
ORIGINAL PAPER

Leptin resistance does not induce hyperphagia in the rat
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Abstract Leptin has been thought to work as a mediator

for body weight control by inhibiting food intake. Leptin,

however, cannot prevent obesity induced by a high-fat diet

(HFD) probably because of leptin resistance. We investi-

gated daily feeding and weight gain when ordinary chow

(OC) was changed to a HFD in male rats. Food intake, by

weight, significantly increased the next day, but gradually

decreased until at 20 days the HFD intake contained the

same calories as consumed by the OC-fed control rats. The

reduction in food intake occurred only during the night

without change of preference for the HFD, even after leptin

resistance had developed. Nonetheless, the HFD-fed rats

gained more weight than the controls. From the present

experiment, it is concluded that leptin resistance does not

induce hyperphagia, and suggested that body weight is not

regulated to be constant.
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Introduction

Control of body weight in mature animals has been dem-

onstrated by studies in which humans or animals are made to

either gain or lose weight by externally controlled changes in

food intake. When the humans or the other animals are

subsequently allowed to feed ad libitum, they return to

control body weight by adjusting voluntary food intake to

compensate for the previously enforced intake [1–4]. Since

the discovery of leptin [5], it has been expected to work as a

mediator for body weight control by inhibiting food intake.

However, in spite of the presence of a homeostatic mecha-

nism for maintaining body weight constant, animals fed on

food with higher fat contents readily become obese [6–8].

This is generally explained to be attributed to leptin resis-

tance; a state in which circulating leptin levels are elevated

coincident with ongoing hyperphagia and obesity, or a state

in which exogenously administered leptin fails to inhibit

food intake [3, 9]. The mechanisms underlying the normal-

ization of body weight following increased body weight

resulting from augmented calorie intake are not well

understood [3]. There is an argument that energy homeo-

stasis operates primarily to defend against weight loss and

that, over the course evolution, biological defense against

weight gain was not selected for [9].

If the anorexigenic effect of leptin is physiological, then

food intake must be increased when leptin resistance is

established, but there have been few reports of whether this is

the case. Here, we tested this proposition. We examined if

food intake is indeed increased when the rat acquires leptin

resistance. We found that daily food intake was actually

decreased in leptin-resistant rats fed on a high-fat diet (HFD)

compared with leptin-responsive rats fed on ordinary chow

(OC), and that both groups took a similar amount of calories.

Materials and methods

Animals and surgical description

Sixty-four male Wistar rats were obtained from Charles

River Japan (Yokohama, Japan) and were caged singly and
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kept in an environmentally controlled room (23 ± 2�C,

lights on 0600–1800 hours) with free access to tap water

and ordinary pellet food (NMF; Oriental Yeast, Tokyo,

Japan) containing 3.49 kcal/g, or a HFD (D12492;

Research Diets, New Brunswick, NJ, USA) containing

5.2 kcal/g. Food intake and body weight were measured at

0930–1000 hours every morning, except for the experi-

ment on circadian variation where food intake and body

weight were measured at 0600 and 1800 hours.

In order to inject leptin into a lateral cerebral ventricle, 29

male rats were implanted with a guide cannula. A stainless

steel guide cannula (1 mm outer diameter) was implanted

into the right lateral ventricle (posterior -0.8 mm, medial

lateral ?1.5 mm, and ventral -4 mm, relative to bregma

according to a rat brain atlas [10]), using a stereotaxic frame

(Narishige SR-6N, Tokyo) under anesthesia with pentobar-

bital sodium. All experiments were conducted in the home

cage, after at least 10 days of recovery period. Leptin

(Peptide Institute, Osaka, Japan) dissolved in 0.9% saline

was administered in a volume of 5 ll using a 10-ll micro-

syringe attached to polyethylene tubing and a stainless

steel injection cannula (0.6 mm outer diameter) extending

0.5 mm beyond the tip of the guide cannula.

For estimating when the rats became leptin resistant, 10

and 50 days after the change of the food from OC to the

HFD, 13 rats were injected with leptin (20 lg in 5 ll of

saline) or 5 ll of saline at 1600 hours into the lateral

ventricle. Food intake was measured 24 h later. Blood

samples (0.5 ml) were taken from tail veins of another 12

rats under ether anesthesia on days -1, 10 and 50 after the

food change. Serum leptin levels were determined using a

rat leptin RIA kit (Linco; Millipore Japan, Tokyo).

