 
tion [15]. 

In humans, amylin levels measured by radio- 
immunoassay range from 2 to 10 pM in the 
fasted state to 8-20 pM postprandially or post- 
glucose 115-171. In insulin-resistant states, in- 
cluding obesity, glucose intolerance, and gesta- 
tional diabetes, considerably higher levels are 
often seen, with fasting levels as high as 40 pM 
and postprandial levels as high as 90 pM, has 
been seen in a few subjects [181. In rodents, 
reported amylin levels are somewhat higher, 
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Fig. 2. Reversed-phase HPLC of plasma amylin immunoreac- 
tivity. 20 ml of plasma from a normal subject after overnight 
fasting was acidified by addition of an equal volume of 1% 
trifluoroacetic acid (TFA) and extracted on a SepPak CIS col- 
umn with elution at 2 5 4 0 %  CH&N in 0.5% TFA. The partially 
evaporated eluate was fractionated on a Vydak C4 300A 4.6 x 
250 mm reversed-phase column at 0.6 ml/min with an acetoni- 

reaching several hundred picomoles (pM) in a 
number of insulin-resistant varieties [19,201. 

Significant proportions of circulating immuno- 
reactive amylin have been reported to consist of 
fragments or altered species that do not coelute 
with intact synthetic amylin during reversed- 
phase chromatography [21,22]. Recently, we 
have developed a series of two-site monoclonal 
assays with one of the pair of monoclonals spe- 
cific for the amidated COOH-terminal end of the 
molecule and the other directed toward either 
the middle region or the NH,-terminal (Phelps 
et al. and Percy et al., manuscripts in prepara- 
tion). The data for healthy human subjects (Fig. 
a), indicate that approximately 40% of circulat- 
ing amylin-like immunoreactivity is in the in- 
tact molecule, while some 60% is distributed 
among other molecular species, which, based on 
antibody-recognition patterns, contain alter- 
ations near the amino-terminus. These amylin- 
like immunoreactive species may be secreted by 
the pancreas, since peak interconversion was 
not observed upon incubation with plasma, and 
similar immunoreactive peaks have been found 
in perfusate from isolated human pancreas (Rit- 
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trile gradient in 0.1% TFA. Fractions collected at 1 min intervals 
were lyophilized, resuspended in 0.25-ml assay buffer, and 
assayed for amylin immunoreactivity using synthetic human 
amylin standards. Open squares:immunoreactivity for full length 
amylin; closed squares:immunoreactivity recognizing amylin 
mid-to-amidated COOH-terminal region. 

tenhouse et al., manuscript in preparation). The 
task now is to isolate and chemically character- 
ize these different fractions, a nontrivial under- 
taking in view of the very low plasma levels of 
these molecules. 

IN VITRO AMYLIN ACTIONS ON 
METABOLICALLY RELEVANT TISSUES 

Skeletal Muscle 

The first demonstrated biologic action of amy- 
lin was the inhibition of insulin-stimulated incor- 
poration of labeled glucose into glycogen in skel- 
etal muscle [2,231. Subsequent studies have 
confirmed and extended these findings; thus, it 
is now clear that this is a highly potent effect, 
half-maximal at sub-nanomolar concentrations 
in the rat soleus muscle [241 (see also Young et 
al., page 12, this issue) and with measurable 
effects at 10-100 pM [25]. The available pub- 
lished data indicate that amylin influences 
muscle glycogen metabolism via activation of 
glycogen phosphorylase and inhibition of glyco- 
gen synthase [26-291, enzymatic changes known 
to follow elevation of cytosolic calcium during 
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contraction and elevation of CAMP by, for in- 
stance, circulating epinephrine. The come- 
quences of these enzyme modulations include 
reduction of total glycogen content and an in- 
crease lactate production, due to flux of glucose 
6-P through the glycolytic pathway, in the ab- 
sence of any stimulus to increase oxidative phos- 
phorylation [23,28,291. Whether amylin has 
other molecular targets in muscle, such as glu- 
cose transport [28,30-321 is not clear; but amy- 
lin appears not to interact with insulin receptors 
at the level of binding or of their tyrosine kinase 
activity [33,341. 

