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Ghrelin is the metabolic link
connecting calorie restriction to
neuroprotection

Parkinson’s disease (PD) is the second most common neu-
rodegenerative disease whereby the number of diagnosed
patients rises by 3—4% each year creating an ever-expanding
social, medical and financial burden. Symptoms such as
rigidity, postural instability and bradykinesia are due to di-
minished levels of dopamine within the brain. More specifi-
cally dopamine cell bodies are located in the substantia nigra
(SN) and dopamine is released in the striatum. Motor dys-
function becomes evident with a 70-80% loss of dopamine
in the striatum. The cause of PD is currently unknown and
hence most treatments are aimed at minimizing symptoms
not preventing the cause. However, it is known that meta-
bolic status, more specifically calorie restriction is neuropro-
tective in PD (Bayliss and Andrews, 2013).

Calorie restriction (CR), or reducing calories without
causing malnutrition is beneficial in a number of pathologi-
cal conditions including diabetes, cancer and neurodegener-
ation. Primates with a chronic overall 30% reduction in food
intake were found to be resistant to the MPTP model of PD
(Maswood et al., 2004). This study highlights that CR is neu-
roprotective however, the difficulty to adhere to CR necessi-
tates an alternate method to recapitulate the neuroprotective
benefits of CR. Evidence from cells treated with serum from
CR rats suggests that a hormonal factor improves mitochon-
drial function and cell viability (Lopez-Lluch et al., 2006).
One hormone that is elevated with prolonged fasting and
promptly falls post-prandially is ghrelin. Ghrelin plays a role
in maintaining steady blood glucose levels during fasting
and also has many other non-metabolic functions including
enhanced learning and memory (Diano et al., 2006) and
neuroprotection in PD (Andrews et al., 2009; Bayliss et al.,
2016). For this reason we hypothesized that CR elicits neu-
roprotective actions in PD by elevating ghrelin levels in the
bloodstream.

To address this hypothesis we used mice unable to pro-
duce the hormone ghrelin, reduced their calorie intake by
30% and exposed them to the MPTP model of PD. MPTP is
used to selectively target dopaminergic neurons and inhibit
complex I of the electron transport chain. This results in se-
lective destruction of dopamine neurons thus mimicking the
human condition. In normal mice (denoted Ghrelin WT)
CR diminished the loss of dopamine neurons, enhanced do-
pamine turnover and reduced gliosis after MPTP. However,
in mice lacking ghrelin (Ghrelin KO) CR had no neuropro-
tective effects. This data strongly implicates ghrelin as a met-
abolic hormone responsible for the neuroprotective actions
of CR. Although this is the first study to show ghrelin medi-
ated neuroprotective effects of CR in a mouse model of PD,
it supports other research linking ghrelin with minimizing
the negative consequences of CR. A recent study by Mac-
farlane (McFarlane et al., 2014) showed that adult ablation
of ghrelin secreting cells did not affect blood glucose, body
weight or food intake during ad libitum fed conditions. Only
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when mice were calorie-restricted was an effect apparent in
blood glucose regulation. This study in conjunction with
ours provides support that ghrelin acts as a metabolic signal
during CR to maintain adequate physiological and neuro-
logical function.

The next step was to identify the downstream targets of
ghrelin. In the hypothalamus ghrelin increases AMPK activ-
ity (Andrews et al., 2008); whether or not ghrelin increases
AMPK in the SN was unknown. AMPK is a sensor of cellular
energy and enhances mitochondrial function in response to
cellular stress, such as CR. We found elevated AMPK activ-
ity in the striatum in response to CR in Ghrelin WT mice,
which was absent in Ghrelin KO mice indicating a connec-
tion between ghrelin and AMPK. Hence we hypothesised
that ghrelin is neuroprotective in PD via increased AMPK
activity. To address this we measured AMPK levels in both
cultured dopaminergic neurons and mice given a single
dose of ghrelin. We found a robust increase in response to
either ghrelin or a ghrelin agonist in cultured dopaminergic
neurons. Acute in vivo injection of ghrelin increased AMPK
activity in the SN but not the striatum in C57bl6 mice. This
is the first in vivo study linking ghrelin with AMPK activity
in the midbrain. We believe the discrepancy between area
specific activation of AMPK in response to CR or ghrelin
injection is due to time dependent activation. Chronically
high ghrelin levels, as seen in CR Ghrelin WT mice activates
the ghrelin receptor, GHSR, to activate AMPK and send it to
areas of high energy demand, i.e. the striatum where dopa-
mine is released. The single dose of ghrelin had insufficient
time to bind to GHSR, activate AMPK and propagate to the
striatum, hence only an elevation in the SN was observed. In
further support of this argument GHSR is abundantly ex-
pressed on the dopamine cell bodies in the SN with little or
no expression in the striatum (Zigman et al., 2006; Mani et
al,, 2014).

