
ABSTRACT
Background: Leptin is produced in proportion to body fat mass
and can act on the brain to induce satiety and regulate adipose
tissue mass; factors other than adipose tissue mass may influence
circulating leptin concentrations.
Objective: We explored the possibility that short-term, moder-
ately high-fat diets induce weight gain by producing inappropri-
ately low circulating leptin concentrations.
Design: Female Hooded Wistar rats were fed either a moderately
high-fat diet or control diet. Body weight, energy intake, body
composition, and fasting plasma leptin were compared after 4
and 14 wk of dietary treatment.
Results: After 4 wk, abdominal fat mass was 38% greater in rats
fed the high-fat diet than in those fed the control diet (P < 0.01).
However, plasma leptin concentrations were 24% lower in ani-
mals fed the high-fat diet (P < 0.05), resulting in significantly
lower plasma leptin concentrations per unit abdominal fat mass
than in control animals (P < 0.005). From 4 to 14 wk, animals fed
the high-fat diet gained twice as much weight and consumed
32 kJ/d more than controls (both P < 0.05). At 14 wk, plasma lep-
tin concentrations per unit abdominal fat mass were 27% lower in
rats fed the high-fat diet (P = 0.058) and there was a significant
negative association between leptin concentrations per unit
abdominal fat mass and body weight (r = 0.44, P < 0.05).
Conclusions: In the short term, a moderately high-fat diet is
associated with lower than expected circulating leptin concentra-
tions, which correlate with a higher body weight. A high-fat diet
may therefore contribute to weight gain by reducing leptin secre-
tion in adipose tissue. Am J Clin Nutr 2000;71:438–42.

KEY WORDS Energy intake, satiety, leptin, body weight,
high-fat diet, adipose tissue, rats

INTRODUCTION

Long-term, high-fat diets can induce overconsumption and
weight gain; however, the mechanism by which this occurs is
unknown (1). Leptin is a circulating protein produced in propor-
tion to adipose tissue mass (2) that can act on the brain to increase
satiety (3). Therefore, a persistent reduction in either the secre-
tion or action of leptin may cause weight gain by sending an inap-
propriate signal to the brain, resulting in a reduced satiety
response. Mice with well-established diet-induced obesity have
hyperleptinemia (4), yet are hyperphagic (5) and expend less

energy (6), suggesting that dietary fat may cause weight gain by
limiting the action of leptin. However, leptin insensitivity only
appears in diet-induced obese AKR mice once body fat increases
to 25% above normal, suggesting that it is a secondary phenome-
non (7). It is also unclear whether central leptin insensitivity is
associated with diet-induced obesity; some studies show impaired
suppression of food intake after intracerebroventricular adminis-
tration of leptin (8), whereas others have found a normal response
to intracerebroventricular leptin (7, 9). This paper explores the
alternative possibility that early gain in fat mass induced by a
high-fat diet may be due to low leptin secretion by adipose tissue.

There are factors other than total-body fat mass that can influ-
ence circulating leptin concentrations. For example, a paper pub-
lished recently in this Journal showed that food restriction in
humans causes an adiposity-independent decrease in plasma lep-
tin concentration (10). Jenkins et al (11) showed that reduced car-
bohydrate intake, but not reduced fat intake, was associated with a
pronounced fall in serum leptin concentration over a 4-wk period
in obese human subjects. Therefore, dietary manipulations appear
to influence leptin secretion through mechanisms other than just
by altering fat mass. The aims of this study were to investigate
whether a short-term, moderately high-fat diet induces overeating
and weight gain, and whether these changes are associated with an
inappropriately low secretion of leptin by adipose tissue.

MATERIALS AND METHODS

Animals

Female Hooded Wistar rats aged between 20 and 22 wk were
purchased from Monash University Animal Facility (Melbourne).
Animals were housed individually with a 12-h light-dark cycle
maintained by artificial lighting (lights on at 0600) and a constant
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room temperature of 20–22 8C. These experiments were approved
by the Royal Melbourne Hospital Animal Ethics Committee.

