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ABSTRACT

Neuroendocrine abnormalities are common in Parkinson’s disease {PD}-and they
include disruption of circadian rhythms, disturbances of glucose and bone
metabolism, insulin resistance and body weight changes. They have been
associated with multiple non-motor symptoms inef PD and have important clinical
implications. Some of the underlying mechanisms have been implicated in the
pathogenesis of PD and they-appear to be promising research-targets for the
development of petential-disease biomarkers ef-the-disease-and neuroprotective

therapies.

Here we provide a system-based review of the clinically relevant neuroendocrine

abnormalities elinicallyrelevantobserved in Parkinson’s disease in order to increase

the-appreciation and awareness ef these-disturbanecesamongst clinicians-by

clinicians. We discuss the pathophysiological mechanisms, asseciated-clinical
implications, and pharmacological and non-pharmacological therapeutic-interventions
recommended-based on the current evidence. We also review the recent advances
achieved-in theis field, focusing onin the potential targets for development of

neuroprotective drugs in Parkinson’s disease and suggest future areas for research.



INTRODUCTION

Parkinson’s disease (PD) is a common neurodegenerative condition characterised by
both motor and non-motor symptoms (NMS). Whilst the classic motor features are
attributable to nigrostriatal dopaminergic cell loss, the spectrum of NMS has-reflect a

more complex aetiology with-underhyingwhich includes numerous neuroendocrine

and metabolic abnormalities-implicated.
Neuroendocrine abnormalities in PD are important for several reasons[pgs]:

- They are relatively-common, mainly seen in advanced stages of PD ;-and
associated with multiple NMS.

- They appear to be an integral feature of PD and not simply secondary to
disruption of other physiological processes. Recent advances have shed light
on their underlying pathophysiology and the-relationship to PD, although
there remain important questions regarding the effect of neurodegeneration in
PDB-on the neuroendocrine axes.

- A better appreciation of the neuroendocrine abnormalities in PD and their has
impertantclinical implications may allow more tailored clinical assessment
and offer the opportunity for and-highlights-petential-symptomatic therapeutic
interventions that-should-be-part-of-theroutineclinical-assessmentin-PD
patients:

- Some of the neuropeptides and hormones involved are easy to measure and
guantify in various body fluids (blood/urine/saliva). Altered concentrations
may correlate with disease severity and play a role in disease progression
and pathogenesis. As such, they esuld-represent potential peripheral

biomarkers of disease state.



- Importantly, elements of the neuroendocrine system they-could be the basis

for the future development of much needed targeted therapies for NMS and

neuroprotective treatments in PD.

This review does not cover all the endocrine systems or metabolic abnormalities
systems known to be altered-disrupted in PD, but provides a system-based overview

of enly-those in which there have been recent advances with-in terms of the clinical

or therapeutic implications. We discuss the current evidence, therapeutic

recommendations and future areas for research for each of these neuroendocrine

and metabolic disorders clinically-relevantin PD.

SEARCH STRATEGY

A Pubmed/Medline search was performed for articles published in English between
January 1990-December 2015. We combined searches with-using ‘Parkinson’s
disease’ using-theand the -keywords ‘neuroendocrine’, ‘circadian disorder’,
‘suprachiasmatic nucleus’, ‘hypothalamus’, ‘melatonin’, ‘pineal gland’, ‘diabetes’,
‘insulin resistance’, ‘glucose intolerance’, ‘body weight’, ‘feeding behaviour’, ‘leptin’,
‘ghrelin’, ‘osteoporosis’, ‘bone mineral density’ and ‘vitamin D’. Reference lists were
manually checked to include-capture any additional articles. The final list of
references was generated based on the relevance of the articles to the aim of this

review.

CIRCADIAN RHYTHM AND SLEEP DISORDERS

Circadian (daily) rhythms are present in almost all physiologic functions, of which the
sleep-wake cycle is the most apparent. The system responsible for this near 24-hour

rhythm is composed of central and peripheral oscillators —(Figure 1). The central



biological master clock is located in the suprachiasmatic nuclei ¢s-(SCN) of the
anterior hypothalamus.! Melatonin is the most important endogenous entraining
agent and is produced by the pineal gland during darkness. It is considered o be as
thea reliable key-output from the endogenous clock conveying the signal from the

SCN.?

It is well accepted that coordination of circadian rhythms is an essential element of
optimal physical and mental health 2 and its disruption has been associated with
metabolic disturbances,* disorders of the immune system,® increased cancer risk,®
renal dysfunction,” cardiovascular disease,? impaired cognition, psychiatric and mood
disorders.? °ipB4] Growing evidence suggests that alterations of the circadian system
in PD patients ef-PB-might contribute not only to sleep-wake cycle dysregulation but

also to other NMS.

Circadian abnormalities in PD

Daily fluctuations of symptoms and loss of physiological circadian oscillations of

some body functions have-beenare well recognized in PD patients-with-PD:-

- Motor function:- Actigraphic studies have demonstrated a disruption of the
physiological motor pattern, with increased activity at bedtime and reduced
motor performance during the day in patients with PD which correlates with
disease severity[pss].* 12 Moreover, PD patients have showndisplay
worsening of their motor symptoms with diminished motor response to
levodopa therapy in the evening, unexplained by pharmacokinetic factors.314

- Non-motor function:- Cardiovascular circadian rhythms are also affected_in

PD, with reduced heart rate variability * 6 and reversal of the circadian



blood pressure profile with nocturnal hypertension.'’ 8 A lower body core
temperature and reduced nocturnal fall in body temperature have also been
reported, suggesting a circadian disruption of thermoregulation.*®

Sleep: Though a review of-the sleep disorders in PD is eut-efbeyond the

scope of this article, they are very-common and include sleep fragmentation,
insomnia, sleep-fragmentation-REM sleep behavioura! disorders, restless
legs syndrome; and sleep-attacks-and-excessive daytime
Heepiness\[DBe].’20\[037] It is well accepted that they have a multifactorial origin
including re-emergence of motor and NMS at nighteveraight, nocturia, side

effects of the-dopaminergic and other medications, and degeneration of the

regulatory mechanisms of the sleep-wake cycle secondary to the disease
process. In addition, a-disruption toef the circadian sleep-wake cycle is likely
to contribute to some extent to these symptoms. [pBsjOrexin neurons in the
lateral hypothalamus exert a wake-promoting effect and form a mutually
inhibitory circuit with the sleep-promoting neurons of the hypothalamic
ventrolateral preoptic area regulating the sleep-wake cycle.?* Some of the
sleep disturbances in PD patients resemble those of narcolepsy, a sleep-
wake disorder characterized by loss of orexin neurons with undetectable CSF
orexin levels.?? Studies assessing CSF orexin levels in PD have shown
conflicting results, with normal levels in spinal CSF analysis 224 but low
intraventricular CSF levels in patients with advanced PD,?® emphasizing the
importance of -CSF sampling site and stage of disease in interpreting -orexin
involvement in PD. In addition, two additional pathological studies have
confirmed thate damage occurs to the orexin system in PD patients, showing
a severe reduction of orexin cells in the lateral hypothalamus correlating with
disease severity.?® 2?7 |t seems plausible that altered orexin signalling

contributes to excessive daytime sleepiness and other sleep disorders in PD



patients, though the clinical impact of the-orexin system damage still needs to
be determined. 22°

PD pathophysiology: Disrupted circadian rhythms are likely to have severe
consequences on the-systemic health in patients with PD.; Band-based on
animal models, it has been suggested that alterations in the circadian system

might accelerate the pathological processes underlying PD.bO‘[DB‘)]‘[DBlO]

Markers of circadian activity

The different elements of the circadian system have not been systematically

assessed in PD and the neuroanatomical site of disruption remains unknown. By

contrast, several studies have assessed circadian activity in patients with PD using

different peripheral markers.

