The Human Amylin Analog, Pramlintide, Corrects Postprandial
Hyperglucagonemia in Patients With Type 1 Diabetes
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Mealtime amylin replacement with the human amylin analog pramlintide as an adjunct to insulin therapy improves post-
prandial glycemia and long-term glycemic control in type 1 diabetes. Preclinical animal studies indicate that these comple-
mentary effects may result from at least 2 independent mechanisms: a slowing of nutrient delivery to the small intestine and
a suppression of nutrient-stimulated glucagon secretion. The former effect of pramlintide has previously been demonstrated
in patients with type 1 diabetes. The present studies characterize the effect of pramlintide on postprandial glucagon secretion
in this patient population. Plasma glucagon and glucose concentrations were measured before and after a standardized liquid
meal in 2 separate randomized, double-blind, placebo-controlled studies of pramlintide administration to patients with type
1 diabetes. In a 2-day crossover study, 18 patients received a 5-hour intravenous infusion of pramlintide (25 png/h or 50 pg/h)
or placebo in addition to subcutaneous (SC) insulin injections. In a 14-day parallel-group study, 84 patients received SC
injections of 30, 100, or 300 ug of pramlintide or placebo 3 times daily in addition to SC injections of insulin. In both studies
plasma glucagon concentrations increased in response to the meal in the placebo-plus-insulin group but not in any of the
pramlintide-treated groups (all pramlintide treatment arms v placebo, P < .05). We conclude that mealtime amylin replace-
ment with pramlintide prevents the abnormal meal-related rise in glucagonemia in insulin-treated patients with type 1
diabetes, an effect that likely contributes to its ability to improve postprandial glucose homeostasis and long-term glycemic

control.
Copyright 2002, Elsevier Science (USA). All rights reserved.

MYLIN IS A 37-amino acid polypeptide hormone that is
colocalized with insulin in -cell secretory granules and
is cosecreted with insulin in response to nutrient stimuli.!-?
Preclinical studies performed in rodents and primates have
shown that amylin acts as a neuroendocrine hormone that binds
with high affinity to selective regions of the brain, including the
area postrema, and elicits several effects that collectively reg-
ulate the rate of glucose influx into the circulation after
meals.>* Amylin’s effects are therefore complementary to the
effects of insulin, which is the primary hormonal regulator of
glucose efflux.3#

In type 1 diabetes, 3 cells are destroyed by an autoimmune
process, thus rendering patients deficient in both insulin and
amylin.*> Randomized, double-blind, placebo-controlled clin-
ical studies have shown that mealtime amylin replacement via
subcutaneous (SC) injection of the synthetic human amylin
analog, pramlintide, as an adjunct to insulin therapy, improves
postprandial glucose excursions and long-term glycemic con-
trol (HbA,.) in patients with type 1 diabetes.o®

One well-documented mechanism for the postprandial glu-
cose-lowering effect of pramlintide is its effect on gastric
emptying. Preclinical animal studies and studies in patients
with type 1 diabetes have demonstrated that pramlintide slows
the delivery of nutrients from the stomach to the small intestine
to a rate that better matches the rate of glucose disposal,®!©
resulting in improved postprandial glucose control. Experimen-
tal data indicate that as much as 35% of the variance in peak
postprandial glucose excursions in both healthy subjects and
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patients with type 1 diabetes is attributable to variations in the
rate of gastric emptying.'!

A second, independent, effect of amylin identified in animal
studies is a potent dose-dependent suppression of nutrient-
stimulated glucagon secretion.'? By suppressing glucagon, the
major hormonal stimulator of hepatic glucose output, amylin
appears to also regulate the influx of liver-derived (endoge-
nous) glucose into the circulation, thereby further contributing
to postprandial glucose control. Inappropriate hypersecretion of
glucagon and an inability to adequately suppress hepatic glu-
cose output at mealtime are well documented in patients with
type 1 diabetes and both abnormalities are considered to be
important contributors to unsatisfactory postprandial glycemic
control in these patients.!3.!4

The aim of the present series of studies was to examine the
effect of pramlintide on postprandial glucagon secretion in
patients with type 1 diabetes.

MATERIALS AND METHODS

We measured plasma glucagon and glucose concentrations in 2
separate, randomized, double-blind, placebo-controlled studies, involv-
ing either a single intravenous infusion or 14-day SC injection of
pramlintide (Amylin Pharmaceuticals, Inc, San Diego, CA). Patients in
both studies were 18 to 51 years of age, with a history of type 1 diabetes
as defined by National Diabetes Data Group Ceriteria,!> basal plasma
C-peptide concentrations of less than 1.0 ng/mL, disease duration of 2
to 26 years, and HbA, . values of less than 14%. The respective
institutional review boards approved the protocols and all volunteers
completed approved informed consent documents prior to initiating
study procedures.

