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Summary Pramlintide, a human amylin analogue, re-
duces hyperglycaemia after meals in patients with in-
sulin-dependent diabetes mellitus (IDDM). We in-
vestigated whether this was due to delayed gastric
emptying. Eight men with uncomplicated IDDM
were studied twice in a randomised, double-blind
crossover design. Euglycaemia was maintained over-
night by intravenous infusion of glucose and/or insu-
lin and the following morning a 5-h infusion of pram-
lintide 25 pg/h or placebo was started at 08.00 hours.
At 08.30 hours the patients injected their normal
morning insulin dose subcutaneously and 30 min later
ate a meal (600 kcal, 50% carbohydrate) of which
the solid component was labelled with Technetium-
99 m and the liquid with Indium-111 to quantify
gastric emptying. Gamma-scintigraphic images were

obtained every 20 min for the next 4 h. Insulin and
glucose were infused as necessary to maintain blood
glucose levels within 3 mmol/l of the pre-meal value.
Compared to placebo, pramlintide significantly de-
layed emptying of both liquid (median lag time 69 vs
7.5 min) and solid (median lag time 150 vs 44.5 min)
components of the meal. Pramlintide delayed gastric
emptying so much that t;, values could not be calcula-
ted for solid or liquid. Amylin agonists such as pram-
lintide may, therefore, be of value in improving gly-
caemic control in IDDM by modifying gastric empty-
ing. [Diabetologia (1997) 40: 82-88]

Keywords Insulin-dependent diabetes mellitus, gas-
tric emptying, postprandial hyperglycaemia, amylin,
pramlintide.

Amylin is a 37-amino acid polypeptide co-secreted
with insulin by pancreatic beta cells, in response to
nutrient stimuli. It circulates at concentrations of 5-
30 pmol/l in normal subjects. The peptide pramlintide
is a stable tri-substituted non-aggregating analogue of
amylin [1] which in animal studies has biological ac-
tivities similar to endogenous amylin. Doses of pram-
lintide resulting in plasma concentrations equivalent
to physiological plasma amylin levels can attenuate
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the postprandial glucose excursion in patients with
insulin-dependent diabetes mellitus (IDDM) [2]. Pos-
sible mechanisms are delay in gastric emptying, re-
duction in glucose transport across the intestinal
wall, intestinal vasoconstriction, or a combination of
these or other factors. In animal studies amylin redu-
ces the plasma glucose rise following an oral glucose
load by slowing gastric emptying [3, 4].

The objective of this study was to determine the ef-
fect of pramlintide on the rate of gastric emptying, su-
perior mesenteric artery (SMA) blood flow, and 3-or-
tho-methylglucose (OMG) absorption in IDDM pa-
tients.

Subjects and methods

Subijects. Eight healthy non-obese males (BMI 23.6 + 2.6 kg/m?,
mean * SD) with uncomplicated IDDM, aged 32.5 + 10 years
(mean = SD, range 22-46) were recruited. Mean duration of
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diabetes was 11+6.1years (mean+SD) and HbA, was
8.6 £ 1% (mean £ SD, normal up to 6.1 % for the assay, SciCor
Laboratories, Geneva, Switzerland). All had a basal C-peptide
level <1.0 ng/ml (analysed at Laboratoire Riotton, Geneva,
Switzerland), and were taking no medication apart from insu-
lin. None had autonomic neuropathy, as assessed clinically and
by tests of cardiovascular reflexes, including the heart rate re-
sponse to the Valsalva manoeuvre, during deep breathing, and
to standing (30: 15 ratio). Informed consent was obtained
from all subjects. The study was approved by the British De-
partment of Health (Administration of Radioactive Substances
Advisory Committee) and the research ethics committee of the
University Hospital, Queen’s Medical Centre, Nottingham.

