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s u m m a r y

Background: Appetite dysregulation in Parkinson's Disease (PD) appears to be linked to physical and
cognitive deterioration. PD patients with and without cognitive impairment (CI) were compared to an
age-matched control group to explore predictors of appetite control in fasting and post-prandial
conditions.
Methods: Fifty-five patients were recruited and divided into three groups: twenty controls (age: 74 y,
BMI: 25.8 kg/m2), nineteen PD patients without CI (72.5 y, 25.1 kg/m2) and sixteen PD patients with CI
(74.3 y, 24.0 kg/m2). Self-reported appetite perception and circulating blood metabolic biomarkers were
measured in fasting and over a 3-h post-prandial period. Biomarkers included glucose, insulin, tumour
necrosis factor alpha (TNF-a), leptin, acyl-ghrelin, total ghrelin, peptide YY (PYY), glucagon like peptide 1
(GLP-1), insulin growth factor 1 (IGF-1), growth factor (GF) and triglycerides. Patients were then provided
with a mixed meal to eat ad libitum with the aim to evaluate links between metabolic biomarkers and
control of energy intake.
Results: PD patients with CI had a significant lower protein intake (7.4 ± 2.5 g, p ¼ 0.01) compared to
controls (21.9 ± 3.1 g) and PD patients without CI (14.3 ± 3.0 g). Post-prandial plasma GLP-1 concen-
trations were associated with decreased hunger perception (B±SE, �5.3 ± 2.4 mm$h�1, p ¼ 0.04). PYY
concentrations were significantly associated with GLP-1 in fasting (r ¼ 0.40, p ¼ 0.005) and post-prandial
(r ¼ 0.46, p < 0.001) conditions. In a multivariate model, post-prandial PYY concentrations were a sig-
nificant predictor of ad libitum energy intake in all subjects (B±SE, �87.5 ± 34.9 kcal, p ¼ 0.01) and in
patients with PD (B±SE, �106.8 ± 44.9 kcal, p ¼ 0.04).
Conclusions: PYY and GLP-1 appeared to influence appetite control in PD patients and their roles merit
further investigation.
© 2024 The Author(s). Published by Elsevier Ltd on behalf of European Society for Clinical Nutrition and
Metabolism. This is an open access article under the CC BY license (http://creativecommons.org/licenses/

by/4.0/).
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1. Introduction

Parkinson's disease (PD) is the second most common neurode-
generative disease after Alzheimer's disease and characterised by
motor symptoms, such as bradykinesia, rigidity, and tremor, as well
as a range of non-motor symptoms, including cognitive impairment
and altered appetite regulation [1,2]. Altered energy balance and
consequent weight loss could indicate progression of PD and be
linked to an increased risk of cognitive deterioration [3e5]. Weight
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loss in PD may predispose patients not only to an increased risk of
malnutrition, but has been postulated to lead to the worsening of
symptoms [6]. The mechanisms behind weight changes in PD are
not fully understood and are likely multifactorial. Reduced energy
intake (EI) in people with advanced PD was shown in one study
conducted in standardised conditions [7]. Studies have also indi-
cated a higher resting energy expenditure in PD patients compared
to healthy controls [8,9]. This is not consistently observed with
some studies demonstrating a lower energy expenditure associated
with the decreased level of physical activity that occurs due to
disability in PD [10] and the use of doubly labelled water showed
that total energy expenditure was not increased in PD patients, and
weight changes were the result of a decreased EI [11].

Neurodegeration in Parkinson's occurs throughout the brain
[7]. It is not known whether neurohormonal control of appetite is
disrupted in PD or in PD with cognitive impairment (PD-CI).
Pleiotropic metabolic hormones such as ghrelin, peptide YY (PYY),
glucagon-like peptide 1 (GLP-1), insulin or leptin have been linked
to neuroprotective effects on learning and memory [12e15]. PYY is
a gut-derived hormone released after food consumption and de-
creases appetite and gastric motility [16]. Similarly, the incretin
hormone GLP-1 promotes insulin secretion and inhibits glucagon
release and it has been linked to neuroprotective effects on neurite
outgrowth, generation of neurotrophic factors and progenitor
cells, apoptosis, neuro-inflammation and integrity of bloodebrain
barrier [17]. IGF-1 has neurotrophic and neuroprotective functions,
and it plays a critical role in brain health and cognitive function
[18]. A decrease in plasma IGF-1 concentrations in PD patients was
correlated with deterioration of cognitive function and lower gray
matter volumes in the insula (L), caudate (R) and anterior cingu-
late [19].