Clock genes: At a molecular level, circadian rhythms are regulated by
several clock genes forming a set of interlocking transcription-translation
feedback loops. Tand-their pattern of expression has been proposed as a
peripheral marker of circadian activity.3! A few studies have shown
abnormalities in the expression of varicus-clock genes in peripheral blood ofin
patients with PD including a reduction in the expression [pe11jof BmalMAL1
correlated with-disease severity,32 33 BmalMAL2,%4 and altered promoter
methylation of NpasPAS2 genes.®

Melatonin: As there is no pineal storage, plasma-circulating melatonin levels
faithfully reflects pineal activity and therefore i-isare considered a good
biological marker of the circadian system.? Several studies have shown
abnormalities in the pattern of melatonin secretion in patients with PD. A

phase advance of the nocturnal plasmapsiz] melatonin and a decrease of the
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night-to-daytime ratio secretion of melatonin have been shown in small
studies[ps13]. ¥ 37 A more recent study with strict protocols on environmental
conditions and behaviour to control the effects of exogenous variables
showed additienal-diminished amplitude and reduced 24-hour area under the
curve melatonin secretion in 20 PD patients on dopaminergic therapies with a
strong correlation with excessive daytime sleepiness.®®- Similar reduction in
melatonin levels correlated with various alterations in sleep architecture was
also reported in 30 newly diagnosed PD patients in comparison to healthy
controls.® However, in both studies, melatonin secretion abnormalities did not
show any association with disease duration, disease severity or dopaminergic
therapy. Given the possible link between dopamine and the regulation of
melatonin, 13 drug-naive patients, 16 medicated PD patients and 28 age-
matched controls underwent serial salivary melatonin sampling[pe14].%° This
showed an increase in melatonin in treated PD patients, though paradoxically
this was associated with more circadian disruption, raising the possibility that
dopaminergic replacement therapy-and not neurodegeneration wais the

underlying responsible mechanism(ps1s].

These preliminary data suggest that impairment of the circadian system is an early
feature of-the disease, though no firm conclusions regarding the underlying
mechanism can be made. T-and-these results should be interpreted with caution due
to the impact of exogenous factors such as dopaminergic therapy as a potential

confounder[pp16][pB17].

Therapeutic implications



- Melatonin. Downing et al “° compared the administration of melatonin 5 or 50
mg/day ef-melatenintoversus placebo for a period of two2 weeks in a
randomized controlled cross-over trial in 40 PD patients assessing nocturnal
sleep, daytime sleepiness and daytime functioning. Actigraphy showed a
minimal increment (10 minutes) in total night-time sleep in the group treated
with melatonin 50 mg/day but subjective improvement ef-thein sleep quality in

the group erHewer-desestaking Sma/day -eemparisenrtecompared with

placebo. Another study with 18 PD patients randomized to melatonin 3
mg/day or placebo for four weeks showed simiarresulis-with-significant
improvement ef-thein subjective quality of sleep but no significant differences
on polysomnography between groups.*! Based on these results, a consensus

from the Movement Disorder Society concluded that there wais insufficient

evidence on the efficacy of melatonin for the treatment of insomnia in PD.*?
Further studies with larger samples and careful protocol design are
warranted[p1s].

- Bright light therapy:- Though the exact mechanism remains elusive, it has
been postulated that bright light therapy might restore circadian rhythmicity as
it has demonstrated efficacy in the treatment of mood disorders.*® Although
Fhough-in-PB-it has only been assessed in a few PD studies, it has shown
promising results on sleep, mood and motor function.-** theugh-fFurther
studies with standardized protocols and rigorous designs are required to

replicate these results.

DIABETES AND GLUCOSE METABOLISM

Fheugh-tThe potential association between PD and type 2 diabetes (T2DM) has long

been recognised,* but it has only recently been the subject of more attention.*®
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Epidemiological studies

The prevalence of glucose intolerance has been estimated to be as high as 80% in
PD patients in classical studies,* although more recent epidemiological data have
provided remain-conflicting data. A recent meta-analysis of case-control studies
reported a negative association (OR = 0.75 [95%CI 0.58-0.98]) 4’ although still
observed that 2.9% of PD patients had a diagnosis of diabetes compared to only
1.6% ien the non-PD population. Case-control studies are potentially prone to
selection bias towards individuals attending specialist clinics; and alse-cannot
exclude later development of either PD or diabetes among studied patients, therefore
the evidence they provide in establishing a consistent association may be less
robust. Indeed these results contrast with a meta-analysis of findings from
prospective studies, where pre-existing T2DM was indeed found to be a risk factor
for future PD (RR = 1.26 [95%CI 1.03-1.55]; p <0.0001).-#¢4% Some of the conflicting
results might alse-be explained by the heterogeneity between studies in terms ofthe
case ascertainment-ef-both-conditions, and the potential for misclassification with

respect to certainty of beth-diagnosis of both conditions. PB-and-diabetesand

alseSome studies may-also fail to take intonet account for-the potential role of

diabetices medications; and thedugh-other environmental and ethnic factors might

alsewhich could modulate the association in different populations.

T2DM has not only been suggested to be a risk factor for PD, but it might also exert
a modifying effect on PD phenotype and disease progression. A case-control study
showed that PD patients with antecedent diabetes have more severe motor
symptoms and higher scores on the Unified Parkinson’s Disease Rating Scale
(UPDRS), requiring treatment with higher doses of levodopa.*® Clinical studies have

shown that the presence of T2DM is associated with specific phenotypes; including

11



greater postural instability, gait difficulties and cognitive impairment.®-°3 This
association is clinically relevant as axial motor symptoms and cognitive impairment
are generally less responsive to dopaminergic therapies and are a major cause of
disability. The hypothesis that this lack of therapeutic response to-treatment-is
secondary to other neurotransmitter involvement is supported by the fact that
phenotypic variability was not explained by differences in nigrostriatal dopaminergic
denervation on [*'C]dihydrotetrabenazine PET scans in PD patients with and without

T2DM.*!

Pathophysiological mechanisms

ferPBremains-unknewn,+Recent studies have begun to provided evidence in an

attempt to elucidate the underlying pathways:-

- Cerebrovascular disease:- One might argue that the increased prevalence
of vascular pathology and vascular parkinsonism in patients with T2DM might
in part account for these findings. However, the association between PD and
T2DM in epidemiological studies remained significant after adjustment for
vascular risk factors and exclusion of participants with clinical |
[pB19jcerebrovascular disease.*®*° Other MRI studies using-MRIpe2o)
assessments-of the presence of cerebrovascular disease and leukoaraiosis
showed no differences between groups of PD patients with or without
diabetes to explain the different phenotypes.®!

- Dopaminergic medication:- The effect of some ef-the-anti-PD medications
on glucose metabolism has been suggested as a potential confounding
factor, as-since evidence suggests a reciprocal regulation between insulin

and brain dopaminergic activity. Chronic treatment with levodopa has been
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shown to induce decreased glucose tolerance, hyperglycaemia and
hyperinsulinaemia.>* > On the other hand, bromocriptine increases insulin
sensitivity and improves glycaemic control, and is licensed for the treatment
of diabetes.*® However, reduced insulin-mediated glucose uptake,>* and
inhibition of early insulin secretion and long term hyperinsulinaemia and
hyperglycaemia after glucose loading ®” have also been found in samples of
drug-naive patients, supporting the hypothesis that abnormal insulin
signalling and glucose metabolism predate dopaminergic treatment in PD

patients.