Protocol. Each subject underwent two gastric emptying studies
in a randomized, double-blind, placebo-controlled crossover
design. On one occasion they received pramlintide (25 pg/h)
and on the other occasion placebo. The current dose of pram-
lintide was selected since it had already been shown to be ac-
tive in blunting postprandial hyperglycaemia [5]. Each subject
was admitted on the evening before the study day and eugly-
caemia (blood glucose 5-8 mmol/l) was maintained overnight
by intravenous infusion of insulin and/or glucose. A cannula
was inserted into an antecubital vein for hourly blood glucose
sampling and subsequently used for infusion of study drug.
The next morning another cannula was inserted retrogradely,
under local anaesthetic, into a vein on the dorsum of the domi-
nant hand; it was kept patent with a slow infusion of 0.9%
NaCl solution and the hand rested in a hot box (55-60°C) to
obtain “arterialized” venous blood samples. Pharmacokinetic
samples were also drawn from this cannula.

Fifteen minutes before and immediately before the study
drug infusion, arterialized blood samples were taken for esti-
mation of blood and plasma glucose levels, plasma levels of 3-
OMG, and insulin. At approximately 08.00 hours (t =0 min)
the infusion was started. At 08.30 hours the subject injected
his usual morning dose of insulin subcutaneously (24 +
17.6 1IU, mean = SD) and, at 09.00 hours, within 10 min, ate a
test meal consisting of turkey, potatoes, vegetables (including
mushrooms) and low-fat milkshake which provided 50 %o car-
bohydrate (of which 70% was starch), 35% fat, 15% protein
with a total of 600 kcal. The mushrooms were labelled with
3 MBq non-absorbable *™Tc¢ tin colloid, and the milkshake
with 0.5 MBqg non-absorbable ' In-DTPA-diethylenetriami-
nepentaacetic acid (DTPA) [6]. The milkshake also contained
3-OMG so that its appearance in the peripheral circulation
could be used as an index of glucose absorption. Gastric empty-
ing data were acquired with 30-s anterior and posterior images
of the stomach [7] every 20 min during the 5-h infusion using
an IGE maxi-camera gamma camera (Department of Medical
Physics, University of Nottingham Medical School, Notting-
ham, UK) fitted with a low-energy general purpose collimator.
The gamma camera was linked to a dedicated Nuclear Diag-
nostics nuclear medicine computer system. Regions of interest
(ROIs) were created around the computer-generated image of
the stomach for both anterior and posterior images, and counts
were recorded. The geometric mean of the anterior and poster-
ior measurements was calculated and counts were corrected for
background radiation, isotope decay and cross-talk between
the energy windows. For each of the three ROIs (proximal, dis-
tal, and total stomach), activity time curves, expressed as a per-
centage of total meal against time, were derived. Various emp-
tying parameters were calculated from these curves. The coeffi-
cient of variation (CV) for t5, in normal subjects was 5 %.

SMA blood flow was determined every 30 min using trans-
cutaneous Doppler ultrasound [8] with a 3.5 MHz imaging sys-
tem and a 3 MHz Doppler frequency. The angle of insonation
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was recorded and used to convert the Doppler shift values
(kHz) into blood flow velocity (cm/s). Recordings were made
with the subject’s breath held at full inspiration and stored on
videotape. Mean values of time-averaged mean velocity
(TAYV, calculated using the intensity weighted mean frequen-
cy) and peak systolic velocity were taken from at least 10 Dop-
pler wave form complexes. The TAVs were used in the calcula-
tion of absolute flow (ml/min). Manually operated calipers
were used to estimate vessel diameter to give readings with an
accuracy of 1 mm. The diameter was taken as the mean of
four measurements from the proximal portion of the vessel. It
was assumed that the vessel diameter remained unchanged
during the infusion period. Blood flow was calculated accord-
ing to the formula: 3.142 x D? x TAV x 60/4 ml/min where
D = vessel diameter, TAV = Time averaged velocity. The CV
between days in fasting subjects was 5-6 %.

