Transient Effects of Long-Term Leptin
Supplementation in the Prevention of
Diet-Induced Obesity in Mice
Richard S. Surwit, Christopher L. Edwards, Suma Murthy, and Ann E. Petro

Low plasma leptin levels have been shown to be associated with the development of obesity in mice as well
as in humans. The present study was undertaken to
determine if raising plasma leptin levels of obesityprone C57BL/6J (B6) mice to those seen in obesityresistant A/J mice would prevent the development of
diet-induced obesity. Four-week-old B6 (n = 40) and
A/J (n = 10) male mice were weaned onto a low-fat
(11% kcal) diet. When the animals weighed 20 g, their
diets were changed to a high-fat (HF) diet (58% kcal),
and a continuous infusion of leptin (0.4 mg · kg–1 · day–1)
or phosphate-buffered saline (control) was started
using Alzet minipumps. The A/J mice were not treated
but were included to monitor the efficacy of the
minipumps in raising plasma leptin in B6 mice. The mice
were followed for 12 weeks. Chronic treatment with
leptin for 4 weeks raised plasma levels in B6 mice to
that of A/J mice. Plasma leptin in B6 control mice
remained significantly lower than A/J mice through
week 4. By week 8, leptin levels in the B6 control group
had risen and were similar to A/J mice. Although there
were significant weight differences between B6 treated
and B6 control groups for 2–3 weeks after pump
implantation, these differences were transient. Ultimately, there were no weight differences between the B6
treated and B6 control groups. There were no differences in plasma glucose between B6 treated and control
groups. Plasma insulin values were also not different
between the 2 groups. There was no effect of leptin
supplementation on locomotor activity or food intake in
B6 mice. In summary, this study demonstrates that leptin supplementation in animals that show low plasma
leptin levels in response to fat feeding may slow but
does not prevent the subsequent development of dietinduced obesity. Diabetes 49:1203–1208, 2000