One hundred and four days after the exchange in the food

supplied, half of the rats (n = 4) of the HFD group were

injected with leptin (20 lg in 5 ll of saline) or 5 ll of saline

at 1600 hours into the lateral ventricle, respectively. Food

intake and body weight was measured 24 h later. Then, the

reverse treatment was performed; the saline-treated rats

were injected with leptin and leptin-treated rats were

administered saline. OC control rats were treated similarly.

The HFD rats were tested again after being returned to OC

food for 10 days (HFD ? OC group). The rats were

euthanatized by anesthetic (pentobarbital sodium) overdose

at the end of the experiment. Cannula placement was con-

firmed by visual inspection of the cannula tip location

within the lateral ventricle following 2% dye solution

(Pontamine Sky Blue 6B; Tokyo Kasei Kogyo, Tokyo)

Another group of seven male rats was used to examine

preference for the HFD. They were allowed to access freely

both the OC and HFD using a container with a partition to

separate the two foods.

The experimental protocol was approved by the Animal

Care Committee of University of Fukui.

Statistical analysis

The data are expressed as the mean ± standard error of the

mean (SEM). The data were statistically evaluated with

one-way or two-way analysis of variance followed by

Tukey test or Student’s t test.

Results

Effects of changing food from OC to HFD on food

intake and body weight

The daily food intake of the male rats (n = 8) expressed

as weight significantly (P \ 0.01) increased 1 day after

changing the food from OC (27.5 ± 1.0 g) to the HFD

(31.6 ± 1.4 g). Then, it gradually decreased to the weight

similar to that of OC-fed rats in 5–7 days, and further

decreased until at 20 days the intake contained the same

amount of calories consumed by the control rats fed on OC

(Fig. 1a, b). At that time, the HFD rats ate 19.8 ± 0.8 g/day

(103.0 ± 4.2 kcal/day) and OC rats ate 28.9 ± 0.6 g/day

(100.9 ± 2.1 kcal/day). The decreased food intake lasted

until the end of this study, 200 days after the change in diet.

When the energy intake became not significantly different

between OC rats and HFD rats, food intake during the day was

similar in both groups; for example, mean values from 100 and

110 days: 6.8 ± 0.7 g for OC rats and 6.6 ± 0.7 g for HFD

rats. The reduction in daily food intake in the HFD rats

appeared only during the night time (24.5 ± 1.9 g for OC rats

and 14.8 ± 0.8 g for HFD rats) as shown in Fig. 2. None-

theless, HFD rats became significantly (at least P \ 0.05)

heavier than CO controls 43 days after the diet exchange.

Effects of changing food from OC to HFD on food

intake in HFD-induced leptin resistant rats

The injection of leptin (20 lg) into the lateral ventricle of

HFD rats (n = 6) significantly (P \ 0.05) decreased food

intake the next day (98.9 ± 17.1 kcal/day) 10 days after the

initiation of the HFD compared with that in the HFD rats

(n = 7) injected with saline (135.9 ± 5.7 kcal/day). How-

ever, the same leptin treatment did not reduce food intake

50 days after the introduction of the HFD (117.0 ± 5.6

kcal/day for leptin injection, n = 7 and 124.4 ± 57.2 kcal/

day for saline injection, n = 6).

Serum leptin concentrations were 0.96 ± 0.30, 2.36 ±

0.29, 6.26 ± 0.86 ng/ml on days -1, 10 and 50 after the

start of HFD feeding, respectively, in OC rats (n = 6), and

1.20 ± 0.33, 4.54 ± 0.58, and 18.37 ± 2.31 ng/ml in

HFD rats (n = 6), respectively. Serum leptin levels were

significantly (P \ 0.05) elevated in HFD rats compared

with OC rats only on day 50.
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Another 16 male rats were reared on the OC diet, and,

for 8 rats of this cohort, the food was changed to the HFD

on the same day as the rats described above. After

104 days, the leptin (20 lg) injection into the lateral

cerebral ventricle of the OC rats significantly (P \ 0.05)

decreased food intake and body weight gain next day, as

shown in Fig. 3a, b, compared with controls injected with

intracerebroventricular (i.c.v.) saline. This anorexigenic

effect of leptin was not observed in the rats fed the HFD for

104 days, indicating they were in a state of leptin resis-

tance. Two weeks later, the HFD was returned to the OC in

the HFD rats for 10 days, during which food intake was

first decreased and then gradually increased. The leptin

resistance was not recovered by the 10-day absence of

HFD, since i.c.v. injection of 20 lg of leptin did not reduce

food intake. Next day, the food was changed to the HFD

again in the 8 rats and 8 OC control rats. The response to

this food change was similar in both the leptin-resistant and

leptin-sensitive groups (Fig. 3c): there was an initial

increase, with a following gradual decrease, resulting in

taking energy intake similar to that in the OC controls.

