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To investigate the response of plasma leptin and its diurnal variation to graded levels of dietary fat intake, adult (486 .8 ± 10.8
g), male rats (N = 52) were fed diets containing 12%,28%,44%, and 60% fat for 4 weeks . The body weight gain and abdominal
fat pad weight-were higher (P < .05) in groups fed diets containing 44% and 60% fat compared with the two diets containing
less fat. There were no significant differences in terms of body weight or fat pad weight between animals fed the two diets
with higher fat content or between animals fed the two lower-fat diets . Twenty-four-hour energy expenditure was not different
among the dietary fat groups. After 3 days on the experimental diets, plasma leptin increased (P < .03) in all dietary groups .
The increases in leptin in animals fed 12% and 28% fat diets occurred primarily in the morning . In contrast, in groups fed the
two diets containing higher fat content, leptin levels increased mainly in the afternoon . As a result, the daily variation in leptin
increased (P < .05) in the two groups fed lower-fat diets, but decreased (P < .04) in animals fed the two higher-fat diets . These
data demonstrate that short-term high-fat diet feeding abolished the diurnal fluctuation of plasma leptin levels, which may
prevent proper leptin function and eventually contribute to the development of obesity .
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LEPTIN, a protein produced by the ob gene, is synthesized
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and secreted mainly from adipose tissue . It has been

	

Animals and Diets
shown in animals that leptin administration reduces food intake
while maintaining energy expenditure .' ,' Leptin acts on recep-

	

Fifty-two adult male Sprague-Dawley rats (486 .8 ± 10.8 g) were
obtained from the breeding colony at the Animal Care Facility of St .

tors in the hypothalamus to inhibit neuropeptide Y production ;

	

Luke's-Roosevelt Hospital Center. Rats were housed in separate
the latter stimulates food intake and decreases thermogenesis .3 wire-mesh cages in an isothermal (23° - 1 °C) light cycle-controlled (7
The leptin concentration increases promptly with overeating 4 .5 AM to 7 PM light) environment and were fed ad libitum on a commercial
and has been shown to be positively correlated with body lipid rat chow (Lab Diet; PMI Nutrition International, St Louis, MO) before
content .6 ' 7 Therefore, leptin is thought to be a Immoral signal the feeding trial. The rats were then randomly assigned to 4 dietary
from adipose tissue that provides information to the brain about groups of 13 rats each and switched to defined diets containing either
the body lipid content and energy balance, which results in 12%, 28%, 44%, or 60% energy as fat ad libitum for 4 weeks (Table 1) .
adjustments of food intake and energy expenditure to maintain The ingredients of the experimental diets were purchased from Teklad

body weight stability.8'9 Premier Laboratory Diets (Madison, WI) and the diets were mixed in

A diurnal variation of the circulating leptin concentration has

	

our laboratory. Body weight and food intake were recorded 3 times per

been shown in humans . Leptin levels peak between midnight

	

week. Blood samples were collected by tail bleeding from 8 to 10 AM

and 2 to 4 PM 3 days before and 3 days after the first day of feeding the
and early morning, with baseline concentrations occurring in

	

experiment diets . At the end of week 4 between 9 AM and 12 noon, the
the afternoon . 1 ° In rodents, ob gene expression and circulating animals were lightly anesthetized using carbon dioxide gas and a blood
leptin also exhibit diurnal fluctuation ." The timing of food sample was collected by heart puncture . The rats were then killed by
intake is an independent determinant of the diurnal rhythm of decapitation . Epididymal and retroperitoneal fat pads were excised
leptin secretion both in mans and in animals . 12 bilaterally and weighed, with data presented as the average of the two

Diets high in fat have been shown to promote the develop-

	

sides.
ment of obesity . i 3 The amount of fat consumed determines the
degree of body adiposity. 14,15 It has been demonstrated that a

	

Energy Expenditure

high-fat diet dramatically increases the plasma leptin level .6,16 Twenty-four-hour energy expenditure was determined using our
Presumably, an enlarged body fat mass underlies such increases small-animal respiratory system as previously described .' Briefly, this is

in leptin . A recetit study has demonstrated that lean subjects a computer-driven system that allows simultaneous testing by serial

habituated to a high-fat diet had higher leptin levels as

	

sampling of up to 6 animals housed in individual sealed Plexiglas

compared with low-fat diet consumers, despite a similar body

	

