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Summary

Objective

Co-administration of amylin and leptin induces synergistic and clinically meaningful
(>10%) weight loss that is attenuated as the degree of obesity increases. We explored
whether calorie restriction (CR) could restore amylin/leptin synergy in very obese rats.

Methods

Sprague Dawley rats on high-fat diet (696 ± 8 g, n = 72) were randomized to three cohorts
(C1–C3). Rats in C1 were administered vehicle, rat amylin (50 μg kg�1 d�1), murine leptin
(125 μg kg�1 d�1) or amylin and leptin for 28 days (n = 6 per group) via subcutaneous
minipump. Simultaneously, C2 and C3 rats initiated CR. After moderate (12.4 ± 0.3%,
86.7 ± 2.8 g; C2) or severe (24.9 ± 0.3%, 172.7 ± 4.7 g; C3) weight loss, amylin and/or lep-
tin was administered as described.

Results

In C1, leptin did not alter weight, and amylin induced 40.2 ± 6.1 g weight loss (�6.0
± 0.9%), which was not enhanced by leptin (44.4 ± 4.9 g, �6.1 ± 0.8%). In C2, vehicle-
treated (75.1 ± 7.8 g weight change from start of treatment, 1.1 ± 0.8% difference from
start of pre-CR phase) and leptin-treated rats (68.6 ± 9.2 g, �1.3 ± 1.0%) rebounded to
pre-restriction weight that was attenuated by amylin (29.2 ± 11.4 g, �6.2 ± 0.7%). Leptin
did not enhance the effect of amylin (22.8 ± 11.7 g, �8.3 ± 1.5%). In C3, vehicle-treated
and leptin-treated rats regained most of their weight (161.9 ± 11.8, �2.3 ± 0.8% and
144.6 ± 9.5 g, �2.3 ± 0.9%, respectively), which was attenuated by amylin (91.1
± 16.8 g, �11.2 ± 0.7%), but not enhanced by leptin (83.0 ± 7.6 g, �10.7 ± 0.8%).

Conclusions

Extreme obesity associated with leptin resistance perturbs amylin/leptin weight loss syn-
ergy in rats, which cannot be restored by pre-treatment weight loss.
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Introduction

Leptin, a hormone secreted by adipose tissue, has long
been touted as a potential anti-obesity molecule (1). The
role of endogenous leptin in the regulation of energy bal-
ance is clear, yet exogenously administered leptin has
remained intractable as a therapy for obesity (2). Leptin
administration to leptin-deficient rodents and humans
dramatically improves obesity and metabolic disease
(3,4), and recombinant human leptin (metreleptin) was re-
cently approved as an adjunct to diet for use in individuals

with leptin-insufficient congenital or acquired generalized
lipodystrophy. In leptin-deficient states like generalized
lipodystrophy, metreleptin has been reported to improve
the profound insulin resistance and other metabolic ab-
normalities present in that population (5). However, in
states like obesity, the phenomenon of leptin resistance
is uniformly observed and is felt to be a consequence in
part of the endogenous hyperleptinemia associated with
obesity (2,6). While the mechanism or molecular founda-
tion of leptin resistance remains unknown, the potential
ability to restore leptin sensitivity in states of obesity-
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associated leptin resistance remains an attractive area of
research for anti-obesity pharmacotherapies (7).

Amylin is a peptide hormone co-secreted with insulin
from pancreatic β-cells, which has primary physiological
roles in the regulation of glucose and energy balance via
its activity at specific receptors in the area postrema of
the hindbrain (8). In humans with obesity, the synthetic
amylin analogue pramlintide inhibited food intake and in-
duced significant weight loss (9,10). Amylin has been
demonstrated to be one of the few molecules that is able
to restore leptin sensitivity in obesity. The co-
administration of amylin and leptin (in rodents) or
pramlintide and metreleptin (in humans) elicited synergis-
tic clinically meaningful effects on weight loss (11–14).
Leptin resistance, however, is not so easily, nor uniformly,
abolished. In studies in extremely diet-induced obese
(DIO) rats (average body weight ~800g), we reported that
amylin/leptin synergy was less evident compared with
more moderately DIO (average body weight ~500 g) rats
(15). This was further reflected in the results of a 52-week
blinded, placebo-controlled phase II study of
pramlintide/metreleptin in which the most robust efficacy
was seen in patients with a body mass index less than
35 kgm�2 (16).

