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Rediscovery of the Second b-Cell
Hormone: Co-replacement With
Pramlintide and Insulin in Type 1
Diabetes
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Insulin is always deﬁcient relative to need
in diabetes. Injected insulin is essential to
replace the complete lack of insulin in
type 1 diabetes and to supplement endogenous insulin for many people with
type 2 diabetes. Unfortunately, despite
advances in insulin formulation and
delivery and the effects of other glucoselowering therapies instead of or in combination with insulin, the goals of therapy
are seldom completely met. People using
insulin (especially prandial insulin) are at
risk for hypoglycemia and weight gain,
and their postprandial glucose levels
are rarely well controlled. Surprisingly,
an obvious contributor to this dilemma has
received little attentionda concurrent deﬁciency of the hormone amylin in all people
with diabetes.
Amylin was isolated and characterized
three decades ago (1,2), about 70 years
after insulin therapy became available,
and “co-replacement therapy” with insulin and amylin was soon proposed for
type 1 diabetes (3). Delay in characterization of amylin was partly due to its
tendency to self-aggregate and cling to
glass or plastic surfaces. In some species,
notably cats and humans, amylin aggregates as “amyloid” in the endocrine pancreas and may contribute to injury of
b-cells (4). Studies have been further
hampered by difﬁculties in assaying amylin levels in blood, where signiﬁcant proportions are modiﬁed and likely inactive
(5). Even so, much has been learned about

amylin’s distribution, regulation, and
physiologic functions in animal and human studies (6). It is a 37–amino acid
peptide that is produced in the pancreatic b-cell and secreted in parallel with
insulin, and thus it is lacking in type 1
diabetes (6,7). Although present in other
parts of the body, amylin is released into
the blood only by b-cells. The actions of
secreted amylin are mediated through
parts of the brain that are outside the
blood-brain barrier, and effects elsewhere
depend on neural signals relayed by the
central nervous system (6). Three effects
are highly relevant to diabetes: 1) modulation of gastric emptying, which can
be abnormally rapid in diabetes; 2) suppression of glucagon, which is secreted
excessively in diabetes, especially after
meals; and 3) development of satiety
soon after starting a meal. Together with
insulin, these effects limit hyperglycemia after meals and prevent excessive
calorie intake.
Amylin itself is not suited for therapeutic use due to instability in solution.
Pramlintide, an analog of amylin, has
better properties. It is stable in solution
and cleared from circulation slightly less
rapidly than amylin (8). Subcutaneous
injection leads to peak blood levels by
30 min with a return to baseline in 2 to 3 h
(9). Pramlintide binds to and activates
amylin receptors very much like amylin
and has similar effects on gastric emptying, glucagon secretion, and satiety

(10–13). Subcutaneous doses of 30 mg
or higher markedly blunt postprandial
increases of glucose in type 1 diabetes
(9). Fortunately, responses of glucagon to
hypoglycemia in type 1 diabetes are not
altered by pramlintide (9).
Development of pramlintide as a commercial product (Symlin) proved difﬁcult.
A 52-week randomized trial in type 1
diabetes using 60-mg mealtime doses
showed a placebo-adjusted reduction
of HbA1c of just 0.3%, and only 63% of
participants completed the study (14).
Approved only for addition to basal-bolus
therapy, Symlin requires a separate injection with each meal in addition to
insulin injections. Postprandial hypoglycemia can occur unless prandial insulin is
correctly adjusted. Initial or intermittent
dosing causes nausea for some people,
although this problem subsides with
ongoing use. Partly because of these
difﬁculties, Symlin has not been widely
used from the time of its approval in
2005 to the present.
However, after expiration of the patent for Symlin, interest in pramlintide for
type 1 diabetes has revived. Three proofof-concept studies using pramlintide to
enhance the effects of continuous subcutaneous insulin infusion (CSII) have
been reported in Diabetes Care. All were
single-day studies of small groups of
people with type 1 diabetes, but they
used somewhat different protocols
(Table 1).
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Table 1—Design features, populations enrolled, and selected outcomes of three proof-of-concept studies of coadministration of
insulin and pramlintide for type 1 diabetes. Mean values are shown.
Study
Characteristic