(Rohm & Haas, Philadelphia, PA) metabolic chambers (School of
Engineering, Columbia University) . The chambers are maintained in a

mass index and body fat mass, 17 suggesting an effect of high-fat

	

separate controlled-environment room with constant temperature and
diets on the leptin level independent of body fat . Lin et al's also

	

humidity and supplied with first-pass fresh air . Air sampled from the
showed an acute effect of a high-fat diet on circulating leptin
concentrations in rats .

However, whether the influence of dietary fat content on

	

From the Obesity Research Center, St. Luke's-Roosevelt Hospital,
leptin is dose-dependent remains unknown . The magnitude of

	

and the Institute of Human Nutrition, Department of Medicine, Colum-
the diurnal variation of plasma leptin has been reported to

	

bia University, New York, NY

correlate with the gain in total body fat, 19'20 but it is not clear
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whether high-fat diets influence the daily fluctuation of the
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Table 1 . Composition of the Experimental Diets

NOTE. Values are based on the formulation of the AIN-93M rodent
diet.
Abbreviation : AIN, American Institute of Nutrition .

chambers is analyzed for oxygen (Magnos IV oxygen analyzer) and
carbon dioxide (Uras 3G carbon dioxide analyzer ; both Hartmann
Braun, Frankfurt, Germany) for 23 hours . From these values, the
average energy expenditure per minute is calculated on-line using
standard formulae 21 and extrapolated to 24 hours . Rats were tested 1 or
2 days prior to death .

Leptin and Insulin Assays

Leptin and insulin assays were performed in duplicate by the
Hormone/Metabolite Core Laboratory of the New York Obesity Re-
search Center using radioimmunoassay kits (Linco Research, St Charles,
MO). For the leptin assay, the sensitivity is 0 .5 ng/mL, the limit of
linearity 50 ng/mL (100-µ1 sample size), and the coefficient of variation
(CV) 8 .8% . For the insulin assay, the sensitivity is 0 .1 ng/mL, the limit
of linearity 10 ng/mL, (100-µl sample size), and the CV 5 .3%.

Statistical Methods

We assigned 13 rats per dietary fat group, following sample size
analysis showing that 12 .9 rats per group would be required to detect a
difference in daily leptin variation of 2 ng, with a standard deviation of 3
ng and power at 80% .

The data are presented as the mean ± SEM. The main effect of
dietary fat was determined by 1-way ANOVA using the SPSS general
linear model program (SPSS, Chicago, IL) . Fisher's protected least-
significant difference test was used to determine the difference between
means .

RESULTS

The body weight gain was higher (P < .01) in groups fed the
diets with 48% (84.6 ± 8 .3 g) or 60% (83 .8 ± 7 .9 g) of energy
as fat compared with animals fed 12% fat (38 .3 ± 4 .4 g) and
28% fat (52 .3 ± 6 .0 g) diets (Fig 1) . There was no difference in
body weight gain between the groups fed the two higher-fat
diets or between the groups fed the two lower-fat diets . Similar
results were observed for the epididymal and retroperitoneal fat
pad weight . Energy expenditure was not different among the
dietary groups . As expected, the respiratory quotient differed
among dietary groups, with the highest values in the 12% fat
group (Table 2) . Energy intake was higher (P < .05) during the
first 3 days on the experimental diet in the animals fed the 60%
fat diet (354.5 ± 19 .4 kcal) compared with groups fed 12% fat
(301.3 ± 15 .2 kcal) and 28% fat (299 .4 ± 15 .5 kcal) diets (Fig
2). However, there was no difference regarding energy intake
between the groups fed the two higher-fat diets or the two

groups fed the lower-fat diets . Similarly, total energy intake
over the 4-week test was only different (P < .05) between
groups fed the two higher levels of fat (2,866.2 ± 68 .2 v
2,800.4 ± 84 .5 kcal for the 44% and 60% fat groups, respec-
tively) as compared with the two lower-fat diets (2,460 .7 ± 68 .1
v 2,585 .5 ± 74 .3 kcal for the 12% and 28% fat groups) .