As a means to potentially understand whether
pramlintide/metreleptin could have therapeutic utility in
the most obese subjects where the incidence and impact
of weight-related comorbidities is most profound (17), we
investigated whether the loss of amylin-mediated leptin
synergy in a state of extreme obesity could be rescued
by weight loss induced via caloric restriction prior to
pharmacotherapy.

Materials and methods

Animal experiments

All studies were approved by the Institutional Animal Care
and Use Committee at Amylin Pharmaceuticals, LLC in
accordance with Animal Welfare Act guidelines. Animals
were housed individually in standard caging at 22 C in a
12-h light : dark cycle. Male Sprague Dawley rats (n=85;
Charles River Laboratories, Wilmington, MA, USA) were
pre-fattened on a high-fat diet (HFD; 32% kcal per fat;
D12266B, Research Diets, Brunswick, NJ, USA) at
Charles River from 6weeks of age until 12weeks of age.
Upon arrival, the mean body weight of the animals was
441±4g, and rats were maintained on the same diet for
a further 22weeks (34weeks of age). At this time, the final
study population (n=72) was selected, and mean body
weight was 696± 8g.

The final population was subjected to a body composi-
tion assessment (EchoMRI, Echo Medical Systems,

Houston, TX, USA) and randomized to three cohorts
(each n=24) based on body weight. Rats in cohort 1
(C1) were subsequently randomized to four weight-
matched groups (n=6 per group) for vehicle or drug treat-
ment (described in the succeeding text). Remaining rats in
cohorts 2 and 3 (C2 and C3) were subjected to 50% CR
based on mean 24-h food intake for the previous 5days
(average food intake for the whole group of rats was
17.6 ± 0.3 g; rats in C2 and C3 were allocated 8.8 g of diet
per day, just prior to lights off). At this level of CR, body
weight loss of the rats began to plateau by day 5, so on
day 6, the degree of CR was increased to 75%, and rats
were allocated 4.4 g of diet per day and throughout the re-
mainder of the CR phase. On day 15 of CR when animals
had reached 12.4% body weight loss, rats in C2 were
subjected to a second body composition assessment
(EchoMRI), and on day 16, rats were randomized to four
weight-matched groups for vehicle or drug administra-
tion. On day 34 of CR, the target weight loss of 25%
was reached in the remaining C3 rats, and they were ad-
ministered a body composition assessment (EchoMRI)
and randomized to vehicle or drug treatment groups
based on body weight.

Drug administration and plasma analysis

On day 0 (C1), day 16 (C2) or day 35 (C3) of the CR phase,
rats were implanted subcutaneously with two osmotic
minipumps (Alzet, Cupertino, CA model 2ML4), delivering
either vehicle (50% dimethyl sulfoxide)/vehicle (sterile wa-
ter), amylin (50μg kg�1 d�1)/vehicle (sterile water), leptin
(125μg kg�1 d�1)/vehicle (50% dimethyl sulfoxide) or
amylin (50μg kg�1 d�1)/leptin (125μg kg�1 d�1) for
28 days. These doses were selected from a previous
study that mapped amylin + leptin weight loss synergy
across a range of doses using response surface method-
ology (12). Minipumps were prepared the day before im-
plantation and were incubated in sterile saline at 37 °C
overnight. Minipumps were implanted in the subscapular
space, one in either side of the spine, in sterile conditions
with the rats under isoflurane anaesthesia. Following
minipump implantation, all animals were allowed ad
libitum access to HFD (D12266B, research diets).