Study 1 (Single Intravenous Infusion)

Study 1 utilized a 2-day crossover design to examine the effect of a
single continuous (5-hour) intravenous infusion of pramlintide on glu-
cagon secretion before and after a standardized meal in 16 patients with
type 1 diabetes. Patients were divided into 2 groups. In randomized
order, one group of patients (n = 9) received either a placebo infusion
or a pramlintide infusion at a rate of 25 wg/h on 2 consecutive days.
Again, in randomized order, the second group (n = 9) received either
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Table 1. Demographics and Baseline Characteristics
Study 1: Acute Intravenous
Infusion (dose) Study 2: Chronic SC Administration (dose)
25 pg/h 50 pg/h Placebo 30 ng 100 pg 300 pg
No. of patients 9 9 22 18 23 21
Gender (M/F) 8/1 712 14/8 11/7 19/4 19/2
Race
Caucasian 9 9 18 16 18 19
Asian 0 0 1 0
Black 2 1 1 1
Hispanic 2 1 3 1
28.4 £ 3.6 32.6 £ 2.7 37.0 £ 1.8 355+ 1.8 33.0 £ 1.8 33.2*22
Age* (yr) (19-36) (24-40) (21-48) (23-46) (18-49) (18-51)
227 04 242 14 24.7 = 0.6 23.7 £ 0.6 24.2 + 0.6 24.7 =+ 0.6
BMI* (kg/m?) (22.0-23.8) (20.2-27.0) (18.7-28.5) (19.6-29.3) (19.5-29.3) (18.2-29.2)
Disease duration* 6.9 + 2.0 10.8 = 2.7 11.4+1.6 10.4 = 1.7 9.2+ 1.1 13.8+1.4
(yr) (2-12) (3-19) (2-26) (3-31) (1-23) (3-24)
21548 21.8 £ 3.1 25.6 £ 2.0 25.1 £ 2.3 239 £ 2.0 19.4 =25
Age at onset* (yr) (8-30) (13-32) (6-40) (10-42) (7-45) (5-41)
Baseline HbA, * 9.4 +1.0 9.3+ 0.6 89+04 8.3+0.4 8.8+ 0.3 8.6 = 0.4
(%) (7.0-11.5) (7.5-11.2) (6.6-13.7) (6.0-11.9) (6.4-12.4) (5.4-12.0)
Baseline insulin
use* units, 29.1 7.6 37.8 =173 51.4 £ 5.6 453 =54 49.3 = 3.1 56.4 + 2.8

*Values are mean = SEM (range).

placebo or pramlintide infused at a rate of 50 ug/h on 2 consecutive
days. In all cases, patients arrived at the clinic on the day prior to the
test to become acclimated overnight. On the next day, 2 intravenous
catheters were inserted, and the infusion of pramlintide or placebo was
initiated at time (T) = 0 minutes. At T = 30 minutes, patients received
a single SC injection of regular insulin dosed individually to cover the
subsequent meal. At T = 60 minutes, patients ingested a standardized
liquid meal (Sustacal, Mead Johnson, Evansville, IN, 355 kcal/355 mL,
55% carbohydrate, 21% fat, 24% protein). Blood samples were taken
throughout the infusion period for measurement of plasma glucose,
glucagon, and pramlintide concentrations. On the following day, the
study protocol was repeated with the infusion of the second treatment
arm (placebo or pramlintide), using the same Sustacal meal and the
same dose of insulin.

Study 2 (14-Day SC Administration)

Study 2 used a parallel-group design to examine the effect of SC
injections of various doses of pramlintide 3 times daily over 14 days on
glucagonemia before and after a standardized meal in 84 patients with
type 1 diabetes. Patients were randomized to receive SC injections of
placebo or 30, 100, or 300 ng of pramlintide 3 times daily 30 minutes
prior to each meal at a separate site from their usual insulin injection.
Patients were instructed to maintain their usual insulin, diet, and
exercise regimens throughout the study. After 14 days, patients re-
turned to the clinic the morning after an overnight (10-hour) fast. After
the insertion of an intravenous catheter for blood sampling, patients
were given their usual morning insulin doses as well as their doses of
pramlintide by separate injections. At T = 30 minutes, patients in-
gested a standardized liquid meal (Sustacal, 355 kcal/355 mL). Blood
samples for determination of glucose, glucagon, and pramlintide were
drawn for 3 hours starting at the point patients received insulin and
pramlintide or placebo.