Plasma leptin concentrations at 3 days before the diet change
were not different among the groups either in the morning or in
the afternoon (Fig 3) . However, after 3 days of the experimental
diets, morning leptin levels were 20% higher (P < .05) in
animals fed the 48% fat diet (2(r3 ± 1 .1 ng/mL) compared with
rats fed the 12% (16 .7 ± 1 .4 ng/mL) or 28% (16 .2 ± 1 .4
ng/mL) fat diets . There were no differences in morning leptin
levels between the 12% and 28% fat dietary groups or between
the 44% and 60% (19 .0 ± 1 .2 ng/mL) fat groups . In contrast to
the morning leptin, afternoon leptin concentrations were in-
creased about 40% (P < .01) in rats fed the 44% fat (19 .7 ± 1 .8
ng/mL) and 60% fat (20 .5 ± 1 .4 ng/mL) diets as compared with
animals fed the 12% fat (12 .1 ± 1 .4 ng/mL) or 28% fat
(12.5 ± 1 .5 ng/mL) diets .

The daily fluctuations in leptin (differences between morning
and afternoon levels) were not different among the groups
before the dietary treatment (3 .24 ± 0.63, 2.11 ± 0 .31,
2.10 ± 0 .39, and 2 .52 ± 0 .49 ng/mL for 12%, 28%, 44%, and
60% fat dietary groups, respectively ; Fig 4) . However, after
consumption of the experimental diets for 3 days, the daily
changes in plasma leptin levels from morning to afternoon were
increased (P < .02) in the 12% fat (4.58 ± 0 .83 ng/mL) and
28% fat (3 .94 ± 0 .67 ng/mL) dietary groups and decreased
(P < .05) in the 44% fat (0.63 ± 1 .81 ng/mL) and 60% fat
(-1.46 ± 1 .36 ng/mL) dietary groups . When data for the leptin
daily variation were further analyzed controlling (by covariate
analysis) for the effects of energy intake for the first 3 days and
body weight, the P value for the effect of dietary fat on the leptin
daily variation changed from P = .005 to P = .03 after
controlling for the effect of 3-day energy intake and to P = .006
after controlling for the effect of body weight at the end of
1-week feeding .

Leptin levels at death were higher (P < .05) in the 44% fat
(36 .9 ± 3 .8 ng/mL) and 60% fat (38 .7 ± 6.3 ng/mL) groups as
compared with 12% fat (23 .5 ± 3 .6 ng/mL) diet group (Fig 5) .

CHA, CHOU, AND BOOZER

-0-12% -11111-28% --*-44% -411-60%

Fig 1 . Body weight gain in rats fed diets varying in fat content for 4
weeks. Values are the mean t SEM (n = 13) . Means with different
letter at the same week are significantly different .

Fat Content

Component (g/100 g) 12% 28% 44% 60%

Casein 15 15 15 15
Fat 5 13 23 36
Cornstarch 50 44 37 28
Sucrose 20 18 15 11
Cellulose 5 5 5 5
AIN-93M mineral mix 3 .5 3 .5 3.5 3 .5
AIN-93M vitamin mix 1 1 1 1
L-Cystine 0 .18 0 .18 0.18 0 .18
Choline bitartrate 0 .25 0 .25 0.25 0 .25
tert-Butylhydroquinone 0 .0008 0 .0008 0.0008 0 .0008
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Table 2 . Body Weight, Fat Pad Weight, Respiratory Quotient, and Energy Expenditure in Rats Fed Diets Containing Various Quantities of Fat

NOTE. Values are the mean ± SEM . For each parameter, means with different superscripts are significantly different .

Differences in leptin concentrations at death were not signifi-
cant between the 44% fat (36 .9 ± 3 .8 ng/mL) and 60% fat
dietary groups or between the two groups fed less fat .

Plasma insulin concentrations were not different among the
dietary groups either before dietary treatment or at death (Table
3). After 3 days on the experimental diets, morning insulin
levels were lower (P < .03) in the 3 groups fed higher levels of
fat compared with rats fed the 12% fat diet or compared with
morning insulin levels before the dietary treatment or at death .
Afternoon insulin levels did not differ among the groups 3 days
after dietary treatment.