This study primarily investigated hormones related to energy
homeostasis in PD without and with cognitive impairment (PD-CI).
It has been proposed that appetite may be compromised in PD,
particularly in those with a higher burden of non-motor symptoms
[20]. Given the association between weight loss, increasing non-
motor symptoms, and the development of cognitive impairment
in PD [4,5], we hypothesized that appetite might be diminished in
PD-CI patients. Conversely, appetite may be increased, consistent
with the observed rise in energy intake (EI) in PD regardless of
cognitive status [21]. To date, no studies have examined appetite
regulation in PD patients with cognitive impairment. The specific
objectives were to explore whether 1) ad libitum food intake and
perceptions of fullness and hunger following the consumption of a
standardised meal differed between patients with PD without
cognitive impairment, PD-CI and a group of matched, healthy
controls, 2) fasting and post-prandial concentrations of metabolic
biomarkers linked to appetite and energy balance regulation
differed between groups and 4) metabolic biomarkers were sig-
nificant predictors of ad libitum EI and hunger and satiety
perceptions.

2. Methods

Study Design: This was a quasi-experimental study conducted
between 2015 and 2017 at the Clinical Ageing Research Unit (CARU)
at Newcastle University, UK. Ethical approval was obtained from
NRES Committee Northeast, Newcastle and North Tyneside 1
(Approval Number 14/NE/0002).

Subjects: Three groups of participants aged between 60 and 85
years old were recruited into the study including healthy older
adults (controls), Patients without cognitive impairment (PD) and
PD-CI. All clinical and cognitive assessments were performed by
either a neurologist or a geriatrician with expertise in movement
disorders. Participants with PD were recruited from the Movement
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Disorder Service at Newcastle upon Tyne Hospitals NHS Foundation
Trust. Healthy controls had no signs or symptoms of movement
disorders or dementia and they were spousal or age matched
community dwelling adults. Healthy older adults had no evidence
of Parkinsonism by history or on examination, no cognitive symp-
toms and a Montreal Cognitive assessment (MoCA) score �26. PD
without CI had normal cognition as defined by a MoCA score �26
and the absence of functional impairment resulting from cognitive
symptoms. The PD-CI group included patients with aMoCA score of
25 or less, with cognitive and neuropsychiatric symptoms. This
group included PD patients with dementia and mild cognitive
impairment. All PD-CI patients had a history of PD for more than
one year prior to the onset of cognitive symptoms. Participants gave
written consent to participate in the study or, if lacking capacity,
written consent was obtained from an appropriate carer in accor-
dance with the Mental Capacity Act 2005.

Subjects were excluded from participation if they had any of the
following: clinically significant depression, diabetes mellitus,
smoker, body mass index (BMI) < 18.5 kg/m2 or � 30 kg/m2 or
weight change > 3 kg over the preceding 3 months, comorbid
gastrointestinal disease or other clinically significant comorbid
illness, concurrent use of non-selective anticholinergic medica-
tions. Previous deep brain stimulation (DBS) procedures were an
exclusion criterion for PD subjects as these potentially affect
appetite regulation. A detailed description of the inclusion and
exclusion criteria is provided in Tables S1 and S2 of the online
supplementary material.

2.1. Study protocol

All participants underwent a screening visit and, if eligible, were
recruited and invited to the research centre for a 5-h test visit. A
timeline of the study protocol and measurements are provided in
Fig. S1 of the Online Supplementary Material. The screening visit
comprised history and physical examination, including height,
weight, BMI, pulse and blood pressure. At the screening visit,
severity of motor parkinsonism was measured using the motor
section of the Unified Parkinson's Disease Rating Scale (UPDRS III).
Global cognitionwas assessed using the MoCA andmood according
to the 15 item Geriatric Depression Scale (GDS 15). Body compo-
sition was measured using bioelectrical impedance and the Three-
Factor Eating Questionnaire (TFEQ) was employed to assess eating
behaviour. Blood tests (urea and electrolytes, liver function tests,
full blood count, thyroid function tests, random glucose) were also
performed at the screening visit. All results were evaluated by the
research team and eligible participants were then asked to attend
the test visit within 14 days of the screening visit.