T

he discovery of leptin and its receptor has revealed
a new hormonal feedback system that may contribute substantially to the regulation of body
weight (1–4). Leptin has been demonstrated to
influence body weight through effects on metabolic rate as well
as on food intake, oxygen consumption, and increased body
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temperature (5–8). Mutations in the obese gene, which
encodes leptin, lead to hyperphagia and severe obesity in animals (9) and humans (10,11). In these cases (5,6,12), treatment
with exogenous leptin reduced body weight and eliminated the
hyperphagia associated with the absence of leptin. Levin et al.
(13) extended these studies and, using a pair feeding design,
showed that in ob/ob mice the decreases in body weight and
fat-pad weight as a result of exogenous leptin were independent of decreases in food intake. In addition, Sindelar et al. (14)
reported that when diabetes was induced in rats using streptozotocin, plasma leptin fell and hyperphagia ensued. Leptin
supplementation prevented the increased food intake in this
model. However, most human obesity is associated with
increased circulating leptin (15–17), leading to the theory
that, like type 2 diabetes, obesity involves resistance to the
action of a protein hormone (18,19) at some unknown site.
Little is known about the role leptin plays in the etiology
of obesity in nonmutant animals or humans. The relationship
between plasma leptin levels and subsequent weight gain in
humans is not clear. Interestingly, some studies demonstrate
that relatively low plasma leptin levels predict subsequent
obesity in human populations (20–23). Plasma leptin levels
were shown to predict weight gain in a sample of 36 Pima Indians followed over 3 years. Those individuals with higher leptin levels adjusted for percent body fat remained at a stable
weight, whereas those with lower leptin levels gained weight
(20). In prepubertal girls, but not boys, leptin levels predicted
subsequent changes in percent body fat (23). Matkovic and
colleagues (21,22) have confirmed the relationship between
low plasma leptin and subsequent obesity in young Caucasian females. However, other studies are not confirmatory.
A longitudinal study done in Mauritius found no relationship
between plasma leptin levels and subsequent weight (24).
Chessler et al. (25) found a positive relationship between
leptin levels and fat accumulation in Japanese Americans.
Although the effect of diet was not examined in these studies, several investigations have reported that fasting plasma
leptin levels were not affected by dietary fat (26,27). However,
in a recent report, Havel et al. (28) demonstrated that highfat meals decrease 24-h circulating leptin when compared with
high-carbohydrate meals. The plasma leptin nighttime peak
and the 24-h area under the curve were significantly lowered
by a high-fat diet. This led to the suggestion that decreases in
leptin secretion would reduce the overall amount of leptin
available to the central nervous system and thus contribute
to the adipogenic effects of high-fat diets.
The C57BL/6J (B6) mouse is a well-characterized model of
diet-induced diabetes and obesity. Additionally, it is the back1203
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ground strain on which the ob/ob mutation is commonly
placed. The B6 mouse remains lean and otherwise normal on
low-fat diets; but when raised on a high-fat diet, it develops
severe obesity, hyperglycemia, hyperinsulinemia, -cell dysfunction, and hypertension in adulthood (29–31). B6 mice
show both increased caloric intake and increased feed efficiency (body weight gain per kilocalorie consumed) in
response to fat (30). In contrast, strains such as A/J gain
weight on a high-fat diet in direct proportion to increased
caloric intake but maintain normal glucose and insulin levels.
The syndrome develops in B6 mice fed high fat in spite of the
fact that they are 2–3 times more active than A/J mice (32).
Recently, we identified differential changes in leptin levels
in A/J and B6 mice in response to a high-fat diet. At 4 weeks of
age, the B6 mouse has significantly lower plasma leptin levels
when compared with A/J mice. Within 1 month of being fed a
high-fat diet, A/J animals show a 2-fold rise in plasma leptin that
plateaus and remains constant even as animals gain weight. B6
animals lack this response to diet and show increased levels
of leptin only after the development of obesity. Lower plasma
leptin levels in B6 mice when compared with A/J can be
observed for up to 10 weeks after introduction of a high-fat diet.
The leptin levels in B6 mice reach and exceed those of A/J only
after B6 animals develop massive obesity (body weight >40 g).
Low plasma leptin may help explain the propensity of B6 mice
to develop diet-induced obesity (33).
The present study was undertaken to gain understanding of
the role of leptin in the etiology of diet-induced diabetes and
obesity. The hypothesis that leptin supplementation would prevent diet-induced diabetes and obesity in B6 mice was tested.
RESEARCH DESIGN AND METHODS
Animals. Forty B6 and 10 A/J male mice were received at 4 weeks of age from
Jackson Laboratories and were housed 5 animals per cage in a temperature-controlled vivarium equipped with a 12-h light/dark cycle (lights on 0700). The
mice were fed a low-fat (11% kcal) diet (Research Diets, New Brunswick, NJ).
When the animals weighed 20 g, the diet was changed to high fat (58% kcal). In
addition, a continuous infusion of phosphate-buffered saline or leptin (0.4 mg ·
kg–1 · day–1) was started using Alzet osmotic minipumps (model 2004).
Surgical procedures. The minipumps were filled with either recombinant
mouse leptin (kindly provided by Amgen) or phosphate-buffered saline and
implanted subcutaneously on the dorsal surface of the mouse. The concentration of leptin was based on previous dose-response studies (data not shown).
The animals were anesthetized using 60 mg/kg ketamine and 0.2 mg/kg
medetomidine. Sedation was reversed with 1 mg/kg atipamezole.
The mice were followed for 12 weeks. The model 2004 minipump delivers
solutions for 28 days. Therefore, the pumps were implanted at week 0 and
replaced at weeks 4 and 8. When the pumps were explanted, they were examined to ensure that some of the solution remained in the pump. The concentration of leptin was recalculated based on the weight of the mice at the time
of replacement. Twenty B6 mice were assigned to each treatment group. The
A/J were included but not treated to monitor the efficacy of the minipumps
in raising plasma leptin in B6 mice.
Body weight and food intake. Body weight and food intake were measured daily for the first 5 days following surgery. Thereafter, body weight
was measured weekly and food intake twice weekly.
Feed efficiency. The feed efficiency (grams body weight gain divided by
calories consumed) was calculated on a cage basis.
Sample collection. Blood samples were collected 5 days before the treatment
began and 24–26 days after each pump implantation procedure. Food was withheld for 8 h before sample collection. The samples were collected from the
retro-orbital sinus cavity in nonanesthetized animals.
Core temperature. Temperature measurements were made 2 h after the
beginning of the light cycle (0900) at 2 time points in the study. The first measurement was made 4 days before the treatment began, and the second
assessment of temperature was made 1 month after the treatment started. Rectal temperatures were taken with a thermocouple microprobe (Physitemp,
Clifton, NJ). The probe was inserted 10 mm into the rectum, and the temperature was recorded after 15 s.
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FIG. 1. The effect of continuous leptin infusion (0.4 mg · kg–1 · day–1)
on plasma leptin. The arrows indicate the time minipumps were
implanted. Data are means ± SE. Significant differences are described
in the text.
Locomotor activity. The locomotor activity of the animals was measured
using the Opti-Varimex Activity Meter (Columbus Instruments International,
Columbus, OH). Briefly, the apparatus is a Plexiglas box surrounded by a 15
by 15 grid of infrared beams spaced 1 inch apart. Locomotion was measured
3–5 days before the treatment started and 1 month after the treatment was
underway. Mice to be tested were transferred to the testing room in their home
cages and left undisturbed for 1 h before the 1-h test period. The animal was
then placed in the Plexiglas chamber and left uninterrupted for the test
period. Three days were required to complete the testing of all animals. Three
animals, 1 animal from each treatment, were tested in each test period. The
data are reported as the total number of beams broken in 1 h.
Biochemical analyses. Plasma samples were analyzed for glucose, insulin, and
leptin concentration. Glucose was determined using the glucose oxidase
method (Beckman Glucose Analyzer II). Insulin and leptin were measured
using double antibody radioimmunoassay kits (Linco Research, St. Louis,
MO). The insulin assay is based on a rat standard, and the leptin assay is based
on a mouse standard.
Fat pad weight and adiposity index. At the termination of the study, the
animals were killed, and the epididymal, inguinal, retroperitoneal, and mesenteric fat pads were dissected using anatomical landmarks and weighed. The
gastrointestinal tract was removed and the eviscerated mouse weighed. The
adiposity index was calculated as the total fat pad weight divided by the
weight of the eviscerated mouse.
Statistical analysis. The data are expressed as means ± SE. Data were analyzed by analysis of variance. Although the B6 mice were randomly assigned
to either a control or leptin-treated group, it was found that the pretreatment
means for insulin and temperature were different between the 2 groups. These
data were analyzed using analysis of covariance (ANCOVA). Pretreatment values were used as the covariate. Comparisons between B6 control and leptintreated groups were made using the t test for independent samples.