Vehicle or drug was administered via minipump for
28 days. Body weight and food intake were measured
weekly.
On day 28 of drug treatment, rats were administered a fi-
nal body composition assessment (EchoMRI), then eu-
thanized via anaesthetic (isoflurane) overdose and
cardiac blood collected via cardiac puncture. Blood was
collected into a heparin sodium-coated tube, and plasma
glucose, triglycerides and total cholesterol were
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measured using an Olympus AU400e Bioanalyzer (Olympus
America, Irving, TX, USA).

Statistical analyses

Single-point data were analysed using one-way analysis
of variance, with Bonferroni post hoc test. For longitudinal
group comparisons, data were analysed using two-way
analysis of variance with drug * time as variables and
Bonferroni repeated measures post hoc test. Significance
was assumed for p< 0.05. Graphs and statistical analy-
ses were generated using Prism 6 for Windows
(Graphpad Software, San Diego, CA, USA). All data are
expressed as mean±SEM.

Results

For the extremely obese rats in C1 (mean body weight
696± 8g), sustained infusion of leptin had no effect on
body weight, whereas amylin administration elicited the
expected effect on body weight inducing 40.2 ±6.1 g
(6.0 ± 0.9%) body weight loss over the 4-week infusion
period (Figures 1 and 2A). Weight loss was associated
with reductions in cumulative food intake (Table 1) and
significantly reduced fat mass (Figure 3A) and sparing of
fat-free mass (Table 1). The addition of leptin to amylin
exerted no additional benefit on body weight (44.4
± 4.9 g; 6.1 ± 0.8% weight loss), fat mass or food intake
(Figures 1 and 2A and Table 1), confirming that synergy
between amylin and leptin is lost in states of extreme
obesity.

Calorie restriction (50–75%) for 15 days induced 12.4
± 0.3% reduction in body weight (mean body weight of
621± 12g). CR-induced weight loss in C2 was associated
with reduced fat mass (Figure 3D) and lower fat-free mass
expressed in grams but not as a percent of body weight

(Table 1). Rats in this cohort (C2) subsequently allowed
ad libitum access to HFD and administered vehicle for
4weeks regained all of the lost body weight (change in
weight from pre-CR phase of 7.4 ± 5.9 g equating to final
body weight 1.1 ± 0.8% above initial pre-CR body
weight), with most of the weight being regained in the first
week (Figure 1). Weight regain was associated with a re-
gain in fat mass (Figure 3B) and increased fat-free mass
(Table 1). Leptin alone did not prevent the rapid body
weight gain (change in weight from pre-CR phase of
�10.2 ±6.6 g equating to �1.3 ±1.0% lower than initial
pre-CR body weight) or alter body composition (Figure 3
A,B,D). Leptin-treated rats consumed slightly more food
than vehicle controls (Table 1). Amylin administration sig-
nificantly prevented body weight gain that was not further
enhanced by the co-administration of leptin. Amylin-
mediated prevention of weight regain (�43.1 ± 4.3 g or
�6.2 ± 0.7% from pre-CR weight) was associated with re-
ductions in fat mass (Figure 3B) and inhibition of cumula-
tive food intake over the 4-week treatment period (Table 1).
In the amylin/leptin combination group, body weight re-
gain was inhibited (�58.5 ± 11.2 g, or �8.3 ± 1.5% from
pre-CR weight) in concert with reduced fat mass and
lower cumulative food intake compared with vehicle-
treated or leptin-treated rats (Table 1). There were no sig-
nificant differences between C2 rats treated with either
amylin alone or combination of amylin/leptin.