Cellular and molecular biology:- Fhere-is-growing-evidence-from-various

has been hypothesised that aberrant insulin signalling might ultimately lead to

insulin resistance and diabetes, and put-aa individuals at increased risk for
PD. Mitochondrial dysfunction, neuroinflammation, increased endoplasmic
reticulum stress, abnormal protein aggregation and metabolic abnormalities

are common to both diabetes and PD, suggesting a pathophysiological link.*®

58

Therapeutic implications

The common pathophysiological mechanisms shared by T2DM and PD are

particularly relevant as they may lead to more effective treatments or disease

modifying therapies fwhich target both of these conditions. erPB-anrd-F2DM-A

prospective observational study showed that treatment with metformin combined with

sulfonylureas might have a protective effect on the risk of developing PD in a

Taiwanese cohort of diabetic patients.>® Special attention has focussed on the
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potential neuroprotective properties of peroxisome proliferator activated receptor

gamma (PPAR-y) and its coactivator 1-a (PGC1a) due to its pivotal role in

mitochondrial respiration and gluconeogenesis;and-as-petential-targetfor
neuroprotective-agentsin-PB. PPAR-y agonists thiazolidinediones, pioglitazone and
rosiglitazone; have been successfully tested[psz1] for their neuroprotective potentiakin

animal models of PD though their underlying mechanisms are still unclear[ppz2].%°
The potential therapeutic effect of these drugs on PD was further supported by a
retrospective cohort study which showed a 28% lower rate of developing PD in those
diabetic patients treated with thiazolidinediones compared to other anti-diabetic
drugs.®! These results prompted a large, multicentre, double-blind, placebo-
controlled clinical trial including 210 patients randomly assigned to 45mg/day
pioglitazone, 15mg/day pioglitazone or placebo to assess the potential effect on PD
patients. Results failed to show any significant benefit on motor symptoms measured
by the UPDRS and the authors concluded that pioglitazone is unlikely to modify

clinical progression in PD at the doses studied.5?

More promising are the preliminary clinical results shown by exenatide, a synthetic
agonist for the glucagon-like peptide 1 (GLP1) receptor licensed for the treatment of
diabetes, which has been evaluated as a neuroprotective agent in patients with PD
(for a detailed description of potential mechanisms linking PD pathogenesis and
GLP1 receptor stimulation, see review by Athauda and Foltynie).-%% An initial open
label randomised controlled trial comparing 20 patients with PD treated with
exenatide and 24 PD patients acting as controls showed a clinically relevant
improvement in motor and cognitive domains in the treatment group after 12
months.%* Further studies with larger samples are currently on going

(ClinicalTrials.gov number NCT01971242).
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BODY WEIGHT AND ENERGY METABOLISM

Extensive research on the mechanisms contreling-governing body weight, feeding
behaviour and energy metabolism has provided insight into the complex interactions
between the-peripheral signals and the central nervous system. The classic concept

17 ”

of anatomically distinct “satiety/feeding’” centres have been gradually replaced by a

more complex model fermed-byencompassing a network of interconnected neurons
of homeostatic and hedonic systems, receiving and integrating multiple orexigenic
and anorexigenic signals from peripheral tissues, nutrients and other areas of the

central nervous system- (Figure 2).-5567

Epidemiology

The mechanisms regulating food intake might be inveled-implicated in other
behaviours and brain functions including learning and memory, and thea positive
association between obesity, brain atrophy and dementia is well recognized.®® A
causal relationship between being overweight and PD is more controversial and
results from prospective epidemiological studies are inconclusive.®® Some have
shown a positive association of indices of obesity measured by body mass index
(BMI) 772 and triceps skinfold thickness "3 with an increased risk of PD but these

results have not been reproduced in other cohorts.” 7

On the other hand, the inverse association is well recognized and unintentional
weight loss has been consistently reported with PD (affecting approximately 50% of
patients-with-PD). 17678 A meta-analysis including 871 patients showed an overall

reduction of 1.73kg/m?in patients with PD in-cemparisencompared with controls, with

15



a positive association with disease severity but not with disease duration.” This
weight loss carries important clinical implications as it seems to be associated with a
more severe disease progression®® and to correlate inversely with health-related

quality of life. 8

Several mechanisms -have been proposed to explain the weight loss in PD, although
it is likely that these are-include intrinsic disease factors, as well as both peripheral
and central mechanisms multiple—given-the-multifocalinvelvement-of-ditferent
systems-inPD .82

Parkinson’s disease intrinsic factors

- Dopaminergic dysfunction:- Due to the relevant role of dopamine in
regulation of the hedonic mechanisms of feeding behaviour,®® dopamine
dysfunction producing anorexigenic signals in the hypothalamus has been
proposed as one of the causes contributing to-the weight loss in PD.

- Levodopa:- Despite the fact that Fheugh-weight loss has been shown to be

more prominent after levodopa treatment initiation in observational studies,®
8 it seems that the levodopa requirement simply reflects disease severity. In
addition, weight loss in PD has been well reported before treatment with
dopaminergic therapies,-®® sometimes predating the onset of motor
symptoms.’’

- Imbalanced energy expenditure/intake:- Reduced caloric intake secondary
to motor (rigidity, impaired hand coordination) and gastrointestinal
(dysphagia, reduced bowel motility, upper gastrointestinal symptoms)
complications have been proposed as a factor ef-adriving the potential energy
imbalance contributing to weight loss. However, several studies have

demonstrated that weight loss occurs despite an increased energy intake in
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patients with PD.’” 8¢ Given the correlation between weight loss and disease
severity,”® 8 motor symptoms (tremor, rigidity) and motor complications
(dyskinesias) could potentially increase the energy expenditure [pBz3jat rest
resulting in weight loss. However-, other studies have demonstrated that the
total daily energy expenditure is not higher in PD patients with weight loss
comparing to PD patients without weight loss  and healthy controls,
arguing against the possibility that abnormally elevated energy expenditure

contributes to weight loss in PD.

Peripheral mechanisms of feeding behaviour regulation

Leptin:- Measurement of leptin & % and other adipokines °* have shown no
statistically significant differences in patients with PD and weight loss
compared to PD without weight loss and controls. Despite results showing a
trend of reduced levels in PD patients overall, there-is-a-coerrelationthis is
correlated with BMI and; therefore-it seems that this reduction of leptin levels
is-meremost likely a-censeguencereflectingreflects the reduced body fat
tissue content rather than being a causal factor for weight loss.

Ghrelin:- More interesting results come from study of ghrelin. Ghrelin levels
rise with prolonged fasting and fall rapidly after food ingestion, with an overall
negative correlation with body weight. In PD patients, however, there is a
lower plasma ghrelin concentration in those patients with lower BMI °2 and a
reduction of the rising ghrelin levels after the postprandial fall in patients with
PD and idiopathic RBD,* suggesting -dysregulation of its secretion. SinceAs
RBD is considered a putative pre-motor stage of PD, ghrelin has been
proposed as a potential peripheral biomarker for early PD.-°*Recent studies

demonstrated that ghrelin exerts a number of roles in other extra-
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hypothalamic tissues such-as-the(including the hippocampus and the
mesolimbic dopaminergic system); and is implicated in learning and memory,
reward behaviour, motivation, anxiety and depression.% It also activates the
dopaminergic nigrostriatal system by stimulating the dopaminergic neurons of
the substantia nigra, increasing the dopamine turnover in the dorsal
striatum.® More importantly, ghrelin is reported to have neuroprotective
properties in the nigrostriatal system in experimental animal models of PD.%
Reduction of apoptosis, inflammation and enhancement of mitochondrial
bioenergetics seem to mediate the neuroprotective effects of ghrelin in PD
involving AMPK (5’ adenosine monophosphate-activated protein kinase) and
PGC1a pathways at a molecular level.®® Interestingly, this regulatory pathway
of mitochondrial function has also been suggested as a potential therapeutic
target in neuroprotection for PD and T2DM 46 (-see ‘Diabetes and glucose
metabolism’ above). Though these findings need to be replicated in humans,
ghrelin appears a promising therapeutic target for disease neuroprotection

and treatment of NMS such as body weight, apathy and depression.