RESULTS

Plasma leptin. As previously observed, B6 mice have lower
plasma leptin levels than do A/J at baseline (B6 = 4.11 ±
0.27 ng/ml vs. A/J = 7.64 ± 0.69 ng/ml; P < 0.0001). In addition,
A/J mice showed their characteristic plasma leptin response
after the introduction of a high-fat diet, i.e., a rapid rise that
reached a plateau and remained constant. As shown in Fig. 1,
chronic treatment with leptin was effective in raising plasma
leptin concentration in B6 mice to levels similar to those of
DIABETES, VOL. 49, JULY 2000

R.S. SURWIT AND ASSOCIATES

Body Weight

Food Intake

Feed Efficiency

FIG. 2. The effect of leptin supplementation on
body weight (A), food intake (B), and feed efficiency (C). Weight data are means ± SE. Significant differences are discussed in the text. Arrows
point to the time of minipump implantation. A
short-term weight loss was seen during the week
following surgery. Food intake (kcal · cage–1 ·
day–1) and feed efficiency data (means ± SE) are
presented on a cage basis. Transient decreases in
food intake are also associated with the surgeries
for pump replacement.

A/J mice. Furthermore, until week 8, the plasma leptin in B6
control mice remained significantly lower when compared
with A/J mice. By week 8, leptin levels in the B6 control
group had risen and were similar to A/J mice (B6 control
13.47 ± 1.72 ng/ml vs. A/J 18.42 ± 2.30 ng/ml; P = 0.11) (Fig. 1).
Body weight. Chronic infusion of leptin for 12 weeks did not
prevent obesity in the B6 mouse. Initially, leptin suppressed
weight gain in B6 mice. However, this effect was transient.
Ultimately, there were no weight differences between the
B6 leptin-treated and B6 control groups (P = 0.98) (Fig. 2A).
B6 mice were significantly heavier than A/J mice (B6 34.9 ±
0.6 g vs. A/J 29.7 ± 0.6 g; P < 0.001). Weight loss depicted in
Fig. 2A is associated with surgery for pump implantation.
Food intake. Food intake measurements were made twice
weekly. The food is pelleted and measurements of intake are
generally easy. However, A/J mice shredded the food into
tiny particles that could not be recovered efficiently. The
food intake for this strain is unreliable and therefore has not
been included. This had not been observed previously. Food
intake data for B6 mice are shown in Fig. 2B. Decreases in
DIABETES, VOL. 49, JULY 2000