Experimental protocol

Animals were divided into 2 weight-matched groups (227 ± 4
and 229 ± 4 g) and were given either a moderately high-fat diet
(n = 19) or a low-fat control diet (n = 22). Animals fed the mod-
erately high-fat diet consumed 10 mL of a fat emulsion
(Intralipid; Kabi Pharmacia, AB, Stockholm) containing 20% tri-
acylglycerol, 1.2% phospholipid, and 2.25% glycerol daily and
had unlimited access to a standard nonpurified laboratory diet
(Barastock Products, Pakenham, Australia). This resulted in a
diet consisting of <36% of energy as fat, 51% of energy as car-
bohydrate, and 13% of energy as protein. The fat emulsion was
provided at 0900 each day in a dish and was always readily con-
sumed within 2 h. It consists primarily of purified soybean oil,
which is composed mostly of linoleic acid (52%) and oleic acid
(30%). The diet of the control group consisted of the nonpurified
diet provided ad libitum (3% fat, 77% carbohydrate, and 20% pro-
tein). Groups of animals (n = 12 for the high-fat diet and n = 14
for the control diet) were maintained with the diets for 4 wk,
whereas the remaining 7 animals in each group continued to con-
sume the diets for an additional 10 wk.

Body weight and composition measurements

Four weeks and 14 wk after the start of the study, body
weights and food intake were measured at 0900. The estrus cycle
of female rats is known to cause fluctuations in body weight and
food intake (12) so daily recordings were averaged over a 4-d
period. At the end of the dietary period, animals were fasted
overnight, then anesthetized by using intraperitoneal pentobar-
bital (60 mg/kg body wt, Nembutal; Boehringer Ingelheim,
Sydney, Australia) and kept warm with a heating lamp. Thirty
minutes later, blood was taken by heart puncture and tissues
were collected. All visible white adipose tissue (WAT) from the
left side of the body was collected and weighed. This WAT
weight was doubled to give an estimate of abdominal WAT mass.
Single depot infrarenal and subcutaneous WAT and total
intrascapular brown adipose tissue were also weighed.

Blood analyses

Blood collected by heart puncture was collected in EDTA-
coated tubes and centrifuged at 1200 3 g and 4 8C for 10 min.
Plasma leptin was analyzed by using a rat radioimmunoassay
(Linco Research, St Charles, MO) as described previously (13).
Plasma insulin was measured by a double-antibody radioim-
munoassay (Pharmacia, Uppsala, Sweden). The glucose oxi-
dase method was used to determine plasma glucose with a glu-
cose analyzer (Yellow Springs Instrument Company, Yellow
Springs, OH).

Statistical analysis

Data are expressed as means ± SEMs. Analysis of variance
with 2 factors, diet and time, was used for comparisons and post
hoc least-significant-difference tests were used to compare indi-
vidual means (SPSS for WINDOWS 8.0; SPSS Inc, Chicago).
Two-tailed Student’s t tests were used to compare variables when
a significant interaction was detected between diet and time. Lin-
ear regression analysis was performed by using Microsoft
EXCEL for WINDOWS 95 (version 7.0; Microsoft Corp, Red-
mond, WA). The slopes and elevations of regression lines were
compared by a method that involves the use of a Student’s t test
in a fashion analogous to that of testing for 2 differences
between 2 population means (14).

RESULTS

The responses of animals to 4 wk of dietary intervention are
shown in Table 1 (n = 7–19 for the high-fat diet and n = 7–22
for the control diet). Although dietary fat intake was 82 kJ/d
higher in the rats fed the high-fat diet (P < 0.001), body weight
and total energy intake did not differ after 4 wk from that of
the animals fed the control diet. Total energy intake was main-
tained in the fat emulsion–fed rats because they consumed less
nonpurified diet. This resulted in a decrease in dietary carbo-
hydrate and protein intakes (by 45 and 11 kJ/d, respectively; P
< 0.001). Both the high-fat and control diets met the dietary
requirements of rats (15). Despite there being no significant
difference in body weight between the 2 groups, animals fed
the high-fat diet had a significant increase in abdominal WAT
mass (38%) and infrarenal WAT mass (2-fold increase) than
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TABLE 1
Body weight, energy and macronutrient intakes, white adipose tissue
(WAT) weights, brown adipose tissue (BAT) weight, and fasting plasma
leptin and insulin concentrations of rats after 4 wk of a high-fat or
control diet1