Further CR until day 35 in the C3 cohort led to overall
weight reduction of 24.9 ± 0.3% (mean body weight of
519 ±11g), corresponding to the typical DIO weight sta-
tus in previous studies exploring amylin/leptin synergy
(11,15). Weight loss of this extent was associated with a
dramatic reduction in fat mass (Figure 3E) and fat-free
mass (Table 1). Normalized fat-free mass actually in-
creased after caloric restriction, because of the dramatic
loss of fat mass in this cohort (Table 1). Rats in C3
allowed ad libitum access to HFD, and administered vehi-
cle for 4weeks regained almost all of their lost weight
(change in weight from pre-CR phase of �17.4 ± 6.4 g
equating to final body weight 2.3 ± 0.8% below initial
pre-CR body weight; Figure 1). Weight regain was associ-
ated with increased fat mass (Figure 3C,E) and fat-free
mass (Table 1). Similar to the effects observed in the C2
cohort, leptin monotherapy had no impact on preventing
weight regain (change in weight from pre-CR phase of
�16.0 ±6.6 g or�2.3 ± 0.9%; Figure 1), regain of fat mass
(Figure 3C,E), fat-free mass changes or food intake
(Table 1). Amylin monotherapy significantly prevented
body weight regain (change in weight from pre-CR phase
of �77.3 ± 6.6 g equating to �11.2 ±0.7% lower than ini-
tial pre-CR body weight; Figure 1) and inhibited regain
of adipose tissue (Figure 3C) without significantly affect-
ing fat-free mass when expressed relative to body weight

Figure 1 Change in weight of very DIO rats (starting body weight
696 g) subjected to amylin, leptin or amylin/leptin infusion. C1, cohort
1: no calorie restriction; C2, cohort 2: 12.1% weight loss via calorie
restriction; C3, cohort 3: 25% weight loss via calorie restriction.
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(Table 1). Amylin-mediated prevention of body weight
was associated with significant inhibition of cumulative
food intake (Table 1). Effects on body weight, body com-
position and food intake in the amylin/leptin combination
were similar to those observed with amylin alone. Body
weight regain was significantly inhibited (�72.9 ± 5.2 g,
or �10.7 ± 0.8% from pre-CR weight; Figure 1) but was
not different from amylin monotherapy. Likewise, gains
in fat mass were inhibited (Figure 3C,E), there was no im-
pact on percent fat-free mass and food intake was
inhibited, but none of these effects were different from
amylin monotherapy group (Table 1).

To more clearly show the impact of pharmacotherapy,
the percentage change in body weight relative to vehicle
control groups was analysed for each cohort (Figure 2).

In all three cohorts, the impact of pharmacotherapy was
extremely similar irrespective of starting body weight or
nutritive status. Leptin as a monotherapy was ineffective
irrespective of the weight status of the cohorts. Amylin
monotherapy induced significant weight loss in C1 at
the same magnitude as observed in typical DIO rats pre-
viously (18) and reduced the change in weight in C2 and
C3 significantly relative to vehicle and leptin-treated rats.
Amylin/leptin co-administration did not elicit any addi-
tional weight loss, in any cohort, beyond that seen with
amylin alone (Figure 2).

Measurement of terminal plasma concentrations of
glucose, total cholesterol and triglycerides revealed no
significant effect of pharmacotherapy on any parameter
within any cohort (Table 2). There was a trend for reduced

Figure 2 Change in body weight for (A) cohort 1, (B) cohort 2 and (C) cohort 3 rats from start of drug treatment, expressed as change in body
weight in percent, corrected to vehicle. *p< 0.05 vs. vehicle; ^p< 0.05 vs. leptin monotherapy.