Avrterialised blood samples, for measurement of 3-OMG
and free insulin were taken every 15 min for the first hour after
the meal and then every 30 min for the rest of the infusion per-
iod. Blood glucose levels were measured every 10 min after the
meal using a Yellow Springs Analyser (Yellow Springs, Ohio,
USA); CV for the assay was 3%. Plasma was stored in fluoride
oxalate for subsequent determination of 3-OMG by gas-liquid
chromatography [9, 10] (intra-assay CV 1.8-5.7%). Serum in-
sulin concentrations were analysed at SciCor, Inc., Indianapo-
lis, Ind., USA (intra-assay CV 2.7-4.6 %, inter-assay CV 6.3
9.7%). Arterialized blood samples were taken at 30 min, 1 h,
3 hand 5 h for pramlintide levels which were assayed using a
validated immunoradiometric assay method at Amylin Phar-
maceuticals Inc., San Diego, Calif., USA (intra-assay CV 3.4—
5.5%, inter-assay CV 5.2-5.5%).

After the meal, for the rest of the infusion period, insulin
and/or glucose was infused to maintain blood glucose within
the normal postprandial range, to prevent a possible confound-
ing effect of hyperglycaemia on gastric emptying. Thus, blood
glucose concentration was prevented from falling below the
pre-meal value or from rising to more than 3 mmol/l above
the pre-meal value.

Patients returned to the clinic after 7-14 days for the alter-
native study drug infusion.

Statistical analysis

Conventional methods were used to calculate means, medians,
SEM and SD. All statistical tests were two-tailed. Due to the
number of values that were not observable for the gastric emp-
tying parameters, it was felt that non-parametric analyses, based
on ranks, were more appropriate than two-period crossover
analyses. Since non-parametric tests were employed, descrip-
tive statistics for gastric emptying were presented as medians.
If more than 75% of the values were represented as “greater
than” at a particular time point, then the median was not deter-
mined. The lag time, defined as the delay between the ingestion
of food and definite start of emptying (this is taken as the time
taken for at least 10% of isotope to empty) and ts,, defined as
the time at which 50% of the isotope has left the stomach,
were analysed by Wilcoxon Signed Rank Test. All other data
were analysed by two-period crossover analysis of variance. A
p value less than 0.05 was considered significant in all analyses.

Results

A 5-h intravenous infusion with either pramlintide or
placebo was begun at 0 min. Patients injected their
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Fig.1. Blood glucose levels during pramlintide ([J) and place-
bo (@) infusions. — start of 5-h i.v. infusion, { time of insulin
injection and <> time of meal. Data are mean + SEM. Peak
blood glucose was significantly lower during pramlintide than
during placebo infusion

insulin at 30 min and ate a standardized test meal at
60 min.

Plasma level of pramlintide. The mean plasma pram-
lintide concentrations during the 5-h intravenous
infusion were 6+ 5 pmol/l at 30 min, 14 + 6 pmol/I
at 1 h, 121+ 17 pmol/l at 3 h and 108 = 20 pmol/l at
5h.

Blood glucose level (Fig.1). Blood glucose level at
0 min was not significantly different between study
days (7.3+0.9 for placebo vs 5.8 £ 0.3 mmol/l for
pramlintide). Peak blood glucose level was signifi-
cantly lower during pramlintide (7.9 + 0.5 mmol/l)
than during placebo infusion (10.4 0.5 mmol/l),
p = 0.023. There were no significant differences be-
tween pramlintide and placebo in the overall patterns
of blood glucose response (no significant difference
in area under the curve (AUC)).

