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Amylin Regulation of Fuel Metabolism

Andrew A. Young
Physiology Department, Amylin Pharmaceuticals, Inc., San Diego, California 92121

Abstract The 37-amino acid amylin, co-secreted from the pancreatic B cells with insulin in response to nutrient
stimuli has actions in a number of tissues of metabolic interest. In muscle it opposes glycogen synthesis and activates
glycogenolysis, an action likely to underly its stimulation of lactate flux. Amylin therefore appears to have the effect of
transposing carbon from peripheral stores to the liver, where it is made available for hepatic synthesis of glucose,
glycogen, and lipid. While amylin induces insulin resistance in skeletal muscle, it does not oppose insulin action in fat
and may therefore favor fuel deposition in this tissue. Amylin acts on the B cell to inhibit insulin secretion. Relative
impairment of insulin secretion, muscle insulin resistance, relatively preserved insulin sensitivity in fat, increased lactate
turnover, and increased hepatic glucose production are features of insulin resistance and early non-insulin-dependent
diabetes mellitus. Amylin is elevated in these dysfunctional metabolic states and may be involved in their

pathogenesis.  © 1994 Wiley-Liss, inc.
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INTRODUCTION

Amylin, a 37-amino acid peptide from pancre-
atic B cells [1], has actions in a number of
tissues. Some of the actions of amylin, for ex-
ample, a decrease in plasma calcium and vasodi-
lation, may be attributable to activation of recep-
tors for related peptides such as calcitonin or
calcitonin gene-related peptide (CGRP), to which
amylin is related [2]. Since this paper focuses on
amylin’s role in the regulation of fuel metabo-
lism, its actions in the main tissues of metabolic
interest, tissues where fuel storage and conver-
sion occurs (i.e., muscle, fat, and liver), are con-
sidered. Because of its role in generating the key
endocrine signals to which these tissues re-
spond, this paper also considers actions at the
endocrine pancreas. These separate actions are
then inserted into an integrated picture of how
amylin may act in the intact organism, with a
commentary on the role it may play in the
disposition of metabolic fuels. Several of the
actions of amylin were initially defined at supra-
physiological concentrations. Biological actions
evoked at concentrations of amylin reported in
vivo are described as well.
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MUSCLE GLYCOGEN

The first biological action of amylin to be
identified by Leighton and Cooper, in 1987 [3],
was in skeletal muscle. In the insulin-stimu-
lated isolated rat soleus muscle, amylin dose-
dependently inhibited the incorporation of radio-
glucose into glycogen. Interest in this finding
followed the recent recognition of the dominant
role of muscle glycogen metabolism in determin-
ing insulin sensitivity/resistance [4]. Amylin con-
centrations measured by immunoassay or by
radioreceptor assay in incubation medium com-
parable to concentrations measured by immuno-
assay in plasma evoke such responses in the
isolated soleus muscle [5]. When measured by
radioreceptor assay, the ECs, for the actions of
human amylin on rat muscle was 220 pM. The
nature of the interaction between insulin and
amylin in muscle was subsequently found to be
noncompetitive [5]. That is, amylin diminished
the muscle glycogen response to insulin at each
and every concentration of insulin. Responses to
high insulin levels, as are found in insulin-
resistant individuals, were just as susceptible to
amylin as were responses at low insulin concen-
trations. Another provocative outcome of this
analysis was that the response to an increasing
strength of a fixed-ratio mixture of insulin and
amylin (as has been proposed by some authori-
ties to exit from the B cell) is bell shaped [5].
Since there are many examples of cosecretion in
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neuroendocrine systems, we may wonder how
common similar relationships are in endocrine
control systems (Fig. 1).