Table 1 Fat-free mass expressed as grams or percent of body weight of DIO rats at baseline (cohort 1; after prolonged high-fat diet feeding),
after CR to induce 11% (cohort 2) or 25% (cohort 3) body weight loss and at termination after 28 days of vehicle or drug treatment

Cohort Treatment
Baseline fat-free

mass (g)
Post-CR fat-free

mass (g)
Terminal fat-free

mass (g)
Baseline fat-free

mass (%)
Post-CR fat-free

mass (%)
Terminal fat-free

mass (%)
Total food
intake (g)

Cohort 1 Vehicle 441 ± 17 — 410 ± 13 64.1 ± 3.5 — 60.7 ± 3.2 464 ± 15
Amylin 423 ± 14 — 385 ± 11 63.7 ± 1.7 — 63.6 ± 1.6 336 ± 23‡

Leptin 437 ± 8 — 396 ± 8 63.0 ± 1.7 — 58.0 ± 1.9 466 ± 12
Amylin/leptin 451 ± 16 — 403 ± 12 62.5 ± 2.0 — 61.5 ± 2.3 369 ± 20‡

Cohort 2 Vehicle 443 ± 20 391 ± 15* 416 ± 17* 64.3 ± 2.6 64.0 ± 2.6 62.1 ± 2.2 538 ± 19
Amylin 455 ± 19 402 ± 16* 408 ± 19* 64.1 ± 0.6 64.3 ± 0.8 64.6 ± 0.4 442 ± 16‡

Leptin 458 ± 30 397 ± 19* 416 ± 22* 65.2 ± 1.9 65.0 ± 1.8 63.3 ± 0.9 550 ± 21‡

Amylin/leptin 455 ± 13 395 ± 9* 402 ± 13* 65.1 ± 2.8 64.9 ± 2.6 66.0 ± 2.7 438 ± 23‡

Cohort 3 Vehicle 459 ± 13 369 ± 15* 418 ± 15* 66.3 ± 3.6 72.0 ± 2.8* 64.5 ± 3.1† 692 ± 55
Amylin 443 ± 16 354 ± 12* 396 ± 21* 64.3 ± 2.4 68.7 ± 1.5* 68.1 ± 1.0* 486 ± 33‡

Leptin 452 ± 24 379 ± 16* 416 ± 21* 65.7 ± 1.8 73.1 ± 1.3* 64.5 ± 1.8† 645 ± 32
Amylin/leptin 426 ± 6 352 ± 8* 384 ± 8* 62.1 ± 0.6 67.7 ± 0.6* 66.3 ± 1.0* 508 ± 23‡

Total cumulative food intake is also shown for the 28-day treatment period.
*p< 0.05 vs. baseline.
†p< 0.05 vs. post-CR within treatment group.
‡p< 0.05 vs. vehicle.
§p< 0.05 vs. leptin within cohort.
CR, calorie restriction; DIO, diet-induced obese.
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plasma triglycerides in amylin-treated and amylin/leptin-
treated groups, irrespective of cohort, compared with ve-
hicle controls, but this did not achieve statistical
significance.

Discussion

Two potential ways to overcome obesity-related leptin re-
sistance are by co-administering a second agent (a ‘leptin
sensitizer’) and/or to use diet-induced weight loss to drive

down endogenous leptin levels. The present study exam-
ined both of these strategies. Co-administration of amylin
and leptin induces synergistic reductions in body weight
in DIO rats and obese/overweight humans (11–13). Sub-
sequent clinical and preclinical studies revealed that syn-
ergy may be conditional upon the initial weight status of
the animal, with reduced synergy evident in rats or
humans starting with higher than average weight (15).
The present studies confirmed these findings by showing
that dose regimens of amylin/leptin that synergized in DIO
rats (mean weight of 476g; (12)) failed to synergize in the
ad libitum very DIO group (mean weight of 696g). Of note,
the relative efficacy of amylin monotherapy to decrease
food intake and body weight does not appear to be atten-
uated by prevailing body weight or nutritive status. In all
three cohorts, amylin exerted a similar level of vehicle-
corrected weight loss on the order of 6–8%. These find-
ings are in line with studies in high-fat-fed female rats
showing that amylin’s anorexigenic and fat-specific
weight-lowering effects were unaltered across a variety
of nutritive states (18,19).