The test visit was scheduled in the morning between 8:00am
and 9:00am; all participants were asked fast for at least 12 h and to
be “off” their PD medications (i.e. having not taken any of their
usual PD medication frommidnight of the day preceding the visit).
Other medications were taken as usual. Water was allowed up to
2 h prior to testing. Patients were re-weighed if more than 7 days
had passed since their screening visit. The duration of the test visit
was approximately 5 h and was conducted in a private clinical
room. The test visit started with the insertion of a cannula in an
antecubital vein for the collection of serial blood samples. A
standardised breakfast (~300 kcal, see below for details) with a
glass of water (200 ml) was then provided and patients were asked
to consume the meal within 20 min. Blood samples were taken
prior to the standardisedmeal (i.e., fasting status) and then at, 5, 15,
30, 60,120 and 180min (post-prandial status) for themeasurement
of circulating metabolic biomarkers including glucose, tri-
glycerides, acylated ghrelin (AG), total ghrelin (TG), leptin, peptide
YY (PYY), insulin, insulin-growth factor 1 (IGF-1), growth factor
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(GH), glucagon-like peptide 1 (GLP-1) and tumour necrosis factor
alpha (TNF-a). A small glass of water (120 ml) was given at 60 min
and 120 min for participant comfort. Immediately after the
collection of each blood samples, patients were asked to complete a
visual analogue scale (VAS) to assess subjective fullness and satiety
perceptions in fasting and post-prandial conditions (5, 15, 30, 60,
120 and 180 min). After the collection of the last blood sample, the
cannula was removed and patients were invited to consume as
much as theywanted (ad libitum) of a variety of foods. The food that
was not consumed was weighted and energy and macronutrient
content of the food eaten during the meal was recorded. The time
duration of the meal was also recorded.

2.2. Energy intake assessment

Standardised Test Meal: A standardised breakfast was offered,
which included one slice of white toast with butter, one strawberry
yoghurt, jam, short bread biscuit and a 200 ml glass of water. The
energy content of the meal was 357 kcal, which included 52 g of
carbohydrates (208 kcal, 60 %), 8 g of proteins (32 kcal, 10 %) and
13 g of fat (117 kcal, 30 %). Participants were allowed 20 min to
complete their meal and were required to eat all of it.

Ad Libitum Test Meal: After the collection of the last blood
sample at 180 min and removal of the cannula, participants were
provided with an ad libitum meal comprising a pre-measured se-
lection of food. They were asked to take their usual PD medications
at this time and invited to eat as much as they liked until they were
full. Presentation of the meal was standardised and the meal
included a medium banana (90 kcal), a chocolate mousse
(360 kcal), a bag ready salted crisps (132 kcal), grated cheddar
cheese (125 kcal), tomato and mozzarella pasta bake (695 kcal) and
a 200 ml glass of water. The energy content of the provided food
was 1402 kcal, which included 161 g of carbohydrates (644 kcal,
46 %), 50 g of proteins (200 kcal, 14 %) and 62 g of fat (558 kcal,
40 %). Each food itemwas weighed before and after themeal to gain
an accurate measure of the food ingested. The duration of the meal
for each patient was recorded. A digital image of the meal is pro-
vided in Fig. S2 of the online supplementary material.

Appetite Perception: A visual analogue scale (VAS) was used to
quantitatively evaluate patients’ perceptions for hunger and full-
ness in response to the standardised breakfast. The VAS scale
comprises two statements for hunger and fullness, and each
incorporated a 100 mm horizontal line marked to gauge responses
ranging from “Very little” to “Very much.” Patients were asked to
mark the line to reflect their perception for each statement, and a
ruler was used to measure to quantify the answers. The statements
analysed were: “How hungry [or full] do you feel?” The VAS was
completed after the collection of each blood sample (i.e., 5, 15, 30,
60, 120 and 180 min).

2.3. Measurements

Body Composition and Blood Pressure: Weight and height were
measured to the nearest 0.1 kg and 0.1 cm, respectively and they
were used to calculate BMI. Body fat was measured using a leg-to-
leg bio-impedance analyser (BC420 MA, Tanita Corporation, Japan).
Resting blood pressure was measured in triplicate using a semi-
automated BP recorder (Dinamap V100; GE Medical Systems) and
the mean of the three records was calculated.

Eating Behaviour and Depression: The TFEQ has been widely
applied to assess eating behaviour. The factor analysis identified 51-
items from which three factors were extracted to investigate three
main areas of human eating behaviour, i.e. cognitive restraint,
disinhibition, and hunger. The internal consistency for the restraint,
disinhibition and hunger subscales was respectively of 0.93, 0.91
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and 0.85 [22]. Depression was assessed using the Geriatric
Depression Scale Short Version (GDS), a 15-item test with higher
scores indicating an increased probability of depression. A score
greater than five was used as a cut off for depression [23].