Amylin’s effects on muscle glycogen have been
attributed both to inhibition of glycogen syn-
thase {6] and to activation of glycogen phosphory-
lase {6,7], the rate-limiting enzymes in the syn-
thesis and breakdown of glycogen. Amylin’s
predominant action to mobilize muscle glycogen
is difficult to distinguish from an effect to inhibit
glycogen synthesis when labeled glucose is fol-
lowed into subsequently extracted glycogen.
However, this action can be observed following
the [3-3H]glucose prelabeling of glycogen. The
advantage of labeling glucose with tritium on
the 3-position is that it is retained during glyco-
gen formation and breakdown but is lost to
water during the irreversible conversion of hex-
ose to triose in glycolysis. The appearance of
tritiated water is therefore an indicator of gly-
colysis of glucose thus labeled [4]. When the
muscle glycogen pool was prelabeled with
[3-*Hlglucose by first exercising rats and then
infusing them with insulin and labeled glucose,
the generation of tritiated water could then be

used to indicate the metabolism of moieties that
originated in glycogen. The rate of tritiated wa-
ter generation increased severalfold after admin-
istration of amylin, indicating amylin’s effect in
mobilizing glycogen stores in vivo [8].

GLUCOSE TRANSPORT

Because amylin inhibits uptake of glucose into
peripheral tissues [9-12] during euglycemic
clamp procedures, the question arises as to
whether it depresses glucose transport in muscle.
In vitro studies in glucose transport have re-
ported contradictory findings [11,13-15]. Since
the observed effects on glucose uptake could
reflect actions at glycogen synthase and phos-
phorylase, this issue remains unresolved.

HYPERLACTEMIA

One consequence of muscle glycogenolysis is
release of lactate. Indeed, plasma lactate rapidly
rises following amylin administration, in a man-
ner analogous to that described by Cori and Cori
following the administration of another glycog-
enolytic hormone, adrenaline (epinephrine) [16].

Fig. 1. Concentration—response surface for the effects of amylin and insulin upon glycogen metabolism in rat soleus
muscle. A family of insulin responses is observed when viewed from the insulin axis, and a family of amylin responses
is observed from the amylin axis. Heavy lines define the bell-shaped responses obtained when amylin and insulin are
present in the fixed ratios indicated. Preparation is the isolated stripped soleus muscle, incubated in Krebs—Ringer
bicarbonate buffer. Response is the rate of incorporation of [U-*Clglucose over 1 hr into subsequently extracted

glycogen,
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Moreover, we have found that lactate release
from isolated skeletal muscle is increased by
amylin [Lupien et al., unpublished observa-
tions]. Significant increases in plasma lactate in
rats have been reported with amylin doses calcu-
lated to increase plasma amylin by <150 pM
[17], levels that have been reported for insulin
resistant rodents [18,19]. Further evidence that
the lactemic response occurs at endogenous con-
centrations of amylin is presented in studies
using amylin antagonists (see section titled Acute
Effects of Endogenous Amylin).

HYPERGLYCEMIA

Several groups have shown that amylin in-
creases endogenous glucose production in rats,
as measured by tritiated tracer dilution. This
occurred during hyperinsulinemic euglycemic
clamp procedures [9,10,12] as well as under
nonclamped conditions during amylin infusions
[20], in the latter case associated with an in-
crease in plasma glucose concentration. Amylin-
induced increases in plasma glucose are dose
dependent {17]. A dose-dependent increase in
plasma glucose following subcutaneous injec-
tions of the amylin agonist AC137 (23.2629Pro
human amylin) has been seen in human volun-
teers (Moyses and Kolterman, in preparation).

In the fasted rat, where gluconeogenesis is
enhanced and liver glycogen is depleted, amylin
was both more effective and more potent than
glucagon in elevating plasma glucose [21]. It is
clear that the mechanism of hyperglycemia is
distinct from that of glucagon [22]. While gluca-
gon acts by breaking down liver glycogen,
amylin’s hyperglycemic effects appear to result,
at least in part, from enhanced gluconeogenesis.
For example, the increase in plasma lactate pre-
cedes the increase in plasma glucose following
amylin administration. Further, in the fasted
state, when gluconeogenesis is activated, the
increase in ghicose after amylin is greater than
in the fed state and the increase in lactate is
smaller, consistent with a greater draw-off of
lactate and conversion to glucose [22]. Indeed, in
further support of the idea that amylin’s hyper-
glycemic effect is mediated at least partly through
increased lactate supply, we have shown that
increases in plasma lactate comparable to those
evoked by amylin administration, but caused by
infusions of lactate, resulted in comparable in-
creases in glucose [23].