Fat and Liver 

Amylin appears to have no direct actions on 
adipocytes, at least in terms of influencing glu- 
cose uptake, lipogenesis, or lipolysis, whether 
under basal conditions or in the presence of 
insulin or norepinephrine [2,35]. It has proved 
difficult despite efforts by several different 
groups, including our own, to  demonstrate con- 
vincing reproducible effects of amylin on iso- 
lated hepatocytes. Gomez-Foix et al. [36] re- 
ported that amylin inhibited the ability of insulin 
to modify glycogen metabolism, whilst having 
no direct effect itself. Insulin stimulated glucoki- 
nase gene expression however, is unaffected by 
amylin [371. Glucagon-like glycogenolytic effects 
of amylin have been reported by some investiga- 
tors [38,391, but not by others [40]. Interest- 
ingly, Stephens et al. [40] also demonstrated 
amylin/CGRP binding and effects on CAMP only 
in nonparenchymal cells. Studies using perfused 
livers have also failed to demonstrate any glu- 
cose producing effects of amylin [41,421. Some 
investigators [431, have observed small rises in 
CAMP (as compared to the effects of glucagon) 
and modest activation of phosphorylase in puri- 
fied hepatocytes challenged with high nanomo- 
lar levels of amylin, but only in the presence of 
IBMX to block cyclic nucleotide phosphodiester- 
ases. The physiologic relevance of this action is 
debatable, since the reported actions of amylin 
on liver metabolism in vivo are more readily 
associated with increased glycogen synthesis 
1441, as noted in Young et al., page 12, this issue. 
However, the available data do not exclude some 
direct action of amylin on liver cells and further 
investigation in vitro and in vivo is needed. 

Pancreatic p-Cells 

The available evidence supports the idea that 
amylin can reduce insulin secretion, by an ac- 
tion at the level of the islet and very likely at the 

p-cell itself. Amylin, at concentrations as low as 
75 pM, reduced markedly glucose-stimulated in- 
sulin secretion in the perfused rat pancreas 
[45,46], and similar effects are reported with 
perfused islets and disaggregated mouse p-cells 
[47-49] and Rin m5F cells [38]. This inhibition 
appears not to involve p-cell function [46] or to 
be mediated by somatostatin [50]. Others have 
failed to show an effect of amylin on insulin 
release [51-531. This discrepancy could be due 
to endogenously released amylin from islets or 
cells in vitro that may be sufficient to  mask the 
effects of exogenously added amylin. Another 
approach for these studies is to block the effects 
of endogenously secreted amylin, by the use of 
specific amylin antagonists. Indeed, s-37hCGRP 
[54] and S-37amylin 1491 have been reported to 
increase insulin secretion in whole animals and 
in isolated islets, and we have recently found 
similar effects with a P-cell line (HIT cells) in 
static culture (Moore et al., unpublished observa- 
tions). A newly identified amylin receptor antago- 
nist (AC66) which is highly selective for amylin 
but not CGRPl receptors (Beaumont, Gaeta, 
Young, Wang et al., unpublished results) pro- 
duced similar effects. These results are consis- 
tent with endogenously secreted amylin exert- 
ing an inhibitory effect on p-cell insulin secretion 
which is reversed by an amylin antagonist. 

Bone and Vasculature Tissue 

Amylin is also reported to have relatively po- 
tent effects (in the nM range), inducing quies- 
cence in isolated osteoclasts [55], consistent with 
activation of calcitonin receptors linked to ad- 
enylyl cyclase [56,571. Various other cellular 
effects of amylin are reported and have been 
recently reviewed 13,581 but are either not ger- 
mane to metabolic regulation or are not readily 
reproducible, at  least in our hands. While amy- 
lin evidently has weak CGRP-like vasodilator 
and hypotensive actions in vivo [59,601, we are 
not aware of published in vitro investigations of 
amylin action on the vasculature. 

AMYLIN-LIKE ACTIONS OF CCRP AND 
CALCITONINS 

The ability of amylin to mimic, in part at  least, 
the best recognized actions of CGRP and calcito- 
nins has been alluded to above. Further indicat- 
ing a functional relationship, these peptides have 
been found to mimic amylin’s metabolic actions. 
It was shown during the earliest studies of amy- 
lin, that CGRP was almost as potent as amylin 
in influencing glycogen metabolism in skeletal 
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muscle [231, and CGRP was reported to inhibit 
insulin secretion [61-631. Despite the apparent 
abundance of CGRP receptors in liver mem- 
branes [64-661, CGRP appears, like amylin, to 
have only very modest effects on liver metabo- 
lism [36,40,431. We are not aware of studies of 
CGRP on adipocytes. In vivo, CGRP mimics 
amylin’s actions to elevate plasma lactate and 
glucose [60,67,681. When one attempts to allow 
for the marked cardiovascular action of CGRP it 
appears that higher doses of exogenous CGRP 
than of amylin are required to evoke measurable 
increases in plasma lactate and glucose in fasted 
anesthetized rats; thus, CGRP appears to  be less 
potent than amylin on these metabolic effects 
[601. 

A surprising finding was that salmon calcito- 
nin inhibited insulin-stimulated incorporation 
of glucose into glycogen in isolated rat soleus 
muscle more potently than does rat amylin; by 
contrast rat calcitonin is distinctly less potent 
[3]. In vivo studies fit with the in vitro data in 
that salmon calcitonin increases plasma lactate 
and glucose concentrations in fasted anesthe- 
tized rats more potently than does amylin [31 
(Younget al., page 12, this issue). As with CGRP, 
it was reported some years ago that salmon 
calcitonin can inhibit insulin secretion [69,70]. 
Thus salmon calcitonin shares the most evident 
metabolic actions of amylin. Table 2 summa- 
rizes some of our current thinking about the 
functional relations of this family of peptides. 