DISCUSSION

Diets that are high in fat promote the development of obesity .
Leptin has been proposed to act as a feedback signal to regulate
food intake and energy expenditure and therefore to maintain
body weight stability. However, the role of leptin in the
development of obesity in response to a high-fat diet remains to
be elucidated. The present study demonstrates for the first time
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Fig 2 . Energy intake for the first 3 days and total 4-week feeding
trial of rats fed diets varying in fat content . Values are the mean ±
SEM (n = 13) . Means with different letters are significantly different .

that high-fat diets abolished the diurnal variation of plasma
leptin concentrations. The lack of a daily fluctuation of the
circulating leptin concentration may impair leptin action and
eventually lead to obesity .

It has been shown that consumption of a high-fat diet
promotes greater weight gain and excess body fat deposition .
Doucet et a122 investigated the relationship between dietary fat
content and body adiposity in adult men . Significant positive
correlations were found between the percentage of dietary
energy as fat and body fatness . We have previously reported that
in rats fed isocalorically on diets containing 24%, 36%, or 48%
energy as fat, total body fat and adipose depot weight increase
in proportion to the level of fat in the diet, despite similar body
weight. 14 In the present study, the gain in body weight was not
in proportion to the fat content in the group fed the highest level
of dietary fat . The fluid nature of the 60% fat diet may make it
difficult for the rats to eat . As a result, animals in this dietary
group did not consume more energy or gain more weight as
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Afternoon

Fig 3 . Plasma leptin in rats fed diets varying in fat content 3 days
before dietary treatment and after 3 days' consumption of the
experimental diets. Values are the mean t SEM (n = 12-13) . Means
with different letters are significantly different .

Fat Content

Parameter 12 28% 44% 60%

Body weight (g)
Initial 488 .9 ± 11 .7 486.2 ± 11 .5 488 .2 ± 10 .3 483 .7 ± 9.6
At death 527 .3-- 13 .7a 538 .4 ± 16 .1' 572 .7 ± 17 .1b 567 .5 ± 15 .7b

Fat pad weight (g)
Epididymal 5.77 ± 0 .45' 7 .73 ± 0 .57b 8 .22 ± 0 .77b5 .37 ± 0 .47a
Retroperitoneal 7 .40 ± 0 .55a 8.16±0 .58' 10 .62 ± 0 .60b 10 .80 ± 0 .61b

Respiratory quotient 0 .92 ± 0 .01' 0.88±0.01b 0.84±0 .01° 0.81±0 .024
Energy expenditure (cal/min) 69 .3 ± 2 .9 71 .8 ± 2 .9 72.1 ± 2 .3 74 .6 ± 2 .7
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Fig 4. Magnitude of variation in plasma leptin levels from morning
to afternoon 3 days before the dietary treatment and 3 days after
consuming the experimental diets. Values are the mean ± SEM
(n = 12-13) .

compared with rats fed the 44% fat diet, although the fat pad
weight was higher, consistent with our previous findings .'4

Food intake was influenced by the fat content in the diet .
Energy intake for the first 3 days of the experimental diet was
higher in the two high-fat diet groups versus the two groups fed
lower-fat diets . These differences in energy intake remained
throughout the feeding period. However, energy expenditure
was not different among the dietary groups . An equal energy
expenditure but higher energy intake in the high-fat diet animals
compared with low-fat diet groups explains the difference in
body weight gain.

The diurnal rhythm of the circulating leptin level has been
shown to be determined by the timing of food intake .5, ' 2 Rats
usually eat in the dark. We thus hypothesized that with a
12-hour light/dark cycle (7 AM to 7 PM light), leptin levels in our
rats would peak between 8 and 10 AM and decrease to the
nonfed baseline level by 2 to 4 PM . Our results support such a
hypothesis .