Impaired peripheral glucose disposal, as seen
in euglycemic clamp studies [9-12], may also
contribute to amylin-evoked hyperglycemia.
Amylin has been reported to modulate insulin-
sensitive processes such as glycogen synthesis.
It could also impair glucose-stimulated glucose
disposal through its glycogenolytic action by
flooding the cell with glucose and reducing the
gradient down which glucose transport occurs
(Fig. 2).

DIRECT EFFECTS IN LIVER

Reports are contradictory as to whether amy-
lin has direct effects on hepatocytes. In address-
ing this question, we have developed the “hyper-
lactemic clamp” in anesthetized rats where
plasma lactate is maintained at a steady level by
an infusion of sodium lactate varied in response
to frequent lactate measurements. By clamping
lactate, direct effects of amylin independent of
those evoked by varying lactate concentration
may be observed. During hyperlactemic clamp-
ing, endogenous glucose production {measured
by tracer dilution) and plasma glucose levels
rose. In further experiments in anesthetized
rats, the lactate clamp was combined with a
hyperglycemic clamp. Acute pancreatectomy was
performed to eliminate the effects of endog-
enous pancreatic hormones, including insulin,
glucagon, and endogenous amylin. Insulin was
infused at a low dose to maintain a basal level of
glucose utilization. During the 60 min following
a 100-pg subcutaneous injection of rat amylin,
endogenous glucose production increased by
51%. These data appear to indicate a direct
effect of amylin on the liver to increase glucose
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Fig. 2. Changes in plasma lactate () and glucose (O) follow-
ing primed,/ continuous infusion of amylin into fasted anesthe-
tized rats (n = 8).
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production. However, the release of glucose from
other tissues, such as muscle [8] cannot be ex-
cluded as a mechanism to explain the observed
increase in endogenous glucose production.

CORI CYCLE

To summarize thus far, it appears that, in
rats at least, amylin can shift carbon from muscle
glycogen to the liver. That is, it activates the
return limb of the Cori cycle [24]. The relevance
of the Cori cycle has been enhanced by the
discovery that in both rats [25,26] and humans,
a substantial portion, if not the majority, of liver
glycogen appears to be regenerated postprandi-
ally via the “indirect,” gluconeogenic pathway
(to which the Cori cycle contributes), rather
than directly from glucose (the “direct’” path-
way) (Fig. 3).

FAT

To date, amylin has not been observed to have
any effects in adipocytes, in regard to lipogenesis
[27], lipolysis, or antilipolysis [28]. Does this
mean that amylin cannot play a role in fat
metabolism? In fact, it appears that the con-
verse may be the case. While amylin produces
insulin resistance in muscle, it does not do so in
fat. The effects of the compensatory hyperinsu-
linemia associated with peripheral (mainly
muscle) insulin resistance would then be most
manifest in fat. Furthermore, in mobilizing lac-
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Fig. 3. Proposed role of amylin as a partner to insulin in
stimulating Cori cycle activity and liver glycogen synthesis by
the “indirect”” pathway. Insulin activates peripheral uptake of
glucose, largely into muscle glycogen following a glucose load.
Amylin activates glycogenolysis and release of peripheral lac-
tate for synthesis into other fuel stores at the liver. A direct
effect of amylin at the liver, independent of its effect at periph-
eral tissues is possible.

tate from the periphery, amylin can increase the
hepatic supply of its preferred lipogenic sub-
strate. So by several mechanisms, it is believed
that amylin will favor fuel storage in fat over
that in muscle.

PANCREAS

The weight of available evidence now sup-
ports the conclusion that amylin acts to inhibit
insulin secretion. This has been shown in a
variety of preparations, ranging from the whole
animal {29], to the isolated perfused pancreas
{30], to the isolated islet [31], to the isolated p
cell {32,33]. Indicative of endogenous amylin’s
ability to inhibit insulin release are experiments
where amylin antagonists [34,35] enhanced in-
sulin secretory responses (Fig. 4).