Central mechanisms of feeding behaviour regulation

- Deep brain stimulation: —The role of the central regulatory hypothalamic
mechanisms in weight disturbances in PD has recently attracted much
attention in part due to the effects of deep brain stimulation (DBS) on body
weight-in-PB. Rapid weight gain has been consistently reported in multiple
studies ofin patients with PD after subthalamic nucleus (STN) DBS, which
greatly exceeds the weight loss seen in medically treated patients.®”1%° These
effects have not been seen in patients with essential tremor undergoing DBS

of the motor thalamus.'°* Theugh-vVarious mechanisms have been
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postulated, buti itt seems that STN DBS may induce changes in the
regulatory mechanism of the hypothalamus with normalization of energy

metabolism.1%? These effects seem target dependant, being more marked

when-in bilateral STN stimulation (compared to unilateral STN stimulationin

comparisen-to-unilateral stimulation; 1% in the STN rather than-theor globus

pallidus internus (GPi) stimulation-1°4) and with more medial position of the

electrodes in STN DBS.105 \[DBM]A—@IQirect current-diffusion of electrical current

of-the-DBSfrom the site of stimulation to the hypothalamic nuclei is unlikely

and a recent study assessing the global function of the hypothalamus in PD
patients after DBS did not show any abnormalities of the hypothalamic-
adrenal, hypothalamic-gonadal and-or hypothalamic-somatotropic axes.%® A
stimulatory effect of the DBS electrode on fibre bundles projecting from or to
the hypothalamic nuclei involved in the regulation of feeding behaviour and
metabolism is a more plausible hypothesis, although the exact pathways
remain to be elucidated. In PD patients with STN DBS, despite high leptin
levels secondary to the weight gain, there is an increase of the orexigenic
neuropeptide Y 1°71% and it has been hypothesized that DBS might make the
hypothalamic neurons of the infundibular nucleus resistant to the
anorexigenic effect of leptin.

Lateral hypothalamic area:- Only a few studies have explored the
hypothalamic mechanisms of homeostatic regulation of feeding behaviour in
patients with PD. Given the high prevalence of sleep abnormalities in PD
patients, these studies have focused on the lateral hypothalamic area and
orexin and MCH neuronal populations. These neurons play an important role
in the sleep-wakefulness cycle and are also involved in energy and feeding
regulation and its integration with arousal. Both neuronal populations are
inhibited by leptin, activated by ghrelin and promote feeding —(Figure 2). As
described previously, pathological studies have shown a severe reduction of
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both neuronal populations in PD patients which correlates with disease
severity,?® 2’ that could be involved in the pathogenesis of weight changes in
PD patients.

- Hedonic system:: Dysregulation of the dopaminergic mechanisms of
hedonic control of feeding behaviour might also contribute to weight changes
in PD. Although dopaminergic medications are generally reduced following
STN DBS surgery, eating disorders secondary to behavioural changes
following DBS may occur due to abnormalities on dopaminergic signalling
similar to the alterations responsible for impulse control disorders, as
proposed by some authors.®? The involvement of hedonic dysregulation in
weight gain in PD is supported by changes in metabolism after DBS in brain
areas including the orbito-frontal and anterior cingulate cortices using PET

imaging.1%®

Therapeutic implications

Only a few studies have assessed nutritional interventions and therefore there is not
strong evidence to give general recommendations. However, it is now well accepted
that nutritional assessments should be part of the routine work-up of PD patients with
PB-and nutritional interventions may improve the PD asseciated-related weight
abnormalities. Individualised dietetic advice can improve nutritional status and quality
of life in malnourished PD patients on medical treatment *° and nutritional
interventions have alse-been shown to be effective in weight control in patients with

PD after DBS-STN surgery.'!! Due to the interaction betweenin-the small intenstine

absorption in-the-smallintestine betweenof L-dopa and amino_acids\[Dst], dietary
interventions focusing on protein manipulation have been suggested in PD patients

on treatment with L-dopa and motor fluctuations. WhilstFheugh there is rot
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enecughinsufficient evidence to support low-protein diets and they might induce
weight loss and nutritional deficits in the long term, protein-redistribution interventions
have shown an improvement in motor function with better results when carried out in

early stages of the disease.!!?

OSTEOPOROSIS AND BONE METABOLISM

Patients with PD have an increased risk of fractures, most commonly irvehing

affecting the hip.;1*® and-theireSubsequent clinical outcome tends to be poorer than

in-the rest of the population.!* A meta-analysis including nine studies showed a
similar result, with a combined effect of the risk of fracture in patients with PD of 2.28
(95%CI 1.83-2.83).11% Indeed, PD has been found to be the strongest single
comorbidity contributing to fracture risk in the Global Longitudinal Study of
Osteoporosis in Women cohort.!'® Several causative factors have been implicated as

responsible-ferthe-increasedfracturerisk-in addition to the increased rate of falls

intrinsie-inherent to the disease itself (secondary to postural instability, gait freezing,
coghitive-impairment-orthostatic hypotension,-and motor fluctuations_and cognitive
impairment)- (Figure 3). Patients with PD have abnormalities of bone metabolism
which also contributes to the increased risk of fractures. A meta-analysis concluded
confirmed that patients with-PB-have significantly reduced bone mineral density at
the femoral neck, lumbar spine, total hip and total body *** in comparison with healthy
controls. Using T-score values, the overall combined mean difference wasis
significantly lower in patients with PD (-1.05; 95%CI -1.26 to -0.84).1'3 Immobility and
reduced body mass index, both commonly seen in PD, are risk factors for

osteoporosis but ether-several other factors disrupting bone metabolism may

contribute to bone loss.
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Role of vitamin D

Vitamin D has a crucial role in bone metabolism and its deficiency results in bone
loss by a compensatory hyperparathyroidism. The prevalence of vitamin D deficiency
is significantly higher in PD patients with-PB-in-comparisencompared with healthy
controls (up to 55% of patients in some studies) 16117 and patients with other
neurodegenerative conditions.-118 which-This suggests that this is an intrinsic facter
feature of the disease and not only a deficit secondary to reduced sunlight exposure.
Vitamin D has alse-important effects on brain functionirg and its receptors are
strongly expressed in-the dopaminergic neurons of the substantia nigra.-*'° It has
been hypothesized that a chronic vitamin D deficiency might contribute toi the
pathogenesis of PD.1?° The potential association of these two conditions is supported
by the longitudinal study by Knekt et al 2! which showed that pre-existing vitamin D
deficiency increased the risk of developing PD in a cohort of 3173 Finnish subjects
after adjustment for potential confounders (patients with highest vitamin D
concentration had a RR = 0.33; 95%CI 0.14-0.80 of developing PD in comparison to
the patients with the lowest concentration). A possible link at transcriptional level has
also been suggested, though studies looking for an association between some
vitamin D receptor polymorphisms and the risk of PD have yielded conflicting results.

122 |n summary, whilst Theugh-the potential pathogenic role of vitamin D deficiency in

PD remains controversial, it is now generally recommended that vitamin D levels
should be routinely checked and replaced if needed in all patients with PD for an

adequate assessment of fracture risk.?

Role of homocysteine
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Hyperhomocysteinaemia is an independent risk factor for fractures through a dual
mechanism reducing bone mineral density and disrupting cross-linking of collagen.
124 Homocysteine has been shown to be elevated in L-dopa treated PD patients with
PD-inecomparisen-tecompared with controls, but similar results were not found in
drug naive patients.'?® Plasma levels correlate with disease severity and high
concentrations showed an increased risk of hip fractures in PD patients (RR = 2.42;
95%CI 1.21-3.63).1% The underlying mechanism causing hyperhomocysteinaemia in
PD patients is not understood, however theugh-L-dopa therapy and possibly vitamin

B12 and folate deficiency might be implicated.?*12°

Therapeutic implications

Despite the substantial fracture risk associated withte PD, bone health assessment
and management have been largely ignored and no clinical guidelines address this
issue specifically in PD patients. Taking into account these limitations, several

recommendations can be made (Figure 3).