Serum insulin level (Fig.2). Serum insulin level at
0 min (56.0 + 19.0 for placebo vs 42.7 + 13.8 pmol/Il
for pramlintide) were not significantly different.
However, the peak serum insulin level and the peak
rise above the 0 min value were significantly lower
(195.4 £49.9 vs 527.5+84.9 pmol/l, p=0.021 and
152.7 £ 49.1 pmol/l vs 471.5 £ 86.9 pmol/l, p=0.041,
respectively) during pramlintide than during pla-
cebo infusion. There were no significant differences

M.-F. Kong et al.: Pramlintide delays gastric emptying

600

N

o

o
Il

Serum insulin (pmol/l)

N

o

o
]

0 60 120 180 240
Time (min)

Fig.2. Serum insulin levels during pramlintide ([J) and place-
bo (@) infusions. — start of 5-h i.v. infusion, { time of insulin
injection and <> time of meal. Data are mean + SEM. The
peak serum insulin level and the peak rise above the O value
were significantly lower during pramlintide than during place-
bo infusion

between pramlintide and placebo for other serum in-
sulin values measured.

3-OMG levels. Baseline comparison of plasma 3-
OMG at 60 min revealed no significant difference be-
tween study drugs. When compared to placebo infu-
sion, plasma 3-OMG AUC corrected for the zero-
hourvalue during pramlintide infusion was significant-
ly lower following the test meal (8.4+29 vs 31.7 +
2.6 mmol Cmin 07, p=0.002). Peak plasma 3-
OMG corrected for the zero-hour value was signifi-
cantly lower during pramlintide than placebo infusion
(0.11£0.03 vs 0.21£0.02, p=0.015). There was a
trend for prolongation in the time to peak plasma 3-
OMG level during pramlintide compared to placebo
infusionbut this did notachieve statistical significance.

SMA blood flow. SMA blood flow at 0 min was the
same on the two study days. There was no significant
difference in SMA blood flow before or after the test
meal between the placebo or pramlintide infusions,
but SMA blood flow did increase after the meals.

Effect on gastric emptying. The figures for the proxi-
mal and distal distribution of the meal are shown for
illustrative purposes. Statistical analysis was only per-
formed on the “total stomach” emptying data; the re-
sults for the proximal and distal stomach are shown in
the figures and described qualitatively.
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100 Solid emptying (Fig. 3). Solid emptying from the total

stomach (Fig.3 A) was slower during pramlintide in-
fusion compared to placebo. The emptying approxi-
mated to a linear pattern. There was a significant dif-
ference in lag time between pramlintide and placebo
(150 vs 44.5 min, p = 0.016). The median t5, value dur-
ing placebo infusion was 163.5 min. Pramlintide de-
layed gastric emptying so much that t, values could
not be calculated. The slower emptying during pram-
lintide infusion could largely be explained by reten-
tion in the proximal stomach (Fig.3B). There was no
., difference between pramlintide and placebo infu-
sions for retention in the distal stomach (Fig.3C).

80 1

60 1

40

Total solid meal (%)

20

Liquid emptying (Fig.4). Similarly, liquid emptying
from the total stomach (Fig.4 A) was slower during
pramlintide infusion compared to placebo. There
was a significant difference in lag time between pram-
lintide and placebo (69 vs 7.5 min, p=0.008). The
median t;, value during placebo infusion was
45.0 min. Pramlintide delayed gastric emptying so
much that tg, values could not be calculated. The
slower emptying of the liquid component of the
meal was associated with a significant increase in the
amount of liquid in the proximal stomach (Fig.4B).
In comparison there was no significant difference in
60 the emptying rate of placebo or pramlintide from
the distal stomach (Fig.4C).

Pramlintide infusion therefore resulted in a delay
40 of both the initial phase and the first 50% of gastric
emptying for both the liquid and solid components
of the test meal.

204 The study protocol was well-tolerated by all sub-
jects but, at the end of the infusion of pramlintide,
nausea was reported by half the patients two of

0 whom vomited. Nausea was mild and vomiting mod-

o e 120 180 o049  erate for three of four (75%) and two of two patients
B Time (min) (1009%6), respectively.
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Discussion

804 The rate of gastric emptying can be affected by a
large number of factors including meal composition,
blood glucose concentration, insulinaemia and levels
of other hormones. We attempted to control these