RECEPTORS 

The in vitro and in vivo functional studies of 
amylin, calcitonin and CGRP action most likely 
reflect interaction of these peptides, with differ- 
ing selectivities at a family of receptors. We have 
used the phrase “receptor cross-talk” to encom- 
pass this notion. 

CGRP 

There is a quite extensive literature on CGRP- 
binding studies, with rather less work on func- 
tional pharmacological dose-response relations 

TABLE 11. Biologic Actions of Amylin, 
Calcitonin and CGRP 

Skeletal 
muscle @-cells Vascular Bone 

~~ ~ 

Amylin +++ +++ + + + ( + I  
Rat calcitonin + ? - +++ 
Salmoncalcitonin ++++ +++ - ++++ 
CGRP ++ +++ ++++ ++ 

m i .  Space precludes reviewing these even 
briefly, but we believe most readers would con- 
clude that there are at least two sub-types of 
CGRP receptors; for example those in vascular 
smooth muscle, liver and cerebella membranes 
appear pharmacologically distinct from CGRP 
receptors on endothelial cells, atrium, or vas 
deferens, in terms of relative apparent affinity 
for CGRP-I and -11 and for (8-37l-CGRP. There 
is a quite high density of CGRP receptors in 
skeletal muscle membranes which may account 
for the marked CGRP-responsiveness of this 
tissue [661. Indeed, CGRP receptors are wide 
spread, and are found on many cell lines [72,731, 
consistent with the wide distribution of CGRP 
as a neurotransmitter (or neuromodulator) in 
both the central and peripheral nervous sys- 
tems. Many [65,661 but not all [741 CGRP recep- 
tors appear to couple to adenylyl cyclase via Gs. 
Amylin typically displaces, or competes for, ra- 
diolabeled CGRP at these receptors with an 
affinity 100-1,000 times lower than does cold 
CGRP [65,72,73]. Calcitonins, whether mamma- 
lian or teleost have shown weak interaction with 
CGRP receptors. 

Calcitonin 

It has seemed clear from binding studies that 
there are at  least two rather different calcitonin 
receptors [55,75-771. Several cell lines, includ- 
ing some from human breast cancers, display 
dense calcitonin binding with salmon calcitonin, 
some 10-50-fold more potent than mammalian 
calcitonin [72,78]. It seems generally accepted, 
that these receptors are representative of those 
on osteoclasts, that subserve calcitonin’s major 
actions on bone and calcium metabolism. Appar- 
ently different receptors are found, for instance, 
in certain brain regions [ 791 and in renal cortex 
[80], with pM affinity for salmon calcitonin and 
only pM affinity for mammalian calcitonin. The 
finding of such receptors together with reports 
of various tissue extracts with salmon calcitonin- 
like immunoreactivity [81-841 has suggested to 
some authors that there may be as-yet unidenti- 
fied endogenous ligands in mammals directed to 
this type of calcitonin receptor. Perhaps reflec- 
tive of the multiplicity of calcitonin receptors, 
amylin, and to a lesser extent CGRP, appears to 
fairly potently interact with certain high affinity 
calcitonin binding sites [55-57,861, while both 
amylin and CGRP interact much more weakly 
than calcitonin at others [85]. Consistent with 
this multiplicity of pharmacological profiles for 
calcitonin binding, recent molecular cloning 
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studies are revealing multiple structural Vari- 
ants of calcitonin receptors C87-891. 

The distinct spectrum of biologic actions of 
amylin and our analysis of dose-response rela- 
tions were considered by our group to support 
the concept of distinct amylin receptors, al- 
though several other groups have concluded that 
amylin’s metabolic effects are mediated via 
CGRP receptors [43,65,66,901. In part, their 
conclusion reflected their failure to identify high- 
affinity amylin binding sites. We have now re- 
ported the presence of high-affinity, Kd 27 pM 
amylin binding in certain areas of rat brain as 
assessed by both autoradiography and binding 
of 1251-Bolton-Hunter-labeled rat amylin to 
membrane preparations [91]. The highest con- 
centration of these binding sites, which we be- 
lieve to  be receptors, is in the nucleus accum- 
bens. Amylin binding sites are also present in 
certain other regions including the OVLT and 
other brain regions outside the blood-brain bar- 
rier and thus, potentially well placed to respond 
to fluctuations of amylin concentration in the 
circulation. 