food intake were associated with surgeries. Food intake was
not affected by treatment.
Feed efficiency. As with body weight, feed efficiency was
significantly depressed in the B6 leptin-treated mice when
compared with B6 control mice for 2–3 weeks following the
surgical procedure. However, these differences were transient
and were not significant at 12 weeks (P = 0.77) (Fig. 2C).
Plasma glucose and insulin. Leptin supplementation did
not prevent the development of diabetes in the B6 mouse.
Plasma glucose levels were similar between A/J and B6 mice
at baseline (P = 0.81). Plasma glucose levels of control and leptin-treated B6 mice rose significantly within 4 weeks (P < 0.01
in both groups). Values for control animals were 9.3 ±
0.2 mmol/l (time 0) versus 10.7 ± 0.7 mmol/l (time 4 weeks). For
leptin-treated mice, values were 8.9 ± 0.1 mmol/l (time 0) versus 10.7 ± 0.3 mmol/l (time 4 weeks). In addition, by week 4,
the glucose levels in B6 mice were significantly higher when
compared with those of A/J mice (P < 0.0001). Furthermore,
there were no differences between the B6 control and treated
groups at weeks 8 and 12 (P > 0.05 in both groups at both time
1205
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FIG. 3. The effect of leptin supplementation on plasma glucose (A) and insulin (B). Data are means ± SE. Significant results are described in
the text. The arrows indicate the time Alzet minipumps were implanted.

points). The B6 mice remained hyperglycemic throughout the
study (Fig. 3A).
There was a significant strain  time interaction (P < 0.001)
for plasma insulin levels. Insulin levels in B6 mice rose significantly throughout the study, whereas levels in A/J mice
remained similar to baseline. Although the B6 mice were
randomly assigned to either a control or leptin-treated group,
it was found that the pretreatment means for insulin were different between the 2 groups. Therefore, these data were analyzed using ANCOVA. Pretreatment values were used as the
covariate. This statistical analysis showed no difference
between B6 control and leptin-treated mice at any time during the experiment (Fig. 3B).
Obesity. Leptin supplementation did not prevent obesity in
the B6 mouse. None of the differences in fat pad weights
were statistically significant. The adiposity index (sum of
fat pad weights divided by the eviscerated weight of the animal) was also not different between B6 control and leptintreated groups (Table 1). The adiposity index in both
groups of B6 mice was lower when compared with that in
A/J mice. This result was unexpected and was presumed to
be a consequence of the surgical procedures performed
on the B6 mice. This is supported by previous unpublished
data that did not involve surgical procedures for which the
adiposity indexes of B6 and A/J mice were 0.207 ± 0.037 and
0.195 ± 0.011.
Locomotor activity. There was no effect of leptin supplementation on locomotor activity in B6 mice as assessed by the
number of infrared beams broken in a 15 by 15 grid in 1 h (control 19,815 ± 1,051 vs. leptin 21,346 ± 782; P = 0.15). However,
B6 mice were ~3 times more active than A/J mice (Table 1).
Because, after 1 month of treatment, there were no differences in locomotor activity between B6 control and leptin
groups, further measurements were not conducted.
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Body temperature. Initially, B6 mice had a lower core temperature than did A/J mice (B6 36.7 ± 0.14°C vs. A/J 37.5 ±
0.14°C; P < 0.001). At the end of the first month of treatment,
there was a trend toward increased body temperature in the
leptin-treated B6 mice (control 35.8 ± 0.13°C vs. leptin-treated
36.3 ± 0.10°C [P = 0.054]). At the end of the second month, the
core temperature of the B6 control mice was not different
from the that of the leptin-treated mice (data not shown). The
cohort of B6 mice assigned to the leptin treatment had higher
pretreatment temperatures than did the cohort assigned to the
control group; therefore, ANCOVA was used for the posttreatment analysis. Pretreatment values were the covariate
(Table 1).
Effect of surgery. The incisions in a number of mice, particularly in the control group, did not heal well and had to be
resutured. These mice were not included in the data analysis;
therefore, n = 12 for B6 control mice and n = 19 for leptintreated mice. It is not known whether this was an effect of the
leptin treatment on wound healing. However, Ring et al. (34)
recently demonstrated that wound healing was accelerated
in ob/ob mice when leptin was administered systemically and
topically. Additionally, Sierra-Honigmann et al. (35) found
that the leptin receptor (Ob-R) is expressed in the vasculature
and that leptin induces angiogenesis in vitro and in vivo.
DISCUSSION