Sherr et al. (15)

Riddle et al. (16)

Haidar et al. (17)

Number of participants

10

26

27

Age (years)
Duration T1D (years)

20
9

41
24

35
23

Baseline HbA1c (%)

7.2

8.1

7.8

Duration of intervention

24 h

24 h

24 h

Rapid insulin CSII vs. rapid insulin
CSII 1 pramlintide mealtime
injections

Regular insulin CSII 1 placebo
CSI vs. regular insulin CSII 1
pramlintide CSI

Rapid insulin CSII vs. rapid insulin
CSII 1 pramlintide CSI

Comparison

Pram/insulin ratio
(mg/unit)

d

9

6

Automated closed-loop basal
without boluses

Fixed basal rate and ﬁxed bolus
doses selected by investigators

Adaptive closed-loop basal and bolus
administered by investigators

Bolus pram dose (mg)
Breakfast
Lunch
Dinner

60
60
60

53
45
68

Mean all meals 34
Mean all meals 34
Mean all meals 34

Total daily insulin dose
(units)
CSII alone
CSII 1 pram

d
d

38.8
35.2

38.4
37.9

Mean CGM glucose
CSII alone (mg/dL)
CSII alone (mmol/L)
CSII 1 pram (mg/dL)
CSII 1 pram (mmol/L)
Difference (mg/dL)
Difference (mmol/L)
P for difference

166
9.2
160
8.9
26
20.3
P 5 0.08

175
9.7
153
8.5
222
21.2
P 5 0.012

144
8.0
133
7.4
211
20.6
P 5 0.001

TIR (70–180 mg/dL), 24 h
CSII alone
CSII 1 pram
P for difference

d
d
d

50.2
61.5
P 5 0.046

74
84
P 5 0.001

59.7
71.0
P 5 0.004

d
d
d

63
78
P 5 0.0004

Dosing algorithm

TIR (70–180 mg/dL),
0800–2300 h
CSII alone
CSII 1 pram
P for difference

CSI, continuous subcutaneous infusion; pram, pramlintide; T1D, type 1 diabetes.

One of these studies (15) enrolled
10 participants with good glycemic control on open-loop CSII using rapid-acting
insulin who were admitted for two 24-h
inpatient studies, one with and one
without subcutaneous injection of 60-mg
doses of pramlintide prior to each of
three meals. During the inpatient studies,
insulin was delivered by a fully automated closed-loop system without mealtime boluses. Meals were self-selected
but the same for each regimen. Pramlintide
delayed postprandial increments of
glucose and reduced peak increments
by 39% (P 5 0.002). The mean daytime

(0800–2300 h) time in range (TIR) (70–
180 mg/dL [3.9–10.0 mmol/L]) by
continuous glucose monitoring (CGM)
was 59.7% without and 71.1% with
pramlintide (P 5 0.004). The total insulin dose administered was lower
with pramlintide, 28.2 versus 32.6 units
(P 5 0.047).
In another study (16), 26 participants
had glycemic control stabilized with CSII
using rapid-acting insulin prior to two
random-order 24-h inpatient protocols.
Participants but not investigators were
masked to treatment assignment. CSII
with human regular insulin plus placebo