Analytical Methods

Plasma glucose concentrations were determined using the glucose
oxidase method.!¢ Plasma pramlintide concentrations were determined
using an immunoradiometric assay (interassay coefficient of variation

[CV] < 15%, intra-assay CV < 10%) as described previously.!?
Plasma glucagon concentrations were determined using a commer-
cial radioimmunoassay kit (CV < 10%; Linco Research Inc, St
Charles, MO).

Statistical Analysis

All graphical data are represented as mean = SEM. Areas under the
curve (AUCs) were calculated employing the trapezoidal rule. Com-
parison of means was performed using paired analysis of variance
(ANOVA) and ¢ tests or Dunnett’s multiple comparisons test. Statistical
analyses were performed using SAS version 6.11 (SAS Institute Inc,
Cary, NC) and InStat version V2.04a (GraphPad, San Diego, CA).

RESULTS

The demographic and baseline characteristics of the patients
from both studies are shown in Table 1. There were no group
differences in age, weight, or duration of disease in either
study.

Study 1 (Single Intravenous Infusion)

The mean changes from baseline in plasma glucagon con-
centrations are shown in Figs 1A and C. Collectively, patients
receiving placebo injections together with their insulin injec-
tions, in both studies, had significant increases in plasma glu-
cagon concentrations (17.9 = 4.0 pg/mL; P = .001) in response
to the meal. In contrast, in patients receiving pramlintide, 25 or
50 pg/h, the mean changes from baseline in glucagon concen-
trations, were unchanged or slightly suppressed (-3.9 *= 3.8
pg/mL and -11.5 * 3.3 pg/mL, respectively; P = .014). Total
glucagon secretion was also significantly decreased for both
groups during pramlintide infusion, as reflected by the plasma
glucagon AUC from the time of caloric challenge to the end of
the infusion period (60 to 300 minutes). The glucagon AUC
was 15,994 * 1,295 pg - min/mL for placebo compared to
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Fig 1. Study 1: Effects of intravenous pramlintide v placebo infusion on plasma glucagon and glucose concentrations. (A and B) Pramlintide
(O) at 25 ug/h, placebo (H). (C and D) Pramlintide (O) at 50 ug/h, placebo (H). All data means + SEM.

14,873 = 2,518 pg - min/mL and 12,956 * 72.6 pg * min/mL
for the 25- and 50-pg/h pramlintide treatments (P < .001,
ANOVA).

Fasting plasma glucose concentrations of placebo and treat-
ment groups (determined prior to the test meal) were not
significantly different between the 2 study days; the 25-ug/h
group had fasting glucose concentrations of 251 * 35 mg/dL
(placebo) and 223 = 19 mg/dL (pramlintide) and the 50-ug/h
group had fasting glucose concentrations of 281 *+ 22 mg/dL
(placebo) and 273 = 23 mg/dL (pramlintide) (mean = SEM).
The glycemic response to the meal was reduced in both pram-
lintide treatment groups compared to placebo as assessed by the
glucose AUC above the fasting values (incremental glucose
AUC) (Fig 1B and D). The mean = SEM incremental glucose
AUC for the 25-pg/h group was 6,954 + 6,295 mg - dL™' - min
for pramlintide recipients versus 7,923 + 7,941 mg - dL"' - min
for placebo recipients (P = .001). The 50-pg/h group had
similar reductions in postprandial glucose concentrations
for pramlintide recipients compared to placebo recipients
(-27,652 = 4,603 mg - dL"' - min pramlintide v -769 *= 6,293
mg - dL™' - min placebo; P = .005).

Mean steady-state plasma pramlintide concentrations (60 to
300 minutes) on the treatment days were 116 = 7.5 pmol/L and
227 = 23 pmol/L for the 25-ug/h and 50-ug/h dose groups.