Control diet High-fat diet

Body weight (g) 237 ± 4 239 ± 4
Total energy intake (kJ/d) 224 ± 10 249 ± 13
Dietary fat intake (kJ/d) 6.7 ± 0.9 88.6 ± 0.42

Dietary carbohydrate intake (kJ/d) 172.2 ± 7.5 127.3 ± 10.02

Dietary protein intake (kJ/d) 44.6 ± 2.0 33.1 ± 2.62

Abdominal WAT (g) 9.09 ± 0.70 12.53 ± 1.203

Infrarenal WAT (g) 0.82 ± 0.07 1.67 ± 0.314

Subcutaneous WAT (g) 1.08 ± 0.09 1.12 ± 0.05
Intrascapular BAT (g) 0.19 ± 0.01 0.19 ± 0.01
Plasma leptin (mg/L) 2.47 ± 0.34 1.88 ± 0.175

Plasma insulin (pmol/L) 34.4 ± 6.0 28.0 ± 2.8
1 x– ± SEM.
2–5 Significantly different from control diet: 2 P < 0.001, 3 P < 0.01,

4 P < 0.005, 5 P < 0.05.

FIGURE 1. Correlation between abdominal white adipose tissue mass
and circulating plasma leptin concentrations in rats fed a moderately high-
fat diet (m; r = 0.82, P < 0.01) or a control diet (n; r = 0.81, P < 0.01) for
4 wk. Linear correlations were significantly different (P < 0.001).



the animals fed the control diet. Not all adipose tissue regions
responded in this manner; subcutaneous WAT and brown adi-
pose tissue mass were unaffected by the short-term, high-fat
diet.

After 4 wk, plasma leptin concentrations were 24% lower in
the animals fed the high-fat diet than in those fed the control diet
(Table 1). The fasting leptin concentration is plotted as a function
of abdominal WAT mass after 4 wk of the diets in Figure 1. There
was a positive relation between abdominal WAT mass and circu-
lating leptin concentration for both the animals fed the control
diet and those fed the high-fat diet. However, the correlation for
the animals fed the high-fat diet was significantly different from
that for the animals fed the control diet. At 4 wk, the animals fed
the high-fat diet had significantly lower plasma leptin concentra-
tions per unit of abdominal WAT mass than the control animals
(0.15 ± 0.01 compared with 0.24 ± 0.02 mg ·L21 · g21; P < 0.005).
It should be emphasized that plasma was collected after a 12-h
overnight fast. Similar leptin responses were seen after only a 4-h
fast but the differences between the rats fed the high-fat diet and
those fed the control diet were less dramatic (data not shown).
After 4 wk, fasting plasma glucose concentrations were not signi-
ficantly different between animals fed the high-fat diet and those
fed the control diet (6.8 ± 0.3 compared with 6.9 ± 0.4 mmol/L),
nor were plasma insulin concentrations (Table 1).

The responses of animals to 14 wk of dietary intervention are
shown in Table 2 (n = 6–7 for the high-fat diet and n = 7 for the
control diet). From 4 to 14 wk, animals fed the control diet gained
only 12 ± 6 g whereas the animals fed the high-fat diet gained
twice as much body weight (28 ± 5 g; P < 0.05). Over this time,
total daily energy intake dropped by 28 ± 8 kJ in the control-fed
rats but was unchanged in the rats fed the high-fat diet (4 ± 8 kJ),
resulting in a 28% higher total energy intake in the rats fed the
high-fat diet than in those fed the control diet at 14 wk. Dietary
protein and carbohydrate intakes were not significantly different
between animals fed the high-fat and control diets at 14 wk.
Abdominal and infrarenal WAT mass were significantly higher in
the animals fed the high-fat diet than in those fed the control diet.
Longer-term fat feeding also caused significant increases in
intrascapular brown adipose tissue mass and subcutaneous WAT

