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Ghrelin and exercise: a possible virtuous circle
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Introduction

It is well known that exercise in itself has several benefits

in terms of health and fitness [1, 2], as well as neural and

cognitive effects [3], in both humans and laboratory ani-

mals. Food restriction and regular exercise are the two

major established strategies for the prevention and treat-

ment of obesity, which is currently recognized as a serious

burden worldwide. However, obesity is often associated

with physical inactivity and disrupted life rhythms,

including binge and night eating [4], which makes the

treatment of obesity more complicated and weight reduc-

tion less attainable. Although exercise is recommended for

the purpose of weight reduction through the increment of

energy expenditure, it is generally difficult for most obese

subjects to continue regular exercise for long periods of

time. Thus, it is important to explore the putative mecha-

nisms for producing the motivation to perform and adhere

to exercise, especially in obese subjects.

Ghrelin, originally identified as a growth hormone sec-

retagogue (GHS), is an orexigenic gut hormone. It is a

28-amino-acid peptide produced by the X/A-like endocrine

cells in the oxyntic glands of the gastric fundus [5, 6].

Ghrelin functions primarily as an orexigen [7] and as a GH-

releasing hormone [5]. Various other physiologic roles

have been reported, including modulation of energy

metabolism [8] and regulation of the autonomic nervous

system [9, 10] and cardiovascular system [11]. In contrast

to a significant decrease after a single bout of exercise [12],

the long-term outcomes of periodic exercise on the ghrelin

dynamics are still controversial and have not been clarified.

Here we demonstrate beneficial effects of long-term vol-

untary exercise on disrupted rhythms of daily activity,

which are often observed in obese subjects, in relation to

the amelioration of extraordinary ghrelin production in an

obese model. Furthermore, because ghrelin is relevant to

higher motivation and hyperactivity [13, 14], it is plausible

that ghrelin plays an essential role in the formation of

motivation and in the adherence to exercise.

Effects of exercise on abnormal feeding behavior
and disrupted ghrelin production in an obese
model

As mentioned above, human obese subjects are often

associated with abnormal eating behavior including binge

and night eating [4] and physical inactivity. In our recent

work [15], a disrupted daily rhythm of locomotor activity

including hyperactivity during light phase was observed in

high-fat-diet (HFD)-induced obese rats. Marked increase of

food intake during light phase was observed in these obese

models as well. Voluntary exercise was performed in

metabolic chambers equipped with a running wheel appa-

ratus for 3 days of every other week from 6 to 16 weeks

old. The induction of voluntary exercise to HFD-obese rats

brought about an effective reduction of weight and fat

amount together with a significant decrease of locomotor

activity and feeding during light phase, leading to a normal
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daily rhythm observed in rats fed control diet (CD). The

HFD-obese rats exhibited a deterioration of ghrelin pro-

duction and a lower serum ghrelin concentration compared

to that in CD-rats. After the induction of voluntary exer-

cise, however, the dysregulated ghrelin production was

restored to the level comparable to CD rats. Because

ghrelin is related to food anticipatory activity, it is plau-

sible that ghrelin participates in the circadian rhythmicity

of daily activity including eating behavior. A beneficial

effect of voluntary exercise, even only 3 days of 2 weeks,

for the treatment of obesity has now been confirmed in

terms of the amelioration of the daily rhythms in eating

behavior and physical activity probably controlled by

endogenous ghrelin production.

Ghrelin accelerates the motivation for voluntary
exercise via an enhancement of reward circuit

To provide an adequate energy balance, the food intake is

regulated by a rewarding force as well as the sensation of

hunger through the activation of other brain regions, such

as the cerebral cortex and nucleus accumbens (NAc) [16].

Recent studies have shown that mesolimbic dopamine

neurons in the ventral tegmental area (VTA) that project to

the NAc represent a critical site for ghrelin to trigger food

consumption behavior, since high levels of GHS receptor

expressions are recognized in the dopamine neurons in the

VTA [17]. It is suggested that ghrelin is involved in the

brain reward circuits that are related to motivational

properties as well as hedonic feeding. In the previous report

[15], we demonstrate a possible relationship between

exercise and this appetite-regulating hormone. Because

ghrelin is relevant to higher motivation and hyperactivity

[13, 14], we hypothesized that it plays an essential role as

an initiator of voluntary exercise as well as feeding

behavior. To this end, we used ghrelin knockout (GKO)

mice for further experiments.

From our unpublished results, the plasma ghrelin con-

centration showed a bimodal diurnal rhythm with peaks at

the beginning and at the end of the dark phase in the wild-

type (WT) mice housed under a 12-h light-dark cycle (light

off 1900–0700). Although predominant increases in wheel-

running activity were observed accordant with both peaks

of plasma ghrelin in the WT mice, those were severely

attenuated in the GKO mice. A single injection of ghrelin

receptor agonist into GKO mice at the beginning of dark

phase brought about a marked enhancement of wheel-

running activity to the level comparable to WT mice in

contrast to no effect by the continuous administration of the

same amount of this agonist. The brain dopamine response

was severely attenuated in the GKO mice compared to that

observed in the WT mice. These findings emphasize that

the surge in ghrelin, which coincides with light being

turned off, plays a crucial role in the motivation for vol-

untary exercise via the central hedonic dopamine system.

Conclusion

A close and essential relationship between exercise and

appetite-regulating hormone has now been demonstrated.

Because voluntary exercise in itself brought about a sig-

nificant increase of brain dopamine (our unpublished data),

an interactive relationship between exercise and the central

reward circuit might exist. The production of ghrelin in the

stomach was mainly accelerated at the beginning of the

dark phase because of some unknown mechanisms related

to hunger, feeding or light-off in this period. An enhanced

ghrelin signal was transmitted to the central mesolimbic

area, and the reward circuit was activated, which then

motivated voluntary exercise, making a virtuous circle

(Fig. 1). Because of ghrelin’s nature as a peptide hormone,

it is expected that the peripheral administration of ghrelin

or some analogs may be clinically applied for the treatment

of obesity in the future.
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