- Fracture risk estimation:- FRAX [pBz6jand Qfracture are useful tools to
estimate fracture risk and guide those who should undergo dual X-ray
absorptiometry (DEXA) for a more accurate evaluation of bone mineral
density. FRAX assessment might be slightly superior in PD patients in the
neurology clinic.?

- Bisphosphonates:- H-is-unelearipatients-withUntil evidence exists to
support PD patients sheuld-havehaving a different DEXA threshold for anti-

osteoporotic therapy.-se it seems reasonable to apply general population
recommendations regarding treatment with bisphosphonates.?® Both
risedronate and alendronate have demonstrated an improvement of bone

mineral density and reduction of hip fractures in patients with PD.128-130
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- Vitamin D:- Levels should be routinely measured in PD patients and replaced
if deficient or insufficient. Vitamin D supplementation-**! and increased
sunlight exposure-132 have both demonstrated an amelioration of
hypovitaminosis D, an increase in bone mineral density levels and a reduction
of the fracture risk in PD patients.

- Non-pharmacological therapies:- An integrated approach including non-
pharmacological therapies such as exercise and lifestyle modifications should

be included as part of a holistic care of PD.

CONCLUSION

Metabolic and neuroendocrine abnormalities are common in PD. They have been
associated with multiple NMS and several studies have demonstrated their clinical
implications. Clinicians should be aware of these implications-abnormalities and
include their assessment as part of routine clinical practice. Recognition and
treatment of the-neuroendocrine and metabolic disturbances in-clinical-practice-will
intuitively improve PD care and patients’ quality of life. The underlying
pathophysiology of neuroendocrine disturbances in PD warrants further research. A
better understanding of thise underlying-pathogenesis will consequently lead to
accurate peripheral biomarkers of these abnormalities-and-diseaseprogressien, and
will enable the development of more effective targeted therapeutic interventions and

neuroprotective drugs.

ACKNOWLEDGEMENTS

The authors would like to thank Aine Cassidy for her help in the preparation of the

figures.

24



CONTRIBUTIONS

E P-F wrote the first draft, contributed to project conception and organization. PMB
and TF revised and critically reviewed the manuscript for intellectual content. TTW
contributed to project conception and organization, and critically reviewed the

manuscript for intellectual content.

COMPETING INTERESTS

The authors have no competing interests

FUNDING

The authors report no funding sources for the study.

25



REFERENCES

1. Saper CB. The central circadian timing system. Curr Opin Neurobiol
2013;23(5):747-51.

2. Claustrat B, Brun J, Chazot G. The basic physiology and pathophysiology of
melatonin. Sleep Med Rev 2005;9(1):11-24.

3. Karatsoreos IN. Effects of circadian disruption on mental and physical health. Curr
Neurol Neurosci Rep 2012;12(2):218-25.

4. Bass J, Takahashi JS. Circadian integration of metabolism and energetics.
Science 2010;330(6009):1349-54.

5. Cermakian N, Lange T, Golombek D, et al. Crosstalk between the circadian clock
circuitry and the immune system. Chronobiol Int 2013;30(7):870-88.

6. Sawvidis C, Koutsilieris M. Circadian rhythm disruption in cancer biology. Mol Med
2012;18:1249-60.

7. Bonny O, Firsov D. Circadian regulation of renal function and potential role in
hypertension. Curr Opin Nephrol Hypertens 2013;22(4):439-44.

8. Portaluppi F, Tiseo R, Smolensky MH, et al. Circadian rhythms and cardiovascular
health. Sleep Med Rev 2012;16(2):151-66.

9. Jagannath A, Peirson SN, Foster RG. Sleep and circadian rhythm disruption in
neuropsychiatric illness. Curr Opin Neurobiol 2013;23(5):888-94.

10. Wulff K, Gatti S, Wettstein JG, et al. Sleep and circadian rhythm disruption in
psychiatric and neurodegenerative disease. Nat Rev Neurosci
2010;11(8):589-99.

11. Niwa F, Kuriyama N, Nakagawa M, et al. Circadian rhythm of rest activity and
autonomic nervous system activity at different stages in Parkinson's disease.

Auton Neurosci 2011;165(2):195-200.

26



12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

van Hilten JJ, Kabel JF, Middelkoop HA, et al. Assessment of response
fluctuations in Parkinson's disease by ambulatory wrist activity monitoring.
Acta Neurol Scand 1993;87(3):171-7.

van Hilten JJ, Middelkoop HA, Kerkhof GA, et al. A new approach in the
assessment of motor activity in Parkinson's disease. J Neurol Neurosurg
Psychiatry 1991;54(11):976-9.

Bonuccelli U, Del Dotto P, Lucetti C, et al. Diurnal motor variations to repeated
doses of levodopa in Parkinson's disease. Clin Neuropharmacol
2000;23(1):28-33.

Haapaniemi TH, Pursiainen V, Korpelainen JT, et al. Ambulatory ECG and
analysis of heart rate variability in Parkinson's disease. J Neurol Neurosurg
Psychiatry 2001;70(3):305-10.

Kallio M, Suominen K, Haapaniemi T, et al. Nocturnal cardiac autonomic
regulation in Parkinson's disease. Clin Auton Res 2004;14(2):119-24.

Ejaz AA, Sekhon IS, Munjal S. Characteristic findings on 24-h ambulatory blood
pressure monitoring in a series of patients with Parkinson's disease. Eur J
Intern Med 2006;17(6):417-20.

Plaschke M, Trenkwalder P, Dahlheim H, et al. Twenty-four-hour blood pressure
profile and blood pressure responses to head-up tilt tests in Parkinson's
disease and multiple system atrophy. J Hypertens 1998;16(10):1433-41.

Zhong G, Bolitho S, Grunstein R, et al. The relationship between
thermoregulation and REM sleep behaviour disorder in Parkinson's disease.
PLoS One 2013;8(8):e72661.

Videnovic A, Golombek D. Circadian and sleep disorders in Parkinson's disease.
Exp Neurol 2013;243:45-56.

Espana RA, Scammell TE. Sleep neurobiology from a clinical perspective. Sleep

2011;34(7):845-58.

27



22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

Peyron C, Faraco J, Rogers W, et al. A mutation in a case of early onset
narcolepsy and a generalized absence of hypocretin peptides in human
narcoleptic brains. Nat Med 2000;6(9):991-7.

Overeem S, van Hilten JJ, Ripley B, et al. Normal hypocretin-1 levels in
Parkinson's disease patients with excessive daytime sleepiness. Neurology
2002;58(3):498-9.

Ripley B, Overeem S, Fujiki N, et al. CSF hypocretin/orexin levels in narcolepsy
and other neurological conditions. Neurology 2001;57(12):2253-8.

Drouot X, Moutereau S, Nguyen JP, et al. Low levels of ventricular CSF
orexin/hypocretin in advanced PD. Neurology 2003;61(4):540-3.

Thannickal TC, Lai YY, Siegel JM. Hypocretin (orexin) cell loss in Parkinson's
disease. Brain 2007;130(Pt 6):1586-95.

Fronczek R, Overeem S, Lee SY, et al. Hypocretin (orexin) loss in Parkinson's
disease. Brain 2007;130(Pt 6):1577-85.

Bridoux A, Moutereau S, Covali-Noroc A, et al. Ventricular orexin-A (hypocretin-
1) levels correlate with rapid-eye-movement sleep without atonia in
Parkinson's disease. Nature and science of sleep 2013;5:87-91.