601 influences. To avoid potential influence of meal

404 <

|
Fig.3 (A-C). Solid gastric emptying during pramlintide (1)
and placebo (@) infusions. <> time of meal. A, total;
20 B, proximal; C, distal. Data are median and interquartile ran-
ges. There was a significant difference in lag time (the time ta-
ken for 10 % of the isotope to empty) between pramlintide and
placebo (150 vs 44.5 min, p = 0.016). The median ts, value (the
0 — T T T T 4 time at which 50% of the isotope has left the stomach) during
c 0 60 120 240 placebo infusion was 163.5 min. Pramlintide delayed gastric
— Time (min) emptying so much that ty, could not be calculated

Total solid meal (%)
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content, the study was designed as a crossover trial
and a standardized test meal used. Since hyperglycae-
mia may delay gastric emptying [11-13], euglycaemia
was aimed for. The delayed gastric emptying during
pramlintide infusion was not related to postprandial
glucose levels which were comparable between pram-
lintide and placebo except for the peak value, which
was lower during pramlintide than placebo infusion.
Thus, pramlintide resulted in a delay of gastric empty-
ing despite a higher maximum blood glucose concen-
tration during placebo infusion.

More glucose was infused between 90 and 180 min
during pramlintide infusion compared to placebo in-
fusion (data not shown) to maintain blood glucose
within the normal postprandial range; this can be ex-
plained by pramlintide delaying glucose absorption
as a result of the delay in gastric emptying.

Hyperinsulinaemia (approximately 270 pmol/l)
has been reported to delay gastric emptying in nor-
mal subjects [14]. In the present study, insulin concen-
trations were lower after pramlintide infusion. There-
fore the delay in gastric emptying during pramlintide
infusion was not an effect of insulin.

There was a big difference in insulin levels be-
tween placebo and pramlintide infusions; this was as
a result of exogenous insulin given during placebo in-
fusion to prevent postprandial hyperglycaemia (data
not shown).

Following gastric emptying glucose is transported
across the intestinal wall and enters the circulation.
Its absorption rate can be estimated using double iso-
tope labelling techniques. However, since 3-OMG is
actively transported across the small intestine [15],
but is not metabolized after absorption [16], this glu-
cose analogue can serve as an indicator of active
monosaccharide absorption. Delayed absorption of
3-OMG would be consistent with an effect secondary
to delayed gastric emptying. (However, a large effect
of pramlintide on gastric emptying would prevent de-
tection of any additional direct effect of pramlintide
on absorption of glucose.) In addition, if there was a
change in the SMA — which supplies the second part
of the duodenum, jejunum, ileum but not the stomach
which is supplied by the coeliac artery-blood flow
response to food during pramlintide infusion, this
would indicate that vascular effects of pramlintide
may contribute to any attenuation of the postprandial
glucose excursion.

P
|

Fig.4 (A-C). Liquid gastric emptying during pramlintide ([J)
and placebo (@) infusions. <> time of meal. Data are median
and interquartile ranges. There was a significant difference in
lag time (the time taken for 10 % of the isotope to empty) be-
tween pramlintide and placebo (69 vs 7.5 min, p = 0.008). The
median tg, value (the time at which 50 % of the isotope has left
the stomach) during placebo infusion was 45.0 min. Pramlintide
delayed gastric emptying so much that the t;, value could not be
calculated
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The absorption of 3-OMG was delayed during
pramlintide infusion. This was probably secondary to
the delay of gastric emptying as there was an inverse
relationship between liquid emptying and the 3-
OMG profile: as liquid emptied from the stomach, 3-
OMG levels started to rise. Other mechanisms, such
as an effect of pramlintide on intestinal transport are
possible but were not evaluated.

There was no difference in SMA blood flow be-
tween placebo and pramlintide infusion visits, either
before or after the test meal. This is slightly surprising
since it has been reported that increased gut blood
flow is associated with the absorption of nutrients
[17] and a difference in SMA blood flow between
the placebo and pramlintide infusions would be ex-
pected given the relationship between the rate of gas-
tric emptying of food from the stomach and the blood
flow response. The lack of difference in SMA blood
flow responses suggests that there are other factors,
of which we are unaware, which may also play a role
in the local regulation of intestinal blood flow.