mass. However, it is possible that the increase in intrascapular
brown adipose tissue mass in the animals fed the high-fat diet
may have been ben partly due to increased WAT infiltration.
Brown adipose tissue mass was the only variable for which a diet-
by-time interaction was found.

At 14 wk, there was still less leptin secreted per unit
abdominal WAT mass in the rats fed the high-fat diet than in
those fed the control diet (0.11 ± 0.01 compared with
0.15 ± 0.02 mg · L21 · g21; P = 0.058) and this was negatively
related to body weight (Figure 2). That is, those animals that had
less circulating leptin per unit of fat mass had a higher body
weight. There was a negative association between leptin secreted
per unit of abdominal WAT mass and body weight for the rats fed
high-fat and control diets after 4 and 14 wk.

When data from both time points and all animals were com-
bined, significant correlations were found between abdominal
WAT mass and total energy intake (r = 0.36, P < 0.05) and
between abdominal WAT mass and dietary fat intake (r = 0.44,
P < 0.01). However no correlations were found between abdom-
inal WAT mass and either dietary carbohydrate or dietary pro-
tein intake. Dietary fat, carbohydrate, and protein intakes all
correlated significantly with the concentration of leptin secreted
per unit of abdominal WAT mass after 4 wk (Table 3). At 14 wk,
the only correlation that remained significant was a negative
correlation between total dietary fat and leptin secreted per unit
of abdominal WAT mass.

Fasting plasma insulin concentrations were not affected
significantly by diet at 14 wk (Table 2). Plasma insulin
increased over time from 4 to 14 wk in both the animals fed the
high-fat diet (by 25%; P < 0.005) and those fed the control diet
(by 28%; P < 0.001). At 14 wk, the plasma glucose concentration
was not significantly different between the animals fed the high-
fat diet and those fed the control diet (7.1 ± 0.3 compared with
7.4 ± 0.3 mmol/L). When data from both time points and all ani-
mals were combined, there was a weak positive correlation
between circulating plasma leptin and plasma glucose concentra-
tions (r = 0.42, P < 0.05); however, no correlations were found
between plasma leptin and plasma insulin concentration. There-
fore, higher plasma glucose and insulin concentrations were not
associated with lower leptin concentrations per unit of abdominal
WAT mass.
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TABLE 2
Body weight, energy and macronutrient energy intakes, white adipose
tissue (WAT) weights, brown adipose tissue (BAT) weight, and fasting
plasma leptin and insulin concentrations of rats after 14 wk of a high-fat
or control diet1

Control diet High-fat diet

Body weight (g) 250 ± 6 268 ± 42

Total energy intake (kJ/d) 197 ± 8 253 ± 83

Dietary fat intake (kJ/d) 5.9 ± 0.3 88.9 ± 0.34

Dietary carbohydrate intake (kJ/d) 151.4 ± 6.4 132.9 ± 8.1
Dietary protein intake (kJ/d) 39.3 ± 1.6 34.5 ± 2.2
Abdominal WAT (g) 11.00 ± 1.56 16.13 ± 1.15

Infrarenal WAT (g) 1.33 ± 0.19 2.22 ± 0.186

Subcutaneous WAT (g) 1.39 ± 0.18 1.81 ± 0.103

Intrascapular BAT (g) 0.19 ± 0.02 0.26 ± 0.013

Plasma leptin (mg/L) 1.83 ± 0.46 2.11 ± 0.24
Plasma insulin (pmol/L) 44.2 ± 15.0 34.8 ± 3.7

1 x– ± SEM.
2 Different from control diet, P = 0.052.
3–6 Significantly different from control diet: 3 P < 0.05, 4 P < 0.001,

5 P < 0.01, 6 P < 0.005.

FIGURE 2. Correlation between plasma leptin concentration per unit
of abdominal white adipose tissue mass and body weight in rats fed a
moderately high-fat diet (h) or a control diet (s) for 4 (h, s) and 14 (j,
d) wk (r = 0.44, P < 0.05; n = 27). Some data points are identical and
therefore obscured on the figure.