Mutations in the leptin gene are clearly responsible for severe
obesity and diabetes in mice and humans (1,10). However,
such mutations are relatively rare in nature and do not contribute significantly to the etiology of human obesity. Recently,
several reports of a relationship between relative levels of circulating leptin and the tendency to develop obesity have
been reported in humans and in rodents (14,20–23,33). In
the current study, we attempted to prevent diet-induced obeDIABETES, VOL. 49, JULY 2000
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TABLE 1
The effect of continuous infusion of leptin for 12 weeks on obesity, locomotion, and temperature

n
Obesity measurements
Fat pad weight (g)
Epididymal
Mesenteric
Retroperitoneal
Inguinal
Eviscerated weight
Adiposity index
Temperature (C°)
Pretreatment
Posttreatment
Locomotion
Pretreatment
Posttreatment

B6 saline

B6 leptin

A/J

12

19

10

1.85 ± 0.14
0.58 ± 0.07
0.42 ± 0.03
1.29 ± 0.14
29.9 ± 0.76
0.13 ± 0.009

1.60 ± 0.14
0.46 ± 0.05
0.37 ± 0.03
0.99 ± 0.10
29.6 ± 0.61
0.11 ± 0.008

1.60 ± 0.10
0.51 ± 0.04
0.43 ± 0.04
1.24 ± 0.09
23.9 ± 0.45
0.16 ± 0.008

36.3 ± 0.2
35.8 ± 0.1

37.1 ± 0.1
36.3 ± 0.1

37.5 ± 0.1
36.0 ± 0.1

21,588 ± 726
21,346 ± 782

5,623 ± 759
5,654 ± 837

23,270 ± 644
19,185 ± 1,051

Data are n or means ± SE. The adiposity index is the sum of the fat pad weights divided by the weight of the eviscerated mouse.
Locomotion is the number of infrared beams in a square grid of 15 beams spaced 1 inch apart broken in 1 h.

sity and diabetes by raising the level of leptin in the obesity/diabetes-prone B6 mouse to the level naturally observed
in the obesity/diabetes-resistant A/J strain. Leptin supplementation over the first 4 weeks raised the levels of plasma
leptin in B6 mice to those of unsupplemented A/J mice and
appeared to attenuate diet-induced obesity by decreasing
feed efficiency. However, the effect of leptin on weight disappeared by the end of the experiment, despite the fact that
at 12 weeks leptin levels in supplemented B6 mice were
higher than levels in all other groups. This apparent tachyphyllaxis to continuous leptin dosing has not previously been
demonstrated. Although leptin supplementation produced a
modest transient decrease in weight gain and feed efficiency
in B6 mice, these effects also disappeared after ~5 weeks of
treatment, and there was no long-term effect of leptin supplementation in preventing diet-induced obesity or diabetes
in the B6 mouse. Contrary to some reports in the literature,
animals receiving leptin supplementation actually increased
their food consumption relative to controls. Thus, the effect
of leptin is similar to that of a 3AR agonist in this animal
model (36), suggesting that leptin has more of an effect on
energy expenditure than on energy intake (Fig. 2B).
Although leptin replacement in the leptin-deficient ob/ob
mouse will reverse the hyperglycemia and hyperinsulinemia
characteristic of this model (5), leptin supplementation in fatfed B6 mice had no effect on the development of elevated
plasma glucose or insulin. This finding suggests that it is
doubtful that the difference observed in leptin levels between
B6 and A/J mice following the introduction of a high-fat diet
is responsible for the hyperglycemia and hyperinsulinemia
that subsequently develop in B6 mice. Thus, although an
absolute leptin deficiency can cause diabetes, it is unlikely that
relative differences in plasma leptin observed in normal individuals are related to the predisposition to develop diabetes.
As in animal studies, leptin supplementation in obese
humans with a normal leptin gene has produced only modest
effects on body weight. Subjects receiving subcutaneous
injections of leptin (0.3 mg/kg) on a daily basis lost 7.1 kg over
6 months, whereas controls lost only 1.7 kg (37). Friedman
DIABETES, VOL. 49, JULY 2000

and Halaas (38) recently raised the possibility that individuals with relatively low leptin might be more sensitive to the
weight-reducing properties of leptin supplementation. Our
results clearly show that, at least in mice, this hypothesis is
not correct.
In summary, this study demonstrates that leptin supplementation delays, but does not prevent, the development of
diet-induced obesity in animals with low plasma leptin. Plasma
leptin levels in nonmutant animals do not appear to be
causally related to the development of diet-induced obesity.
This finding casts doubt on the notion that leptin therapy for
obesity or diabetes might be more effective in individuals with
relatively low levels of this hormone.
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