Study 2 (14-Day SC Administration)

Figure 2A displays the mean changes in plasma glucagon
concentrations from baseline. In the placebo group plasma
glucagon rose in response to the meal by +17.0 + 3.2 pg/mL
at 30 minutes after the meal. This increase was blunted for all
3 pramlintide groups with negligible changes in postprandial
plasma glucagon concentrations throughout the test (at 60
minutes: -1.5 * 2.0, -1.2 £ 1.6, and 0.1 = 2.6 for the 30-, 100-,
and 300-wg doses, respectively, compared to placebo, P <
.001). The total plasma glucagon response to the caloric chal-
lenge was also reduced in all 3 dose groups compared to
placebo (P < .05). The mean plasma glucagon AUC adjusted
for the fasting period (0 through 30 minutes) was 1,387 = 275
pg - min/mL for placebo compared to 238 = 125 pg * min/mL,
576 £ 261 pg - min/mL, and 48 £ 17 pg - min/mL for the 30-,
100-, and 300-ug/mL groups, respectively.

Fasting glucose concentrations among the 4 dose groups
were similar: 196 = 19 mg/dL (placebo), 156 = 19 mg/dL (30
g pramlintide), 194 = 19 (100 wg pramlintide), and 193 = 26
(300 ug pramlintide). However, by 30 minutes after the meal,
the placebo group showed a significantly greater rise in plasma
glucose concentration compared to the 3 pramlintide dose
groups (Fig 2B). The AUCs for the treatment groups relative to
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Fig 2. Study 2. (A and B) Effects of chronic pramlintide v placebo administration over 14 days on plasma glucagon and glucose concentra-
tions. Pramlintide at (O) 30 pg, (¢) 100 pg, (M) 300 ug, and (®) placebo. All data are means = SEM.

placebo for the O- to 180-minute time period were 409.0 =
2,477.9 mg - dL™' - min for the 30-ug group, P = .0269;
-727.8 + 2,046.1 mg - dL™' - min for the 100-ug group, P =
.0051; and -3,403.8 = 2,770.4 mg - dL"" - min for the 300-ug
group, P = .0020, compared to an AUC for placebo of
7,750.6 = 2,094.2 mg - dL"' + min.

Mean peak plasma pramlintide concentrations were 25.6 *
4.5 pmol/L, 52.4 = 14.6 pmol/L, and 192.8 = 36.8 pmol/L for
the 30-, 100-, and 300-ug dose groups, respectively.

DISCUSSION

Inappropriately high plasma glucagon concentrations and
impaired suppression of hepatic glucose output at mealtime are
considered to be important contributors to postprandial hyper-
glycemia in patients with type 1 diabetes.!3!# This is partly
attributed to the fact that exogenously administered insulin
does not restore normal postprandial insulin concentrations in
the portal vein, resulting in an abnormally elevated portal
glucagon/insulin ratio. The results of the present studies dem-
onstrate that pramlintide, an analog of the human S-cell hor-
mone amylin, prevents an abnormal rise in postprandial glu-
cagonemia in patients with type 1 diabetes, thus confirming
previous findings of a glucagonostatic effect in rodents.!? In
conjunction with the previously demonstrated effect of pram-
lintide to regulate the rate of gastric emptying in patients with
type 1 diabetes,!” this meal-related glucagonostatic effect likely
contributes to the effect of pramlintide to limit postprandial
glucose excursions when used as an adjunct to prandial insulin
therapy.'8

When assessing postprandial glucagonemia, it is important to
consider that both insulin and glucose have inhibitory effects
on glucagon secretion.!®-23 To evaluate whether the observed
effect of pramlintide on postprandial glucagonemia was con-
founded by concomitant changes in glycemia and insulinemia,
Gedulin et al controlled these variables in hyperinsulinemic-
euglycemic clamp experiments in rodents.>* They demon-
strated that the effect of pramlintide to suppress nutrient-stim-
ulated glucagon secretion was independent of prevailing
glucose and insulin concentrations.?* In the present studies,
glucose and insulin concentrations were not controlled. How-

ever, due to the small variation in mealtime insulin doses, it is
unlikely that circulating insulin influenced the results. More-
over, the effect of pramlintide to reduce postprandial glucagon
secretion occurred in the face of reduced glycemic excursions,
which, if anything, would tend to increase glucagon concen-
trations.

It is also noteworthy that systemic plasma glucagon concen-
trations were measured in the present study. It appears likely
that the pramlintide-induced suppression of endogenous gluca-
gon secretion is most pronounced in the portal circulation,
where the glucagon/insulin ratio and thus, the hormonal stim-
ulus to hepatic glucose output, is reduced. This is not achiev-
able with current modes of SC insulin therapy.