In human subjects that have undergone CR to induce
10% body weight loss, leptin administration can attenu-
ate or prevent counter-regulatory metabolic responses
(20) and significantly increased satiation (21). These data
suggest that in obese weight-reduced humans, some as-
pects of leptin responsiveness are present. The overall
neuroendocrinological and physiological state induced
by CR-mediated weight reduction is that of leptin insuffi-
ciency or leptin deficiency. Such data led to the

Figure 3 Change in fat mass for (A) cohort 1, (B) cohort 2 and (C) cohort 3 rats from start of drug treatment through 4 weeks of amylin, leptin or
amylin/leptin infusion expressed as change in fat mass in grams. Change in fat mass for the calorie-restricted groups (D) cohort 2 and (E) cohort
3 showing fat mass (g) at baseline, after calorie restriction (post-calorie restriction [CR]) and at termination. *p< 0.05 vs. vehicle; ^p< 0.05 vs.
leptin monotherapy.

Table 2 Terminal plasma glucose, total cholesterol or triglycerides of
non-fasted DIO rats at termination after 28 days of vehicle or drug
treatment

Cohort
Drug

treatment
Plasma glucose

(mg dL�1)
Cholesterol
(mg dL�1)

Triglycerides
(mg dL�1)

Cohort 1 Vehicle 156 ± 3 123 ± 6 238 ± 44
Amylin 149 ± 5 106 ± 8 132 ± 17
Leptin 152 ± 4 116 ± 11 166 ± 46
Amylin/leptin 153 ± 3 109 ± 7 110 ± 26

Cohort 2 Vehicle 163 ± 4 121 ± 12 224 ± 41
Amylin 155 ± 4 102 ± 3 129 ± 27
Leptin 154 ± 3 94 ± 3 213 ± 24
Amylin/leptin 151 ± 4 110 ± 8 142 ± 24

Cohort 3 Vehicle 155 ± 5 112 ± 13 185 ± 28
Amylin 162 ± 10 94 ± 5 139 ± 33
Leptin 147 ± 1 113 ± 5 182 ± 32
Amylin/leptin 149 ± 4 100 ± 8 127 ± 22
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speculation that leptin may be an effective weight loss
maintenance molecule. Our data suggest that leptin ad-
ministration alone, or in combination with amylin, is un-
able to override the orexigenic drive that results from
prolonged CR to prevent rebound hyperphagia and sub-
sequent weight regain. Our results clearly indicate that,
at least in DIO rats, restoration of amylin/leptin synergy
does not occur after CR-mediated weight loss and sheds
insight into the regulation of a body weight ‘set point’ re-
lated to leptin resistance. These conclusions can only
be considered in the scope of the degree of initial obesity,
magnitude of restriction and doses of amylin and leptin
tested.

Recently, the glucagon-like peptide-1 receptor agonist
exenatide has been proposed to exert leptin-sensitizing
actions. DIO mice treated with exenatide to induce robust
28% weight loss (in conjunction with switching from high-
fat to low-fat diet) were further weight reduced by the
addition of a leptin analogue suggesting exenatide-
mediated enhancements in leptin sensitivity (22). Con-
versely, DIO mice weight matched via CR did not respond
to subsequent leptin analogue administration (22). Similar
results were also obtained when fibroblast growth factor-
21 (FGF-21) was utilized in combination with diet
switching to induce significant weight loss. Concomitant
co-administration of the leptin analogue with FGF-21
yielded superior body weight loss compared with FGF-
21 alone, and leptin alone was ineffective (22). Interest-
ingly, in DIO mice maintained on HFD throughout the
treatment period, there was no additional benefit of leptin
in combination with either exenatide or FGF-21 (22). In
DIO mice, it appears that exenatide or FGF-21, but not
weight loss, can restore some degree of leptin sensitiza-
tion but only in the context of removing HFD and after
~28% weight loss, a highly contrived metabolic state that
is unlikely to be relevant to clinical treatment of obesity. In
obese human subjects that had lost 30.8% of body
weight following gastric bypass surgery, leptin adminis-
tration had no effect on body weight (23). Overall, the ex-
tant data imply that pharmacological interventions may
hold promise for restoration of leptin sensitization but
not weight loss per se and that a nutritional component
and/or its influence upon underlying neuronal metabolic
circuitries may be involved. To what extent switching ex-
tremely obese rats from an HFD to a low-fat chow diet will
enable restoration of amylin-mediated leptin re-
sensitization has not been reported.