Cognitive Function: Cognition was assessed using the Montreal
Cognitive Assessment (MoCA), which is well validated in PD [24].
This test measures overall cognitive ability across several domains,
including short-term memory, visuospatial skills, executive func-
tion, attention and concentration, language, and orientation, with a
total possible score of 30 points. MoCA scores range from 0 to 30,
with higher scores indicating better neurocognitive function. A
score <26 is indicative of cognitive impairment [24].

PD Assessment: Motor disease severity was assessed using the
movement disorders society unified rating scale (UPDRS) motor
section. This assessment is well validated in the PD population [25].

2.4. Biomarker analyses

Samples were used to quantify leptin, insulin, IL-6, PYY, GLP-1,
TNF-a and AG using the Milliplex MAP Kit-Human Metabolic Hor-
mone Magnetic Bead Panel 96-well plate multiplex assay. Total
ghrelin was assessed using the Human Ghrelin (Total) ELISA Kit
(Cat. No. EZGRT-89 K, Millipore). Insulin-like growth factor-1 was
assessed using Human IGF-1 DuoSet ELISA kit (cat. No. DY291, R&D
Systems). GH was assessed using Human GH DuoSet ELISA kit (Cat.
No. DY1067, R&D Systems). Plasma glucose was measured by
standard automated enzymatic methods using an Olympus AU 640
analyser (Olympus, Watford, UK) and insulin by immunoassay
(ELISA; Dako UK Ltd, Ely, UK). A detailed description of the methods
used to measure the metabolic biomarkers is provided in Table S3
of the online supplementary material.

2.5. Statistical analysis

Sample size calculations are provided in Table S4 of the online
supplementary material. QeQ plots and ShapiroeWilks test were
used to check for normality and non-normally distributed variables
were log-transformed to normalise the distribution. Areas under
the curve (AUC) for the repeated-measurement of appetite per-
ceptions and metabolic biomarkers were calculated using the
trapezoidal method. MOCA scores were first reversed and then log-
transformed. Descriptive statistics (mean and SD) were used to
describe continuous variables and frequencies (%) were used to
describe categorical variables. Analyses were conducted on a
complete-case basis and a description of the sample size for each
variable is provided in Table S5 of the online supplementary ma-
terial. One-way ANOVAwas used to compare the demographic and
baseline data between the three groups. Analysis of covariance was
used to evaluate differences between groups for ad libitum EI,
macronutrient and fiber intake after adjustment for cognitive
function (i.e., MOCA scores), depression (i.e., GDS score), eating
behaviour (i.e., TEFQ score) and medication use. Medication use
was recoded into a binary variable if patients were taking at least
one medication for PD (yes) or no medications (no). A full
description of the distribution of medication use is provided in
Table S6 of the online supplementarymaterial. A repeated-measure
ANOVA model was used to compare appetite responses and
changes in metabolic biomarkers between groups (G), evaluate
significant changes over time (T) and assess their interaction (T*G).
Analyses were adjusted for cognitive function (i.e., MOCA scores),
depression (i.e., GDS score), eating behaviour (i.e., TEFQ score) and
medication use. Pearson's correlation analysis was performed to
test associations between ad libitum EI, appetite perceptions and
metabolic biomarkers. Multivariate linear regression was con-
ducted to assess the association between eachmetabolic biomarker



Table 2
Differences in macronutrient and fibre intake during the ad libitum meal between
healthy controls and Parkinson's disease (PD) patients with and without cognitive
impairment (CI).

Controls PD PD-CI PBetween Groups

Energy intake
(kcal)

620.4 ± 174.2 635.0 ± 114.9 441.9 ± 142.3 0.45

Carbohydrate (g) 65.9 ± 20.2 75.8 ± 13.3 56.1 ± 16.5 0.52
Carbohydrate (%) 42.4 ± 7.7 49.6 ± 5.0 56.3 ± 6.3 0.50
Fat (g) 29.9 ± 10.7 30.4 ± 7.1 20.8 ± 8.8 0.15
Fat (%) 44.2 ± 8.2 40.3 ± 5.4 37.4 ± 6.7 0.19
Protein (g) 21.9 ± 3.1 14.3 ± 3.0 7.4 ± 2.5 0.01a,b