Thus far, there are no reports of molecular 
cloning of a high-affinity receptor with pharma- 
cological characteristics that fit with the binding 
and competition profile of the rat nucleus accum- 
bens receptor and the pharmacological profile of 
amylin agonists and antagonists observed in the 
soleus muscle preparation. Thus, the amylin 
receptor has been characterized pharmacologi- 
cally, as almost all the well recognized receptors 
have been, prior to their molecular cloning. Prac- 
tically speaking, one can make considerable 
progress with this approach including identify- 
ing numerous potent and selective amylin ago- 
nists and antagonists. 

SIGNAL TRANSDUCTION 

Recent reports [27,331 stated that amylin does 
not raise CAMP in skeletal muscle. However 
amylin is reported to activate cyclase in mem- 
branes containing CGRP receptors [33,43,65,901, 
albeit at nM concentrations, probably reflecting 
action at  CGRP receptors. Amylin actions on 
osteoclasts, perhaps via certain calcitonin recep- 
tors appear to be mediated by CAMP [56,571. 
Thus one might expect the effects of amylin to  
be mediated via activation of adenylyl cyclase in 
other situations including skeletal muscle, more 
particularly since amylin’s actions on glycogen 
metabolism are consistent with transduction via 
CAMP signaling pathways. 

We believe that there is now persuasive evi- 
dence from our own and other laboratories show- 
ing that amylin does potently increase CAMP in 
rat soleus muscle [25,92] (Pittner et al., manu- 
script in preparation) in a dose-dependent man- 
ner, as shown in Figure 3. This dose-response is 
compatible with CAMP as the link to  the ob- 
served changes in glycogen metabolism [241. It 
is also reported that amylin in the 10-100-pM 
range stimulates activation of CAMP-dependent 
protein kinase in soleus muscle [251, and we find 
dose-dependent activation of adenylyl cyclase by 
amylin in membrane fractions from rat [931, 
and human skeletal muscle (Moore et al., unpub- 
lished observations). The molecular mechanism 
by which amylin reduces insulin secretion by 
p-cells is unknown. It has been suggested that 
amylin causes membrane hyperpolarization in 
the isolated p-cell [461 and decreases CAMP lev- 
els in Rin m5F cells through pertussis toxin- 
sensitive Gi proteins [38]. 

CELLUIAR TARGETS 

The cellular consequences of amylin’s action 
have been explored in some detail only in skel- 
etal muscle, where it is evident that amylin 
activates glycogen phosphorylase leading to lac- 
tate production (via glycolysis) and appears to 
inhibit glycogen synthase activity [23,26-291. 
The dose-dependent activation of phosphorylase 
in soleus muscle and loss of glycogen mass evoked 
by amylin parallels the inhibition of insulin stimu- 

L- o ,001 .01 .1 1 10 100 
[Arnylin] (nM) 

Fig. 3. Effects of rat amylin on cyclic AMP levels in soleus 
muscle. Soleus muscles were prepared and incubated essen- 
tially as described by Young I241. Following a 30-min preincuba- 
tion, rat amylin was added at the concentrations indicated in 
the absence of IBMX and muscle pieces were further incubated 
for 10 rnin. The cyclic AMP content of the muscle was subse- 
quently determined by RIA. Results are means ? SEM from 6 
muscle pieces. 
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lated incorporation of radiolabelled glucose into gly- 
cogen (Pittner et al., manuscript in preparation). 

It is not known whether amylin has other 
cellular targets in skeletal muscle. The reported 
data on glucose transport are conflicting [28,30- 
321. One can question whether physiologically 
meaningful glucose transport studies can be ob- 
tained in isolated muscle pieces, which are very 
dependent on muscle size, shape, and diffusion 
distance [951, or L6 myoblasts, which express 
very low levels of GLUT4, the insulin-sensitive 
glucose transporter found in skeletal muscle 
[961. Epinephrine, which also activates a CAMP 
signaling system, has small effects on skeletal 
muscle glucose fluxes, compared to the effects of 
insulin 194,961. Inhibition of 2-deoxyglucose, but 
not 3-0-methylglucose transport as reported by 
Young et al. [28], would suggest that inhibition 
of glucose uptake is due to  indirect inhibition of 
hexokinase activity because of elevated glucose 
6-phosphate concentrations following amylin (or 
for that matter CGRP or epinephrine) stimula- 
tion of glycogenolysis, rather than specific inhi- 
bition of a glucose transporter. 

SUMMARY 

Since its discovery 6 years ago, a large body of 
evidence has accumulated that persuasively sup- 
ports the concept of amylin as an endocrine 
hormone involved in metabolic regulation and 
that excess amylin action contributes to the 
progression of insulin resistance. As the biologi- 
cal actions of amylin in other metabolic areas 
become apparent, a functional relationship to 
calcitonin and CGRP has been uncovered, and it 
seems likely that these peptides exert their bio- 
logical actions via a family of related G protein- 
coupled receptors. 
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