Change in preference for the HFD after food change

from OC to HFD

In order to determine whether the decrease of food intake

following temporary hyperphagia with the HFD can be

attributed to a change of preference for the HFD, a food

preference test was performed using another 7 male rats.

They were presented with both CO and the HFD. As shown

Fig. 1 Daily food intake

(expressed by weight (a) or

energy (b)) and body weight

(c) of the male rats fed on

ordinary chow (OC) or a high-

fat diet (HFD). The food for

half of the rats (n = 8) was

changed from OC to the HFD

on day -1; other rats (n = 8)

were continued to be fed OC.

Food intake increased

temporally after the food change

from OC to HFD, but gradually

decreased to the amount which

contained the same amount of

calories and remained stable

even after their body weight was

significantly heavier than that of

OC rats. Values are group

mean ± SEM. *P \ 0.05,

**P \ 001 between OC and

HFD rats
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in Fig. 4, the rats consumed the HFD as 96.3 ± 2.9% of

total daily food intake the first day, and this slightly

decreased to 87.9 ± 5.3% from the 4th day and remained

between 87.4 and 95.4% afterwards until the 20th day.

Total food intake was highest on the first day of the test and

decreased gradually as seen in the experiment when food

was changed from OC to the HFD.

Discussion

The present study clearly demonstrated that leptin resis-

tance does not bring about hyperphagia. The rats fed the

HFD became leptin resistant between 10 and 50 days after

starting the HFD. HFD rats did not decrease food intake in

response to leptin administration and showed significantly

higher leptin concentrations in blood than OC rats on day

50. The leptin resistance remained on day 104. However,

during this period, food intake decreased gradually and got

stabilized at a level of energy intake similar to that in OC-

fed controls. They never exhibited hyperphagia except for

the initial 4 days, even when they were significantly heavier

than the control rats. This result confirmed the previous

report that HFD-induced hyperphagia does not last for long

[11]. We further demonstrated that a similar response was

observed after the HFD rats became leptin resistant, indi-

cating that the rat does not overeat even after the leptin

resistance is established; leptin resistance never induced

hyperphagia. Indeed, HFD consumption decreased below

OC intake in control rats, indicating that leptin seems not to

be involved in this decrease in HFD intake. The finding

differs from the previous report that leptin-invoked leptin

resistance perturbs the regulation of energy homeostasis in

response to high fat exposure, as the energy consumption is

maintained at an elevated level above that of high-fat-fed

animals 18 days after a HFD [12]. This group further dem-

onstrated that a leptin antagonist infusion into a lateral

ventricle induced similar abnormality in homeostatic nor-

malization of elevated energy intake after high-fat feeding

for 7 days, while controls rats showed nearly normalized

caloric intake [13]. It is difficult to explain the difference

between these results and the present findings that the

response to the intake of high-fat food was not different

between before and after leptin resistance had developed.

However, it is noteworthy that the previous data demon-

strated that food intake expressed by weight decreased below

that of chow-fed animals on day 18, suggesting food weight

intake was actually decreased in leptin-resistant rats even

though they took more energy than OC control rats [12]. In

the experiment using a leptin antagonist, it is not possible to

know the change in food intake later than 7 days after being

fed a HFD [13], but it seems probable that the rats that were

given a leptin antagonist infusion also continued to reduce

their food intake until their energy intake became similar to

that in the control rats. We must be cautious that the rats used

in their experiment seem to be extremely efficient in accu-

mulating energy in terms of the calories taken. The rats

gained body weight significantly more than OC controls in

only 2 days. In our experiments, HFD rats became heavier

than OC rats 43 days after the start of HFD feeding.

Recently, using leptin receptor-deficient obese Zucker (fa/

fa) rats, White et al. [14] demonstrated that intact leptin

signaling is not required for the decrease in food intake that

occurs during overfeeding. Evidently, more studies are

needed to determine whether leptin is involved in the

mechanism for food intake reduction during HFD feeding.