Wienecke M, Werth E, Poryazova R, et al. Progressive dopamine and hypocretin
deficiencies in Parkinson's disease: is there an impact on sleep and
wakefulness? J Sleep Res 2012;21(6):710-7.

Willison LD, Kudo T, Loh DH, et al. Circadian dysfunction may be a key
component of the non-motor symptoms of Parkinson's disease: insights from
a transgenic mouse model. Exp Neurol 2013;243:57-66.

Duguay D, Cermakian N. The crosstalk between physiology and circadian clock
proteins. Chronobiol Int 2009;26(8):1479-513.

Cai Y, Liu S, Sothern RB, et al. Expression of clock genes Perl and Bmall in
total leukocytes in health and Parkinson's disease. Eur J Neurol
2010;17(4):550-4.

28



33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Breen DP, Vuono R, Nawarathna U, et al. Sleep and circadian rhythm regulation
in early Parkinson disease. JAMA neurology 2014;71(5):589-95.

Ding H, Liu S, Yuan Y, et al. Decreased expression of Bmal2 in patients with
Parkinson's disease. Neurosci Lett 2011;499(3):186-8.

Lin Q, Ding H, Zheng Z, et al. Promoter methylation analysis of seven clock
genes in Parkinson's disease. Neurosci Lett 2012;507(2):147-50.

Fertl E, Auff E, Doppelbauer A, et al. Circadian secretion pattern of melatonin in
Parkinson's disease. J Neural Transm Park Dis Dement Sect 1991;3(1):41-7.

Bordet R, Devos D, Brique S, et al. Study of circadian melatonin secretion pattern
at different stages of Parkinson's disease. Clin Neuropharmacol
2003;26(2):65-72.

Videnovic A, Noble C, Reid KJ, et al. Circadian melatonin rhythm and excessive
daytime sleepiness in Parkinson disease. JAMA neurology 2014;71(4):463-9.

Bolitho SJ, Naismith SL, Rajaratnam SM, et al. Disturbances in melatonin
secretion and circadian sleep-wake regulation in Parkinson disease. Sleep
Med 2014;15(3):342-7.

Dowling GA, Mastick J, Colling E, et al. Melatonin for sleep disturbances in
Parkinson's disease. Sleep Med 2005;6(5):459-66.

Medeiros CA, Carvalhedo de Bruin PF, Lopes LA, et al. Effect of exogenous
melatonin on sleep and motor dysfunction in Parkinson's disease. A
randomized, double blind, placebo-controlled study. J Neurol
2007;254(4):459-64.

Seppi K, Weintraub D, Coelho M, et al. The Movement Disorder Society
Evidence-Based Medicine Review Update: Treatments for the non-motor
symptoms of Parkinson's disease. Mov Disord 2011;26 Suppl 3:5S42-80.

Golden RN, Gaynes BN, Ekstrom RD, et al. The efficacy of light therapy in the
treatment of mood disorders: a review and meta-analysis of the evidence. Am
J Psychiatry 2005;162(4):656-62.

29



44,

45,

46.

47.

48.

49.

50.

51.

52.

53.

Rutten S, Vriend C, van den Heuvel OA, et al. Bright light therapy in Parkinson's
disease: an overview of the background and evidence. Parkinsons Dis
2012;2012:767105.

Sandyk R. The relationship between diabetes mellitus and Parkinson's disease.
Int J Neurosci 1993;69(1-4):125-30.

Aviles-Olmos |, Limousin P, Lees A, et al. Parkinson's disease, insulin resistance
and novel agents of neuroprotection. Brain 2013;136(Pt 2):374-84.

Lu L, Fu DL, Li HQ, et al. Diabetes and risk of Parkinson's disease: an updated
meta-analysis of case-control studies. PLoS One 2014;9(1):e85781.

Cereda E, Barichella M, Pedrolli C, et al. Diabetes and risk of Parkinson's
disease. Mov Disord 2013;28(2):257.

Cereda E, Barichella M, Pedrolli C, et al. Diabetes and risk of Parkinson's
disease: a systematic review and meta-analysis. Diabetes Care
2011;34(12):2614-23.

Cereda E, Barichella M, Cassani E, et al. Clinical features of Parkinson disease
when onset of diabetes came first: A case-control study. Neurology
2012;78(19):1507-11.

Kotagal V, Albin RL, Muller ML, et al. Diabetes is associated with postural
instability and gait difficulty in Parkinson disease. Parkinsonism Relat Disord
2013;19(5):522-6.

Giuntini M, Baldacci F, Del Prete E, et al. Diabetes is associated with postural
and cognitive domains in Parkinson's disease. Results from a single-center
study. Parkinsonism Relat Disord 2014;20(6):671-2.

Bosco D, Plastino M, Cristiano D, et al. Dementia is associated with insulin
resistance in patients with Parkinson's disease. J Neurol Sci 2012;315(1-

2):39-43.

30



54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Van Woert MH, Mueller PS. Glucose, insulin, and free fatty acid metabolism in
Parkinson's disease treated with levodopa. Clin Pharmacol Ther
1971;12(2):360-7.

Sirtori CR, Bolme P, Azarnoff DL. Metabolic responses to acute and chronic L-
dopa administration in patients with parkinsonism. N Engl J Med
1972;287(15):729-33.

Pijl H, Ohashi S, Matsuda M, et al. Bromocriptine: a novel approach to the
treatment of type 2 diabetes. Diabetes Care 2000;23(8):1154-61.

Boyd AE, 3rd, Lebovitz HE, Feldman JM. Endocrine function and glucose
metabolism in patients with Parkinson's disease and their alternation by L-
Dopa. J Clin Endocrinol Metab 1971;33(5):829-37.

Santiago JA, Potashkin JA. Shared dysregulated pathways lead to Parkinson's
disease and diabetes. Trends Mol Med 2013;19(3):176-86.

Wahlqgvist ML, Lee MS, Hsu CC, et al. Metformin-inclusive sulfonylurea therapy
reduces the risk of Parkinson's disease occurring with Type 2 diabetes in a
Taiwanese population cohort. Parkinsonism Relat Disord 2012;18(6):753-8.

Ridder DA, Schwaninger M. In search of the neuroprotective mechanism of
thiazolidinediones in Parkinson's disease. Exp Neurol 2012;238(2):133-7.

Brauer R, Bhaskaran K, Chaturvedi N, et al. Glitazone Treatment and Incidence
of Parkinson's Disease among People with Diabetes: A Retrospective Cohort
Study. PLoS Med 2015;12(7):1001854.

Pioglitazone in early Parkinson's disease: a phase 2, multicentre, double-blind,
randomised trial. Lancet Neurol 2015;14(8):795-803.

Athauda D, Foltynie T. The glucagon-like peptide 1 (GLP) receptor as a
therapeutic target in Parkinson's disease: mechanisms of action. Drug
discovery today 2016.

Aviles-Olmos I, Dickson J, Kefalopoulou Z, et al. Exenatide and the treatment of
patients with Parkinson's disease. J Clin Invest 2013;123(6):2730-6.

31



65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Benarroch EE. Neural control of feeding behavior: Overview and clinical
correlations. Neurology 2010;74(20):1643-50.

Saper CB, Chou TC, Elmquist JK. The need to feed: homeostatic and hedonic
control of eating. Neuron 2002;36(2):199-211.

Meister B. Neurotransmitters in key neurons of the hypothalamus that regulate
feeding behavior and body weight. Physiol Behav 2007;92(1-2):263-71.
Kiliaan AJ, Arnoldussen IA, Gustafson DR. Adipokines: a link between obesity

and dementia? Lancet Neurol 2014;13(9):913-23.

Wang YL, Wang YT, Li JF, et al. Body Mass Index and Risk of Parkinson's
Disease: A Dose-Response Meta-Analysis of Prospective Studies. PLoS One
2015;10(6):e0131778.