Although our pharmacological study did not include
detailed mechanistic endpoints, one possibility for why
leptin sensitivity was not restored is that the threshold
for leptin sensitivity is continually (upwardly) re-set
through long-term hyperleptinemia induced by exposure
to HFD (24). At states of typical obesity, amylin agonism

may be able to alter this threshold such that leptin re-
sponsiveness is restored, but that prolonged CR appears
to be insufficient to enable a lowering of the leptin sensi-
tivity threshold to a degree such that a level of amylin
agonism that would normally engage leptin functionality
does so in the extremely obese state. How amylin en-
gages leptin responsiveness intrinsically, or in typical
obesity, is unknown, although it is almost certainly occur-
ring within the brain. Amylin administration enhances lep-
tin signalling in the hypothalamus of DIO rats (11,13).
More recently, it has been shown that amylin and leptin
work cooperatively in the hypothalamus to regulate feed-
ing behaviour (25) and that leptin and amylin modulate the
firing rate of a distinct population of neurons in the area
postrema of the brainstem (26). Within the ventromedial
hypothalamus, where sustained amylin infusion has been
shown to enhance leptin binding, amylin agonism has
been linked with interleukin-6 production and enhanced
leptin signalling (27). Taken together, while still not clearly
defined, the neural substrates connecting amylin to leptin
(and leptin resistance) are being identified and seem to
encompass the primary neuronal centres responsible for
feeding behaviour. The regulation of hypothalamic
interleukin-6 production, and potentially other central me-
diators of amylin/leptin interaction, in extreme obesity is
an important question in the context of leptin sensitivity
and whether or not it can be restored via pharmacological
mechanism/s.

The formal possibility also remains that synergy can be
restored with higher doses/exposures of leptin and/or
amylin, or by utilizing optimized analogues of amylin
and/or leptin. The dose of leptin administered in the pres-
ent studies has been shown to at least replace the decline
in endogenous leptin levels elicited by amylin and
amylin/leptin-induced weight and fat loss in DIO rats at
baseline (12). Here, terminal levels of plasma leptin from
C1 were 30ngmL�1, which is within the physiological
range for obese rodents and humans (28), and in the lep-
tin alone or amylin/leptin group, leptin concentrations
were 80–100ngmL�1 (data not shown). These observa-
tions suggest that our very DIO rats were not in a state
of leptin deficiency. Nevertheless, the possibility remains
that we had achieved higher plasma levels of leptin by ad-
ministering a larger dose, or administered more potent
leptin analogues; we could have restored leptin respon-
siveness. Alternatively, the possibility remains that in
states of extreme obesity, the leptin sensitivity threshold
remains irreversibly perturbed.

In conclusion, we demonstrate that analogous to clini-
cal observations with pramlintide and metreleptin in indi-
viduals with a higher body mass index that amylin/leptin
synergy is absent in extremely DIO rats. Synergy, or even
additivity, was clearly not rescued by reducing body
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weight via CR. Despite extreme obesity, amylin continued
to elicit significant reductions in body weight and adipos-
ity and prevent weight gain significantly in CR DIO rats.
The failure of CR-mediated weight loss to restore
amylin-induced leptin sensitization suggests that the
threshold for leptin sensitivity (or resistance) may be fur-
ther increased in the face of continued exposure to HFD
and hyperleptinemia and cannot be readily restored to
normal levels by food restriction.
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