When food was changed from OC to the HFD, the next

day the rats ate 20–30% more HFD (30–45% in terms of

calories) than OC, probably because they prefer the pal-

atable taste of fat. Leptin receptors are expressed on the

midbrain dopamine neurons [15], and are involved in the

motivated behavior of feeding, probably through altering

neural activity of the nucleus accumbens [16, 17]. In

addition, overfeeding induces rapid leptin release from

adipose tissue as early as 2 or 3 days after the start of

overfeeding [13, 18]. Thus, we examined the possibility

that the reduction in food intake during HFD feeding is due

to an alteration in preference for the HFD. As shown in the

preference experiment (Fig. 4), the rats took more than

87% of total daily food as the HFD when exposed to both

OC and the HFD. Daily total food intake was increased at

first when the preference test was started,but gradually

decreased as similarly seen when the rats were exposed to

only the HFD. However, the preference for the HFD

remained stable for at least 20 days, thus a change in taste

preference for or habituation to the HFD was not an

Fig. 2 Mean food intake of OC rats (n = 8) and HFD rats (n = 8)

during light and dark period between 100 and 110 days after the

initiation of HFD feeding. Values are group mean ± SEM.

**P \ 001 between OC and HFD rats
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explanation for the decline in HFD intake after the initial

increase.

A prolonged alteration in body weight without change in

energy intake similar to our finding has been reported in

other situations. Exposure to a single social defeat [19] or

3-h restraint stress for 3 consecutive days [20] caused a

body weight loss that failed to return long after stress-

induced hypophagia returned to the control levels. Estrogen

injection into ovariectomized rats induces temporal

decrease in food intake with permanent body weight

reduction [21]. In addition, an inhibitor of fatty acid syn-

thase reduces food intake for 1 day but weight loss lasts for

at least 5 days after its injection [22]. It is possible to

speculate that long-term HFD feeding, stress, estrogen, and

change in fat metabolism alter the set point around which

body weight is regulated, but is such a set point altered so

easily? It seems more plausible to hypothesize that body

weight is not regulated to be constant and that the food

intake is regulated to keep the energy intake constant. This

conclusion supports the theory of energostatic control of

feeding proposed by Booth [23, 24], which says that pri-

mary metabolic control of food intake is an adjustment of

the meal pattern that brings the current energy balance

towards the null point. In supporting the energostatic

hypothesis, an intermediate in the fatty acid biosynthesis

pathway malonyl-coenzyme A, has emerged as a major

regulator of energy homeostasis in the hypothalamus

[25, 26]. In addition to a HFD feeding, leptin [27, 28] and

estrogen [29, 30] have profound effects on fat metabolism.

Furthermore, our finding that reduction of food intake with

Fig. 3 Response to leptin and

to the change of food from OC

to the HFD in the rats fed OC or

HFD. After 104 days fed on the

HFD, the anorexigenic effect of

leptin was tested by injecting

20 lg of leptin or 5 ll of saline

into a lateral cerebral ventricle

of in the OC (n = 8,

respectively) and the HFD

(n = 8, respectively) rats

(a food intake, b body weight

change). The HFD rats were

tested again after their food was

returned to the OC for 10 days

(HFD ? OC group). Only OC

rats showed leptin sensitivity

and HFD rats and HDF ? OC

rats were insensitive to leptin.

Values are mean ± SEM.

*P \ 0.05, between leptin and

saline injection. Changes in

food intake after food was

switched from ordinary chow

(OC) to the high-fat diet (HFD)

in leptin-resistant and leptin-

responsive rats (c). Rats were

made leptin-resistant by HFD

feeding for 104 days; these rats

were then fed OC for 10 days,

then HFD was returned on day

-1 (n = 8). The leptin-resistant

and leptin-sensitive rats showed

similar patterns of food intake

responses to the HFD. Values

are mean ± SEM. *P \ 0.05,

between -1 and 1 day values in

both leptin-resistant and leptin-

sensitive rats
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continuous exposure to the HFD occurred only during the

night time (Fig. 2) may be due to the association of cir-

cadian alteration between fat synthesis at night and fat

mobilization during the day with a cycle of nocturnal

hyperphagia [31, 32]. It is an interesting question to be

clarified whether the altered malonyl-coenzyme A content

in the hypothalamus, which changes quite quickly [33], can

explain the alterations in food intake that occurs in the long

term, as observed in the present experiments. It is impor-

tant to elucidate the mechanism for the reduction of food

intake after voluntary overfeeding, as disturbance of this

homeostatic function may induce overfeeding and obesity.
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