Hu G, Jousilahti P, Nissinen A, et al. Body mass index and the risk of Parkinson
disease. Neurology 2006;67(11):1955-9.

Ikeda K, Kashihara H, Tamura M, et al. Body mass index and the risk of
Parkinson disease. Neurology 2007;68(24):2156; author reply 56-7.

Saaksjarvi K, Knekt P, Mannisto S, et al. Reduced risk of Parkinson's disease
associated with lower body mass index and heavy leisure-time physical
activity. Eur J Epidemiol 2014;29(4):285-92.

Abbott RD, Ross GW, White LR, et al. Midlife adiposity and the future risk of
Parkinson's disease. Neurology 2002;59(7):1051-7.

Kyrozis A, Ghika A, Stathopoulos P, et al. Dietary and lifestyle variables in
relation to incidence of Parkinson's disease in Greece. Eur J Epidemiol
2013;28(1):67-77.

Logroscino G, Sesso HD, Paffenbarger RS, Jr., et al. Body mass index and risk
of Parkinson's disease: a prospective cohort study. Am J Epidemiol
2007;166(10):1186-90.

Abbott RA, Cox M, Markus H, et al. Diet, body size and micronutrient status in
Parkinson's disease. Eur J Clin Nutr 1992;46(12):879-84.

32



7.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

Chen H, Zhang SM, Hernan MA, et al. Weight loss in Parkinson's disease. Ann
Neurol 2003;53(5):676-9.

Beyer PL, Palarino MY, Michalek D, et al. Weight change and body composition
in patients with Parkinson's disease. J Am Diet Assoc 1995;95(9):979-83.

van der Marck MA, Dicke HC, Uc EY, et al. Body mass index in Parkinson's
disease: a meta-analysis. Parkinsonism Relat Disord 2012;18(3):263-7.

Wills AA, Perez A, Wang J, et al. Association Between Change in Body Mass
Index, Unified Parkinson's Disease Rating Scale Scores, and Survival Among
Persons With Parkinson Disease: Secondary Analysis of Longitudinal Data
From NINDS Exploratory Trials in Parkinson Disease Long-term Study 1.
JAMA neurology 2016:1-8.

Akbar U, He Y, Dai Y, et al. Weight loss and impact on quality of life in
Parkinson's disease. PLoS One 2015;10(5):e0124541.

Kistner A, Lhommee E, Krack P. Mechanisms of body weight fluctuations in
Parkinson's disease. Front Neurol 2014;5:84.

Wise RA. Dual roles of dopamine in food and drug seeking: the drive-reward
paradox. Biol Psychiatry 2013;73(9):819-26.

Palhagen S, Lorefalt B, Carlsson M, et al. Does L-dopa treatment contribute to
reduction in body weight in elderly patients with Parkinson's disease? Acta
Neurol Scand 2005;111(1):12-20.

Bachmann CG, Zapf A, Brunner E, et al. Dopaminergic treatment is associated
with decreased body weight in patients with Parkinson's disease and
dyskinesias. Eur J Neurol 2009;16(8):895-901.

Lorefalt B, Ganowiak W, Palhagen S, et al. Factors of importance for weight loss
in elderly patients with Parkinson's disease. Acta Neurol Scand
2004;110(3):180-7.

Lorefalt B, Toss G, Granerus AK. Weight loss, body fat mass, and leptin in
Parkinson's disease. Mov Disord 2009;24(6):885-90.

33



88.

89.

90.

91.

92.

93.

94.

95.

96.

Delikanaki-Skaribas E, Trail M, Wong WW, et al. Daily energy expenditure,
physical activity, and weight loss in Parkinson's disease patients. Mov Disord
2009;24(5):667-71.

Toth MJ, Fishman PS, Poehlman ET. Free-living daily energy expenditure in
patients with Parkinson's disease. Neurology 1997;48(1):88-91.

Evidente VG, Caviness JN, Adler CH, et al. Serum leptin concentrations and
satiety in Parkinson's disease patients with and without weight loss. Mov
Disord 2001;16(5):924-7.

Aziz NA, Pijl H, Frolich M, et al. Leptin, adiponectin, and resistin secretion and
diurnal rhythmicity are unaltered in Parkinson's disease. Mov Disord
2011;26(4):760-1.

Fiszer U, Michalowska M, Baranowska B, et al. Leptin and ghrelin concentrations
and weight loss in Parkinson's disease. Acta Neurol Scand 2010;121(4):230-
6.

Unger MM, Moller JC, Mankel K, et al. 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? J Neurol
2011;258(6):982-90.

Andrews ZB. The extra-hypothalamic actions of ghrelin on neuronal function.
Trends Neurosci 2011;34(1):31-40.

Andrews ZB, Erion D, Beiler R, et al. Ghrelin promotes and protects nigrostriatal
dopamine function via a UCP2-dependent mitochondrial mechanism. J
Neurosci 2009;29(45):14057-65.

Bayliss JA, Andrews ZB. Ghrelin is neuroprotective in Parkinson's disease:
molecular mechanisms of metabolic neuroprotection. Ther Adv Endocrinol

Metab 2013;4(1):25-36.

34



97. Krack P, Batir A, Van Blercom N, et al. Five-year follow-up of bilateral stimulation
of the subthalamic nucleus in advanced Parkinson's disease. N Engl J Med
2003;349(20):1925-34.

98. Bannier S, Montaurier C, Derost PP, et al. Overweight after deep brain
stimulation of the subthalamic nucleus in Parkinson disease: long term follow-
up. J Neurol Neurosurg Psychiatry 2009;80(5):484-8.

99. Barichella M, Marczewska AM, Mariani C, et al. Body weight gain rate in patients
with Parkinson's disease and deep brain stimulation. Mov Disord
2003;18(11):1337-40.

100. Macia F, Perlemoine C, Coman I, et al. Parkinson's disease patients with
bilateral subthalamic deep brain stimulation gain weight. Mov Disord
2004:19(2):206-12.

101. Strowd RE, Cartwright MS, Passmore LV, et al. Weight change following deep
brain stimulation for movement disorders. J Neurol 2010;257(8):1293-7.

102. Montaurier C, Morio B, Bannier S, et al. Mechanisms of body weight gain in
patients with Parkinson's disease after subthalamic stimulation. Brain
2007;130(Pt 7):1808-18.

103. Walker HC, Lyerly M, Cutter G, et al. Weight changes associated with unilateral
STN DBS and advanced PD. Parkinsonism Relat Disord 2009;15(9):709-11.

104. Sauleau P, Leray E, Rouaud T, et al. Comparison of weight gain and energy
intake after subthalamic versus pallidal stimulation in Parkinson's disease.
Mov Disord 2009;24(14):2149-55.

105. Ruzicka F, Jech R, Novakova L, et al. Weight gain is associated with medial
contact site of subthalamic stimulation in Parkinson's disease. PLoS One
2012;7(5):e38020.

106. Seifried C, Boehncke S, Heinzmann J, et al. Diurnal variation of hypothalamic
function and chronic subthalamic nucleus stimulation in Parkinson's disease.
Neuroendocrinology 2013;97(3):283-90.

35



107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

Escamilla-Sevilla F, Perez-Navarro MJ, Munoz-Pasadas M, et al. Change of the
melanocortin system caused by bilateral subthalamic nucleus stimulation in
Parkinson's disease. Acta Neurol Scand 2011;124(4):275-81.

Markaki E, Ellul J, Kefalopoulou Z, et al. The role of ghrelin, neuropeptide Y and
leptin peptides in weight gain after deep brain stimulation for Parkinson's
disease. Stereotact Funct Neurosurg 2012;90(2):104-12.