Collectively our data has shown that AMPK in SN dopa-
minergic neurons is a molecular target of ghrelin during
CR. To determine if AMPK was essential for the neuropro-
tective actions of ghrelin we generated a novel mouse line
where AMPKP1 and B2 was successfully deleted in DAT
expressing neurons (AMPK KO). These mice were unable
to activate AMPK selectively in dopaminergic neurons. We
injected both AMPK WT and KO mice daily with ghrelin
over 2 weeks and exposed them to MPTP. Mice with func-
tional AMPK activity (denoted AMPK WT) given ghrelin
and MPTP had a diminished loss of dopaminergic cell
number, enhanced dopamine turnover and reduced gliosis
compared to the mice given saline. The protective actions of
ghrelin were ablated in AMPK KO mice. As a proof of prin-
ciple AMPK WT had elevated AMPK activity in response
to ghrelin and the stressor MPTP whereas AMPK KO mice
did not respond. This result clearly establishes AMPK as a
critical molecular mechanism mediating the neuroprotective
actions of ghrelin on dopaminergic neurons. Collectively
these studies indicate a direct pathway between CR, ghrelin
and AMPK in dopamine neurons to elicit neuroprotective
properties in a mouse model of PD (Figure 1).

This fundamental breakthrough in PD research now allows
further studies looking into AMPK activators in dopami-
nergic neurons to recreate CR without the need to minimise
caloric consumption. Indeed AMPK activators such as the
CR-mimetic Resveratrol and Metformin elicit neuroprotective
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Figure 1 Calorie restriction results in ghrelin mediated AMPK activation,
ultimately leading to neuroprotection in Parkinson’s disease (PD).
AMPK: AMP-activated protein kinase.

actions in models of PD. As AMPK activity diminishes with
age (Reznick et al., 2007) and ghrelin’s function diminishes
with age (Englander et al., 2004) we propose that the ability
of CR to maintain AMPK activity in a ghrelin-dependent
manner may restrict age-related decline in the dopaminergic
neurons. In further support of this argument PD patients
also have reduced postprandial ghrelin levels (Unger et al.,
2010). As a therapeutic option elevated AMPK activity is an
ideal target. AMPK activators such as Resveratrol and Met-
formin are both orally administered and well tolerated in
the general public. However, our recent works show that the
neuroprotective actions of metformin are independent from
AMPK activity in DAT neurons. Future research should fo-
cus on combination therapy with already approved PD ther-
apeutics with AMPK activators to both minimise symptoms
and treat disease progression.

In conclusion, CR is perhaps the most reproducible strat-
egy to increase mean and maximal lifespan while promoting
healthy ageing. However, the exact mechanism for how this
occurs is currently unknown. It is thought to involve altered
stress pathways, changes in signalling pathways as well as
alterations in metabolic hormones such as ghrelin and in-
sulin. We believe that the minor stress placed on the system
due to CR promotes mitochondrial health creating a direct
beneficial effect in PD. However the poor compliance within
society to adhere to CR necessitates an alternative approach
to recapitulate the benefits without having to minimise the
calories. We have discovered a novel pathway whereby CR
enhances circulating ghrelin to play a neuroprotective role
in the dopaminergic neurons via enhanced AMPK activity.
Future research should focus on exploiting this pathway in
order to recreate the beneficial effects of CR without need-
ing to adhere to strict dietary regimes. This study is not only
limited to neuroprotective actions in PD but also could have
the potential to minimise other neurodegenerative disease
and enhance overall healthy ageing.

Jacqueline A. Bayliss, Zane B. Andrews’

Monash Biomedicine Discovery Institute and Department of
Physiology, Monash University, Clayton, Victoria, Australia

*Correspondence to: Zane B. Andrews, Ph.D.,
zane.andrews@monash.edu.

Accepted: 2016-08-03

orcid: 0000-0002-9097-7944 (Zane B. Andrews)

doi: 10.4103/1673-5374.189171

How to cite this article: Bayliss JA, Andrews ZB (2016) Ghrelin is the
metabolic link connecting calorie restriction to neuroprotection. Neu-
ral Regen Res 11(8):1228-1229.