For both phases of the meal the delay of emptying
by pramlintide appears to be due to the retention of
both the solid and liquid in the proximal stomach re-
gion. During placebo infusion the solid component
of the meal initially resided in the proximal stomach.
However, the liquid component rapidly emptied
from the stomach with no evidence of preferential
storage in the proximal stomach. Similar findings
have been reported by other workers [18]. In the lat-
ter study proximal and distal stomach emptying of a
solid (100 g of **™Tc labelled liver/ground beef) and
liquid (either 200 ml of 0.9% NacCl or 25% dextrose
solutions) mixed meal was quantified in normal sub-
jects and it was found that the dextrose drink delayed
gastric emptying of the solid meal compared with sal-
ine by increasing the lag period and retention in the
proximal stomach. This could possibly be due to a de-
lay of emptying caused by endogenous amylin and/or
insulin which will have been co-secreted in response
to the glucose drink. In the present study, pramlintide
caused retention of food and drink in the proximal
stomach, and thus may be an extension of the effects
of glucose described by Collins et al. [18].

Nausea and vomiting can have major effects on
gastric motility and retard gastric emptying. How-
ever, they occurred at the end of the infusion period
and after the gastric emptying images were comple-
ted. It is likely they were a consequence of delayed
emptying/gastric stasis rather than a cause.

Recently, Kolterman et al. [5] have shown that
pharmacological doses of pramlintide (mean plasma
concentration 225 + 15 pmol/l) reduced postprandial
hyperglycaemia in patients with IDDM after oral nu-
trients, but had no effect on plasma glucose concen-
trations after an intravenous glucose load. It was pos-
tulated that an alteration in the rate of gastric empty-
ing accounted for at least a portion of the observed
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reduction in postprandial hyperglycaemia. Our data
support this hypothesis.

The extent of the delay of gastric emptying demon-
strated in thistrial probably representsan exaggerated
pharmacological effect, since pramlintide was admi-
nistered as an infusion and the plasma concentrations
achieved were several times higher than those antici-
pated to be required for a therapeutic effect (normal
plasma amylin concentrations range between 5 and
20-25 pmol/l in humans whereas peak plasma pram-
lintide concentration was 130.3 £ 18.9 pmol/l). Fur-
ther studies, using a lower pramlintide infusion rate
to achieve a concentration corresponding to a physio-
logical amylin concentration, are needed. Pramlintide
can be administered by intermittent subcutaneous in-
jections [19] which would obviously be a more appro-
priate therapeutic route than intravenous infusion. In
this study the patient’s usual insulin regimen was not
changed as part of the protocol but it might be antici-
pated that less short-acting insulin would be required
to control postprandial glucose excursion since
prolonging the period of nutrient absorption has been
shown to enhance insulin “economy” [20].

IDDM patients are not only insulin deficient but
also amylin deficient [21, 22]. Faster rates of gastric
emptying have been reported not only in rat models
of IDDM [4, 23] but also in humans with IDDM
[24, 25] and it has been suggested that amylin defi-
ciency may contribute to postprandial hyperglycae-
mia. There is also indirect evidence of enhanced gas-
tric emptying in IDDM; Pehling et al. [26] reported
that meal-derived glucose appeared in the systemic
circulation more rapidly in well-controlled IDDM
patients compared to age-matched non-diabetic con-
trol subjects. If recent reports of faster rates of gastric
emptying in patients with IDDM are confirmed,
slowing the rate of gastric emptying in these patients
might prove beneficial in improving glycaemic con-
trol and therefore amylin or an amylin agonist may
be a useful adjunct to insulin treatment by regulating
absorption of ingested nutrients by modifying gastric
emptying. However, since there is evidence for both
accelerated and delayed gastric emptying in IDDM
[24, 25, 27, 28], the drug should be reserved for pa-
tients identified to have rapid emptying.
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