was compared with CSII with regular
insulin plus continuous infusion of pramlintide at a ﬁxed ratio of 9 mg per unit of
insulin. Separate open-loop infusion systems were used. Isocaloric meals were
similar between participants and regimens. Basal and prandial insulin doses
and corresponding quantities of pramlintide or placebo for each participant were
selected by the investigators based on
experience during the run-in and were
the same with each regimen. Basal rates
were constant over 24 h. Mean glucose by
CGM was 1.2 mmol/L (22 mg/dL) lower
with pramlintide (P 5 0.012) because of a
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marked reduction of postprandial increments. Pramlintide increased the 24-h TIR
from 50.2% to 61.5% (P 5 0.046). The
coefﬁcient of variation of glucose was
0.35 with insulin alone and 0.31 with the
combination regimen (P 5 0.062).
A report by Haidar et al. (17) in this
issue of Diabetes Care adds signiﬁcantly
to this prior experience. Their study
compared CSII with insulin lispro alone
with continuous delivery of pramlintide
together with lispro or regular human
insulin in a ﬁxed ratio of 6 mg per unit of
insulin. Separate closed-loop infusion
systems were used. Four participantselected meals were provided. A run-in
period established optimal basal rates,
carbohydrate-to-insulin ratios, and insulin sensitivity factors, which were used in
an adaptive algorithm guiding basal and
bolus dosing during two 24-h inpatient
studies. Twenty-seven participants had
complete data for the main end point,
a comparison of TIR with closed-loop
lispro alone versus closed-loop lispro and
pramlintide together. The ﬁxed-ratio combination regimen increased 24-h TIR
from 74% to 84% (P 5 0.001), reduced
mean glucose by 0.6 mmol/L (9 mg/dL)
(P 5 0.005), and reduced the glucose
coefﬁcient of variation from 0.303 to
0.268 (P 5 0.035). Between-treatment
differences were clearest during the daytime (0800–2300 h), when postprandial
glycemic increments were markedly
blunted and TIR increased from 63% to
78% (P 5 0.0004). A similar comparison of
closed-loop rapid-acting insulin alone
versus closed-loop regular human insulin
coadministered with pramlintide showed
no advantage of the combined regimen.
However, conclusions regarding regular
versus rapid-acting insulin in this setting
were limited by differences in dosing tactics. An overly quick effect of rapid-acting
insulin was avoided by a modiﬁed squarewave delivery in the ﬁrst 20 min after
meals, while the slower onset of regular
insulin was anticipated by beginning a different square-wave pattern 20 min before
meals. Pramlintide infusions were to match
the delivery of insulin. However, parameters guiding the closed-loop system that
were derived from experience with rapidacting insulin might be less appropriate for
regular insulin under these conditions.
These studies of co-replacement therapy including CSII show quantitatively
impressive blunting of postprandial increments and overall variability of glucose

and verify tolerability. They also provide important new insights. Two studies (16,17) showed no effect of infusion
of pramlintide during the night, directing attention instead to the prandial
effects. In the study by Haidar et al.
these effects were attained with relatively small boluses of pramlintide, conﬁrming other evidence (18) suggesting
that boluses of 6 mg (or less) per unit of
insulin may be enough to control postprandial hyperglycemia when given with
properly regulated insulin.
Nonetheless, important questions remain. Does it matter whether regular
human insulin or a rapid-acting analog is
used together with pramlintide? Similar
ﬂattening of daytime glucose proﬁles was
attained with regular insulin in one study
(16) and in another with rapid-acting
insulin (17). Perhaps either can be effective if the dosing algorithm is adjusted
to the pharmacodynamics of the insulin
used. Will continuous pramlintide infusion
limit side effects by occupying receptors
day and night, improving long-term tolerability? The low incidence of nausea
following a run-in on pramlintide in the
study by Haidar et al. supports this view.
Can the ﬂat glucose proﬁles seen in these
short-term studies safely be sustained in
longer ambulatory studies together with
reduction of basal levels? Speciﬁcally, can
ongoing adjustment of 24-h delivery of
ﬁxed-ratio insulin andpramlintidefor 12 to
16 weeks attain HbA1c levels near or below
7% without problematic hypoglycemia or
nausea? What changes of closed-loop
algorithms developed for use with insulin
alone may be needed for the best results
with co-replacement? Quite likely, these
will include a smaller bolus of both insulin
and pramlintide before each meal, followed by enhanced glucose-dependent
delivery of both agents during a 4-h
absorptive period and retention of the
modest adjustments currently used under
postabsorptive (basal) conditions.
Longer-term studies to answer these
questions will depend on technical advances. Concurrent use of two infusion
systems is not practical, but there are
other options. A two-channel system
might deliver an amylin analog and insulin from separate reservoirs, or a stable
coformulation of the two molecules might
be developed for infusion by existing
devices. Both options seem feasible, and
clinical application of the principle proven
in the present studies depends on them.

The good news for now is that we are
rediscovering that diabetes is a twohormone deﬁciency disorder and beginning to test the potential of co-replacement
by continuous infusion systems to overcome the limitations of replacing insulin
alone.
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