References

Andrews ZB, Erion D, Beiler R, Liu ZW, Abizaid A, Zigman J, Elsworth
JD, Savitt JM, DiMarchi R, Tschoep M, Roth RH, Gao XB, Horvath TL
(2009) Ghrelin promotes and protects nigrostriatal dopamine func-
tion via a UCP2-dependent mitochondrial mechanism. ] Neurosci
29:14057-14065.

Andrews ZB, Liu ZW, Walllingford N, Erion DM, Borok E, Friedman JM,
Tschop MH, Shanabrough M, Cline G, Shulman GI, Coppola A, Gao
XB, Horvath TL, Diano S (2008) UCP2 mediates ghrelin’s action on
NPY/AgRP neurons by lowering free radicals. Nature 454:846-851.

Bayliss JA, Andrews ZB (2013) Ghrelin is neuroprotective in Parkinson’s
disease: molecular mechanisms of metabolic neuroprotection. Ther
Adv Endocrinol Metab 4:25-36.

Bayliss JA, Lemus M, Santos VV, Deo M, Elsworth J, Andrews ZB (2016)
Acylated but not des-acyl ghrelin is neuroprotective in an MPTP
mouse model of Parkinson’s disease. ] Neurochem 137:460-471.

Diano S, Farr SA, Benoit SC, McNay EC, da Silva I, Horvath B, Gaskin
FS, Nonaka N, Jaeger LB, Banks WA, Morley JE, Pinto S, Sherwin RS,
Xu L, Yamada KA, Sleeman MW, Tschop MH, Horvath TL (2006)
Ghrelin controls hippocampal spine synapse density and memory
performance. Nat Neurosci 9:381-388.

Englander EW, Gomez GA, Greeley GH, Jr. (2004) Alterations in stomach
ghrelin production and in ghrelin-induced growth hormone secretion
in the aged rat. Mech Ageing Dev 125:871-875.

Lopez-Lluch G, Hunt N, Jones B, Zhu M, Jamieson H, Hilmer S, Cascajo
MYV, Allard ], Ingram DK, Navas P, de Cabo R (2006) Calorie restric-
tion induces mitochondrial biogenesis and bioenergetic efficiency.
Proc Natl Acad Sci U S A 103:1768-1773.

Mani BK, Walker AK, Lopez Soto EJ, Raingo ], Lee CE, Perello M, An-
drews ZB, Zigman JM (2014) Neuroanatomical characterization of
a growth hormone secretagogue receptor-green fluorescent protein
reporter mouse. ] Comp Neurol 522:3644-3666.

Maswood N, Young J, Tilmont E, Zhang Z, Gash DM, Gerhardt GA,
Grondin R, Roth GS, Mattison J, Lane MA, Carson RE, Cohen RM,
Mouton PR, Quigley C, Mattson MP, Ingram DK (2004) Caloric
restriction increases neurotrophic factor levels and attenuates neu-
rochemical and behavioral deficits in a primate model of Parkinson’s
disease. Proc Natl Acad Sci U S A 101:18171-18176.

McFarlane MR, Brown MS, Goldstein JL, Zhao TJ (2014) Induced abla-
tion of ghrelin cells in adult mice does not decrease food intake, body
weight, or response to high-fat diet. Cell Metab 20:54-60.

Reznick RM, Zong H, Li J, Morino K, Moore IK, Yu HJ, Liu ZX, Dong
J, Mustard KJ, Hawley SA, Befroy D, Pypaert M, Hardie DG, Young
LH, Shulman GI (2007) Aging-associated reductions in AMP-activat-
ed protein kinase activity and mitochondrial biogenesis. Cell Metab
5:151-156.

Unger MM, Moller JC, Mankel K, Eggert KM, Bohne K, Bodden M,
Stiasny-Kolster K, Kann PH, Mayer G, Tebbe JJ, Oertel WH (2010)
Postprandial ghrelin response is reduced in patients with Parkinson’s
disease and idiopathic REM sleep behaviour disorder: a peripheral
biomarker for early Parkinson’s disease? ] Neurol 258:982-990.

Zigman JM, Jones JE, Lee CE, Saper CB, Elmquist JK (2006) Expression
of ghrelin receptor mRNA in the rat and the mouse brain. ] Comp
Neurol 494:528-548.

1229


http://orcid.org/0000-0002-9097-7944