CHRONIC EFFECTS OF
ENDOGENOUS AMYLIN

But can a role for endogenously secreted amy-
lin be demonstrated outside of the pancreas?
Our first approach at this question was similar
to one employed by Mahler et al. > 20 years ago
[36,37]. Insulin-resistant rodents, in our case
Fatty Zucker rats that overexpress insulin and
amylin 5- to 10-fold, were administered strepto-
zotocin (STZ) to ablate their B cells and were
then treated with insulin implants to restore
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Fig. 4. Enhancement of the arginine-stimulated insulin re-
sponse in rats preinfused with amylin antagonist. Following
administration of [8-37] human CGRP, which blocks both
amylin and CGRP receptors, there was an enhancement of the
insulin response to a given L-arginine load. A similar response
was observed following infusion of [8-32] salmon calcitonin,
which blocks amylin, but not CGRP. These data support an
autocrine role for endogenously secreted amylin, in limiting
further B-cell secretion.
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their previous hyperinsulinemia. After 6 weeks
of such treatment (during which time amylin
levels had presumably been reduced due to B-cell
ablation), we found a marked improvement in
insulin response measured in the isolated soleus
muscle assay (that is, a reduction of insulin
resistance [38]). Similarly, reduction of amylin
activity by chronic administration of amylin an-
tagonists increased insulin sensitivity in soleus
muscles of both normal and Fatty Zucker rats
(Young et al., unpublished observations). These
data suggest a chronic effect of amylin to modu-
late insulin sensitivity of muscle glycogen me-
tabolism.

ACUTE EFFECTS OF ENDOGENOUS AMYLIN

Is there an acute effect of endogenous amylin
beyond the pancreas? In a recent series of experi-
ments, the lactate surge in response to an intra-
venous glucose challenge was observed in the
presence of matched changes in plasma glucose
and insulin. The mechanism and tissue source
of lactate released postprandially has been the
cause of considerable debate. Greater glycolytic
flux stimulated by increases in both glucose and
insulin has been held to constitute the drive for
this increased lactate production. Candidate tis-
sues in which this might occur have included
not only the insulin-sensitive tissues, muscle
and fat, but also tissues in which intracellular
glucose concentrations approach or exceed those
in the interstitium, such as liver and gut. We
carefully quantified the postglucose lactate surge
in anesthetized rats in the presence or absence
of the selective amylin antagonist AC187. When
AC187 was present, the lactate surge was sup-
pressed by ~50%, a finding consistent with the
presence of an amylin-mediated component to
the postprandial release of lactate in normal
animals [36]. It appears that to account for
postprandial lactate production, we should now
consider amylin-stimulated processes and amy-
lin-sensitive tissues, including glycogenolysis in
skeletal muscle (Fig. 5).

SUMMARY

A considerable body of evidence supports the
view that amylin can regulate the transposition
of carbon from muscle, via lactate, to liver, where
it is available for synthesis into glucose, glyco-
gen and fat. This role may be envisaged as being
complementary to that of insulin, which is re-
sponsible for the initial deposition of dietary

30 ~ .
]
E 1
z af :
QO
(7]
2 w0}
= i
w 0 ! - — — +Amylin antagonist
i == No amylin antagonist

2} : finsulin supplemented)
=
£ 1t |
=1
2]
=

oL
s 2t
E
g 1t O -=0---0
2
— oL .

r

1 1

1 1 1
0 3 60 80 120
Minutes after 2mmol glucose i.v.

Fig. 5. Lactate surge in anesthetized rats following an intrave-
nous glucose challenge, with and without preinfusion of the
specific amylin blocker, AC187. Since the insulin response in
the AC187-treated group was enhanced for the reasons indi-
cated in Figure 4, insulin responses were matched by a s.c.
insulin supplement in the group not treated with AC187. In
spite of identical glucose and insulin profiles, the lactate profile
in rats given the amylin blocker was much reduced, indicating
that in addition to glucose and insulin-driven processes, post-
prandial lactate is also partly determined by a process sensitive
to endogenously secreted amylin.

carbohydrate into muscle. In addition to its role
as a metabolic regulator in the periphery, amy-
lin apparently also modulates the metabolic sig-
nal represented by insulin. These actions point
to a role in normal fuel homeostasis. Further
evidence also supports the idea that amylin defi-
cit or excess contributes to metabolic dysfunc-
tion in diabetes and other common disorders of
carbohydrate and fat metabolism [1].
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