High-fat diets have been shown to increase leptin levels .
Frederich et a16 fed diets containing 21 % (wt/wt) fat to mice for
12 weeks and found that plasma leptin increased greatly .
However, increased body adiposity may account for the ele-
vated leptin levels . Similarly, in women consuming a diet with
50% energy as fat for 3 weeks, leptin levels were significantly
increased. 16 Again, changes in body composition may be an
explanation. Recently, increased leptin levels have been demon-

12% 28%

	

44%

Level of Dietary Fat

60%

Fig 5 . Plasma leptin at death in rats fed diets varying in fat content
for 4 weeks. Values are the mean t SEM (n = 11-13) .
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Table 3 . Plasmainsulin in Rats Fed Diets With Various Quantities of
Fat Before and After Starting the Dietary Regimen and at Death

NOTE. Values are the mean ± SEM . For each parameter, means with
different superscripts are significantly different .

strated in rats fed a diet with 56% energy as fat for 2 days,'$
suggesting an effect of a high-fat diet on the leptin concentration
independent of body lipid stores . In the present study, high-fat
diets increased leptin levels both in the morning and in the
afternoon. Since body composition is probably not significantly
changed within 3 days, our results demonstrate a hyperlep-
tinemia effect of overeating associated with high-fat diet
consumption .

The present data further show that leptin levels increased
more in the afternoon than in the morning in response to
high-fat diet feeding . In contrast, in animals fed low-fat diets,
the major increase in leptin was observed in the morning . As a
consequence, the diurnal variation of leptin levels strikingly
decreased in the two high-fat diet groups, while it increased in
the low-fat diet animals . One possible explanation may be that
the high-fat diet changed the eating pattern in those animals .
Rats fed the high-fat diet might eat in both the dark and the light
periods . However, this was not observed . In addition, the
amount of food eaten (in grams) is not different among the
dietary groups and is even lower numerically in the high-fat diet
groups (data not shown) . It does not appear that a longer eating
period or a shift in the timing of eating is associated with the rats
fed the high-fat diets . It has been reported that the average
circadian amplitude of plasma leptin levels between the acro-
phase and nadir is lower in obese compared with lean sub-
jects . 10' 20 Gains in body fat are inversely related to the nocturnal
increase (peak) in serum leptin . 19 In considering these findings,
the present results suggest that the decreased diurnal fluctuation
of leptin levels may be related to an impaired action of leptin as
a feedback signal and contribute to the body fat accumulation in
the high-fat diet groups .

Plasma insulin has been reported as positively correlated with
leptin levels. 23 In the present study, morning insulin levels
decreased in groups fed the 3 higher-fat diets . The exact
mechanism remains to be determined. The decreased carbohy-
drate content in the high-fat diet compared with the rodent chow
may reduce glucose-induced insulin secretion . It has been
reported that leptin inhibits insulin secretion . 24 Increased leptin
levels after 3 days' consumption of the purified diets may blunt
insulin secretion, especially when the percentage of carbohy-
drate in the diet is decreased . Plasma insulin increased after 4
weeks of the feeding trial across dietary groups . This could be
due to the gains in body weight and fat, suggesting relative
insulin resistance in those animals . However, no difference
regarding the insulin concentration was observed among the

Plasma Insulin
(ng/mL)

Fat Content

12% 28%

	

44% 60%

3 Days before
Morning 2 .22 ± 0 .34 2 .27 ± 0 .33 2 .26 ± 0.28 1 .90 ± 0 .33
Afternoon 1 .63 ± 0 .21 1 .61 ± 0.30 1 .76 ± 0.36 1 .64 ± 0 .28

3 Days after
Morning 2 .39 ± 0 .55a 1 .09 ± 0 .22b 1 .36 ± 0.29b 1 .00 ± 0 .23b
Afternoon 2 .07 ± 0 .46 1 .59 ± 0 .29 2 .69 ± 0.52 1 .76 ± 0 .33

At death 6 .88 ± 1 .04 5 .28 ±1 0 .49 6.19 ± 0.84 6.45 ± 0 .69
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dietary groups, despite the higher body weight and fat gains in
high-fat diet groups . The combined effect of a higher leptin
level and lower glucose supply in the high-fat diet groups may
be an explanation.

In summary, high-fat diet feeding associated with overeating
increased plasma leptin and decreased the diurnal variation of
the leptin concentration . The reduced diurnal fluctuation of
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