Sauleau P, Le Jeune F, Drapier S, et al. Weight gain following subthalamic
nucleus deep brain stimulation: a PET study. Mov Disord 2014;29(14):1781-
7.

Sheard JM, Ash S, Mellick GD, et al. Improved nutritional status is related to
improved quality of life in Parkinson's disease. BMC Neurol 2014;14:212.

Guimaraes J, Matos E, Rosas MJ, et al. Modulation of nutritional state in
Parkinsonian patients with bilateral subthalamic nucleus stimulation. J Neurol
2009;256(12):2072-8.

Cereda E, Barichella M, Pedrolli C, et al. Low-protein and protein-redistribution
diets for Parkinson's disease patients with motor fluctuations: a systematic
review. Mov Disord 2010;25(13):2021-34.

Torsney KM, Noyce AJ, Doherty KM, et al. Bone health in Parkinson's disease:
a systematic review and meta-analysis. J Neurol Neurosurg Psychiatry
2014;85(10):1159-66.

Walker RW, Chaplin A, Hancock RL, et al. Hip fractures in people with
idiopathic Parkinson's disease: incidence and outcomes. Mov Disord
2013;28(3):334-40.

Dennison EM, Compston JE, Flahive J, et al. Effect of co-morbidities on fracture
risk: findings from the Global Longitudinal Study of Osteoporosis in Women
(GLOW). Bone 2012;50(6):1288-93.

Sato Y, Kikuyama M, Oizumi K. High prevalence of vitamin D deficiency and
reduced bone mass in Parkinson's disease. Neurology 1997;49(5):1273-8.

36



117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

Evatt ML, Delong MR, Khazai N, et al. Prevalence of vitamin d insufficiency in
patients with Parkinson disease and Alzheimer disease. Arch Neurol
2008;65(10):1348-52.

Ding H, Dhima K, Lockhart KC, et al. Unrecognized vitamin D3 deficiency is
common in Parkinson disease: Harvard Biomarker Study. Neurology
2013;81(17):1531-7.

Eyles DW, Smith S, Kinobe R, et al. Distribution of the vitamin D receptor and 1
alpha-hydroxylase in human brain. J Chem Neuroanat 2005;29(1):21-30.

Newmark HL, Newmark J. Vitamin D and Parkinson's disease--a hypothesis.
Mov Disord 2007;22(4):461-8.

Knekt P, Kilkkinen A, Rissanen H, et al. Serum vitamin D and the risk of
Parkinson disease. Arch Neurol 2010;67(7):808-11.

Zhang ZT, He YC, Ma XJ, et al. Association between vitamin D receptor gene
polymorphisms and susceptibility to Parkinson's disease: a meta-analysis.
Neurosci Lett 2014;578:122-7.

Lyell V, Henderson E, Devine M, et al. Assessment and management of fracture
risk in patients with Parkinson's disease. Age Ageing 2014.

Herrmann M, Peter Schmidt J, Umanskaya N, et al. The role of
hyperhomocysteinemia as well as folate, vitamin B(6) and B(12) deficiencies
in osteoporosis: a systematic review. Clin Chem Lab Med 2007;45(12):1621-
32.

Hu XW, Qin SM, Li D, et al. Elevated homocysteine levels in levodopa-treated
idiopathic Parkinson's disease: a meta-analysis. Acta Neurol Scand
2013;128(2):73-82.

Sato Y, lwamoto J, Kanoko T, et al. Homocysteine as a predictive factor for hip
fracture in elderly women with Parkinson's disease. Am J Med

2005;118(11):1250-5.

37



127.

128.

129.

130.

131.

132.

Shribman S, Torsney KM, Noyce AJ, et al. A service development study of the
assessment and management of fracture risk in Parkinson's disease. J
Neurol 2014;261(6):1153-9.

Sato Y, Honda Y, lwamoto J. Risedronate and ergocalciferol prevent hip
fracture in elderly men with Parkinson disease. Neurology 2007;68(12):911-5.

Sato Y, lwamoto J, Honda Y. Once-weekly risedronate for prevention of hip
fracture in women with Parkinson's disease: a randomised controlled trial. J
Neurol Neurosurg Psychiatry 2011;82(12):1390-3.

Sato Y, Iwamoto J, Kanoko T, et al. Alendronate and vitamin D2 for prevention
of hip fracture in Parkinson's disease: a randomized controlled trial. Mov
Disord 2006;21(7):924-9.

Sato Y, Manabe S, Kuno H, et al. Amelioration of osteopenia and
hypovitaminosis D by lalpha-hydroxyvitamin D3 in elderly patients with
Parkinson's disease. J Neurol Neurosurg Psychiatry 1999;66(1):64-8.

Iwamoto J, Takeda T, Matsumoto H. Sunlight exposure is important for
preventing hip fractures in patients with Alzheimer's disease, Parkinson's

disease, or stroke. Acta Neurol Scand 2012;125(4):279-84.

38



FIGURE LEGENDS

Figure 1. Circadian system and its dysregulation in Parkinson’s disease.

The circadian system is composed of a central pacemaker and peripheral oscillators.
The SCN of the hypothalamus is the central pacemaker and its rhythmic activity is
the result of the expression of several-clock genes. It regulates the circadian rhythms
of the peripheral oscillators by efferent neural and humoral signals (circulating
melatonin). The SCN is entrained to the 24 hour environmental light cycle using the
photic information received through the retino-hypothalamic tract and information on
body functions through circulating melatonin and other time cues from peripheral
oscillators. It also regulates melatonin secretion via an indirect multi--synaptic
pathway reaching the pineal gland via the paraventricular nucleus of the
hypothalamus and the superior cervical ganglion. Melatonin secretion during
darkness is the main endogenous entraining agent of the circadian system exerting
its function on peripheral oscillators and also a negative regulatory feedback on SCN

activity. Main disruptions found in PD are shown in shaded boxes.

AUC, area under the curve; PVN, paraventricular nucleus; RHT, retino-hypothalamic

tract; SCG, superior cervical ganglion; SCN, suprachiasmatic nucleus.

Figure 2. Feeding behaviour regulatory mechanisms and their dysregulation in

Parkinson’s disease.

Feeding behaviour is regulated by complex interactions between homeostatic and
hedonic mechanisms. The hypothalamus is the central component of the
homeostatic control with an interaction between both anorexigenic (CART and MSH
neurons in the infundibular nucleus) and orexigenic signals (NPY and MSH

synthesized by the infundibular nucleus and orexin and MCH neurons in the lateral
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hypothalamic area). The activity of the hypothalamic neurons is influenced by
peripheral humoral signals with opposite functions including circulating molecules,
namely leptin (anorexigenic) and ghrelin (orexigenic), gut satiety peptides (CCK,
OXM, PYY) and also levels of insulin, glucose or fatty acids. Leptin is an adipokine
synthesized by the fat tissue reflecting the energy reserve and produces
anorexigenic effects, whereas ghrelin, a peptide synthesized by the gastric mucosa
during fasting, promotes feeding, weight gain and stimulates growth hormone
secretion. The hedonic control (sensorial information, food reward systems) is
integrated in several areas including the mesolimbic dopaminergic system, insular
cortex, dorsal striatum, and anterior cingulate and orbitofrontal cortices. Main
disruptions found in PD are shown in shaded boxes. Orexigenic areas are

represented in diagonal line ovals and anorexigenic areas in white ovals.

AgRP, agouti-related protein; CART, cocaine- and amphetamine-regulated transcript;
CCK, cholecystokinin; DBS, deep brain stimulation; INF, infundibular nucleus; LHA,
lateral hypothalamic area; MCH, melanin-concentrating hormone; MSH, melanocyte-
stimulating hormone; NA, nucleus accumbens; NPY, neuropeptide Y; OXM,

oxyntomodulin; VTA, ventral tegmental area.

Figure 3. Bone health assessment and management in PD patients.
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