DISCUSSION

Our study showed that short-term, high-fat diets are associ-
ated with reduced leptin secretion. This reduced leptin secretion
may contribute to the subsequent weight gain we observed in the
animals fed the high-fat diet. On the basis of recent findings in
the literature, we propose 2 mechanisms that may explain why a
high dietary fat intake is associated with lower than expected cir-
culating leptin concentrations.

Decreases in insulin-stimulated glucose metabolism have
been shown to be associated with decreases in leptin expression
and secretion in isolated adipocytes (16). This may explain why
fasting decreases leptin concentrations (10, 16), and it may
explain the lower leptin concentrations we observed after high-
fat diets because high-fat feeding can decrease insulin-stimu-
lated glucose uptake into adipocytes (17).

Increases in lipolysis have also been associated with decreased
leptin synthesis in several studies (18, 19). This may explain
decreased leptin synthesis after fat feeding because increased
lipolysis has been documented after high-fat diets (20, 21). The
mechanism by which increased lipolysis may decrease leptin
synthesis is not known but may involve the activation of peroxi-
some proliferator–activated receptors by certain fatty acids.
These receptors are fat cell–specific transcription factors capable
of activating adipocyte differentiation. Exposure of mice to a
high-fat diet has been shown to increase peroxisome prolifera-
tor–activated receptor g expression (22). This could explain the
reduced leptin secretion in the animals in our study because per-
oxisome proliferator–activated receptor g can reduce leptin
expression in adipose tissue (23). It is also possible that activa-
tion of cyclic AMP or b-agonists by a high-fat diet (24, 25) may
act directly to suppress leptin secretion (18, 19).

Insulin has been identified as a possible mediator of leptin
secretion. Insulin has been shown to increase leptin messenger
RNA gene expression (26) and to increase circulating leptin con-
centrations (27, 28). We found no relation between circulating
insulin and leptin concentrations, suggesting that a high-fat diet
does not affect leptin secretion by altering insulin secretion.
However, our animals were studied in a fasted, anesthetized con-
dition and different results may have been seen had blood sam-
ples been taken from conscious, fed rats.

Diets high in fat have been shown to lower satiety, leading to
overconsumption and weight gain (29, 30). Our data suggest that
this may be due in part to reduced leptin concentrations. This is
supported by a study by Surwit et al (5) in which obesity-prone
animals were shown to have lower circulating leptin concentra-
tions than did obesity-resistant mice when fed a high-fat diet. It
is also supported by a recent study by Havel et al (31) in which

lower 24-h circulating leptin concentrations were observed in
human subjects after consumption of high-fat, low-carbohydrate
meals. The effect of dietary fat on leptin may be dependent on
the type of fat consumed because different sources of fat can
have varying effects on lipolysis (32) and adipose tissue glucose
uptake (33). We postulate that these 2 factors may be responsible
for the reduction in leptin after dietary fat. (In our study, the
main source of fat was polyunsaturated linoleic acid and
monounsaturated oleic acid.) The effect of dietary fat on leptin
may also be dependent on the length of the dietary treatment.
Studies have shown that consumption of a high-fat diet for 12 d
does not affect circulating leptin concentrations (34), whereas
consumption of a high-fat diet by animals for 5 mo did elevate
circulating leptin concentrations (35), which may have been due
to the development of leptin insensitivity.

In conclusion, a fat-rich diet may contribute to early weight
gain not only because it provides the substrate for triacylglycerol
accumulation, but also by because food intake increases as a
result of the reduction in leptin secretion by adipose tissue.
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