The postprandial glucagonostatic effect of pramlintide in
study 2 was evident at the lowest dose tested (30 g 3 times
daily). This dose regimen, shown to improve long-term glyce-
mic control when used as an adjunct to insulin in patients with
type 1 diabetes,® produced a peak peripheral venous plasma
pramlintide concentration of approximately 25 pmol/L, which
is well within the range of postprandial peripheral venous
plasma amylin concentrations in healthy subjects.*2> This is in
agreement with findings in rodents where the glucagonostatic
effect of amylin was observed at systemic plasma concentra-
tions within the normal range as well.>* It can be concluded,
therefore, that the effect of pramlintide on postprandial gluca-
gon secretion is of physiologic relevance and is not simply a
pharmacologic effect. This, in turn, raises the possibly that the
abnormal postprandial rise in glucagonemia frequently seen in
patients with type 1 diabetes treated with insulin alone?® may,
at least in part, be attributable to their absolute amylin defi-
ciency. Although no human data are yet available, preclinical
findings that administration of a selective amylin antagonist to
rodents increases circulating glucagon concentrations?’ support
a physiologic role of endogenous amylin in the regulation of
glucagon secretion.

Another important finding was that the postprandial glu-
cagonostatic effect of pramlintide was evident upon both single
infusion and 14-day SC injections, indicating that the effect is
sustained and not just a transient phenomenon. This agrees with
the previous finding that pramlintide administered subcutane-
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ously for 4 weeks to patients with type 1 diabetes reduced
plasma glucagon concentrations in response to a carbohydrate-
rich breakfast.!®

Nyholm et al reported that during insulin-induced hypogly-
cemia, pramlintide did not compromise secretion of glucagon
or other counter-regulatory hormones indicating the presence
of a “hypoglycemic override” mechanism.?® This agrees with
findings in rodents where the glucagonostatic effect of amylin
was shown to be absent in the presence of insulin-induced
hypoglycemia.!?> A similar override mechanism has previously
been demonstrated for pramlintide’s effect on gastric empty-
ing.?? Collectively, these results are consistant with the idea
that the glucagonostatic effect of pramlintide does not compro-
mise the physiologic defense against hypoglycemia. This is in
accordance with findings from a recent meta-analysis of long-
term clinical studies in more than 1,000 patients with type 1
diabetes, showing that pramlintide as an adjunct to insulin
therapy facilitates achievement of glycemic targets without
increasing the overall event rate of severe hypoglycemia.3?

The exact mechanism by which amylin and pramlintide
suppress nutrient stimulated glucagon secretion has not yet
been fully elucidated. Binding studies with radioiodinated amy-
lin in rodents and primates have failed to demonstrate amylin
binding in pancreatic alpha cells, making a direct effect un-
likely. Instead, high-affinity amylin binding sites have been
identified in distinct regions of the brain, including the nucleus
accumbens, dorsal raphe, and area postrema.?' The area pos-
trema, which is a part of the dorsal vagal complex and one of
the few brain regions lacking a blood-brain barrier (and there-
fore exposed to circulating glucose and glucoregulatory hor-
mones), appears to be important in bringing about the effect of
amylin. In rodents with a targeted lesion of the area postrema®?
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or with a bilateral subdiaphragmatic vagotomy?3 the effect of
amylin on gastric emptying is absent. This is consistent with
amylin acting as a neuroendocrine hormone via which 3 cells
partake in the central regulation of postprandial nutrient influx.
Although it is presently unknown whether the glucagonostatic
effects of amylin and pramlintide are also centrally mediated,
recent studies in the perfused rat pancreas have clearly dem-
onstrated that the effect is extrapancreatic.!? Since the Sustacal
test meal had a relatively high protein content (24% of the
calories), the observed glucagonostatic effect of pramlintide
might, at least in part, be secondary to its effect on gastric
emptying. Although the present study cannot rule out this
possibility altogether, preclinical findings that amylin/pram-
lintide lowers glucagon concentrations under euglycemic
clamp conditions and in response to an intravenous arginine
stimulus®* clearly indicate that pramlintide’s glucagonostatic
effect is not simply a secondary consequence of its effect on
gastric emptying.

In summary, the results of the present studies demonstrate
that mealtime amylin replacement with pramlintide, as an ad-
junct to insulin, prevents the abnormal postprandial plasma
glucagonemia seen in patients with type 1 diabetes treated with
insulin alone. In conjunction with the previously demonstrated
effect on gastric emptying in patients with type 1 diabetes,® this
meal-related glucagonostatic effect likely contributes to the
effect of pramlintide to limit postprandial glucose excursions
and improve long-term glycemic control when used as an
adjunct to insulin therapy.
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