Protein (%) 13.2 ± 1.9 10.5 ± 1.5 6.1 ± 1.6 0.03a

Fibre (g) 5.6 ± 2.0 5.6 ± 1.3 2.7 ± 1.6 0.28

Data is presented as estimated marginal means and error bars are standard errors
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(independent variable) with ad libitum EI (kcal), protein (grams)
intake, perceptions of hunger and fulness (dependent variables)
after adjustment for cognitive function (i.e., MOCA scores),
depression (i.e., GDS score), eating behaviour (i.e., TEFQ score) and
medication use (yes, no). Multiple linear regression was conducted
to identify predictors of ad libitum EI (kcal) and perceptions of
hunger (AUC, mm*hr�1) when all metabolic biomarkers were
entered simultaneously into the model. Regression models were
adjusted for cognitive function (i.e., MOCA scores), depression (i.e.,
GDS score), eating behaviour (i.e., TEFQ score) and medication use
(yes, no). Data analyses were conducted using SPSS-28 for Win-
dows (IBM Corp. Released 2021. IBM SPSS Statistics for Windows,
Version 28.0. Armonk, NY: IBM Corp). P value was set at <0.05 for
statistical significance.
(SE). Differences between groups were analysed by analysis of covariance (ANCOVA)
adjusting for cognitive function, depression, eating behaviour and medication use
(see methods for more details). Post-hoc analysis (Bonferroni Test):
P < 0.05,aControls vs PD,bPD vs PD-CI,cControls vs PD-CI.
3. Results

Fifty-eight patients completed the screening and were recruited
into the study and fifty-five completed the study. These included
twenty controls (age: 74.0 y, BMI: 25.8 kg/m2), nineteen PD patients
without CI (age: 72.5 y, BMI: 25.1 kg/m2) and sixteen PD patients
with CI (age:74.3 y, BMI: 24.0 kg/m2). A description of the recruit-
ment process is provided in Fig. S3 of the Online Supplementary
Material. Groups werematched for age, weight, BMI, FM% and TEFQ
total score but groups differed for systolic and diastolic BP, PD
duration, MOCA and GDS scores and medication use. PD duration
differed between patients with (107.3 ± 59.5 months) and without
(85.9 ± 99.3 months, p < 0.001) CI; MOCA scores were significantly
lower in patients with (17.3 ± 5.4) compared to PD patients without
CI (27.6 ± 1.5) and controls (28.4 ± 1.1, p < 0.001) (Table 1).

Energy and macronutrient intake: EI during the ad libitum meal
was not different between groups (p ¼ 0.45). Carbohydrate and fat
intake (both absolute and percent) did not differ between groups.
PD patients with CI showed a significant lower absolute (p ¼ 0.01)
and percent (p ¼ 0.03) protein intake compared to the control
group (Table 2).

Hunger and fullness: The three groups did not differ for post-
prandial fullness (interaction, p ¼ 0.77, Fig. 1a) and hunger
(p ¼ 0.95, Fig. 1b) perceptions. The analyses of the AUCs for post-
prandial fullness and hunger scores showed a lack of difference
between groups for both fullness (p¼ 0.52) and hunger perceptions
(p ¼ 0.24).

Metabolic Biomarkers: Acyl-ghrelin concentrations showed a
significant change with time in all groups (p ¼ 0.03) with lower
Table 1
Characteristics of study population.

Controls PD PD-CI PBetween Groups

Mean ± SD

N 20 19 16 e

Gender (M/F) 11/9 10/9 9/7 0.99
Age (years) 74.0 ± 6.2 72.5 ± 5.5 74.3 ± 6.0 0.50
Weight (kg) 73.0 ± 10.2 69.9 ± 13.2 64.8 ± 10.6 0.11
BMI (kg/m2) 25.8 ± 2.0 25.1 ± 2.8 24.0 ± 3.3 0.17
FM (%) 28.8 ± 7.2 28.4 ± 8.4 25.4 ± 7.7 0.37
SBP (mmHg) 152.7 ± 23.9 135.4 ± 20.8 123.5 ± 24.5 <0.001
DBP (mmHg) 75.7 ± 9.8 73.4 ± 11.3 64.1 ± 9.6 0.004
TFEQ score 9.6 ± 5.6 8.4 ± 5.0 8.3 ± 4.1 0.71
PD duration

(months)
e 69.5 ± 69.0 107.3 ± 59.5 <0.001

MOCA score 28.4 ± 1.1 27.6 ± 1.5 17.3 ± 5.4 <0.001
GDS score 1.3 ± 0.9 2.0 ± 1.4 5.8 ± 2.5 <0.001

SD ¼ standard deviation; N ¼ number of subjects; M ¼ Male; BMI ¼ body mass
index; FM¼ fat mass; SBP¼ systolic blood pressure; DBP¼ diastolic blood pressure;
TFEQ ¼ three factor eating questionnaire; PD¼ Parkinson's disease; PD-CI¼ Par-
kinson's Disease patients with cognitive impairment; MOCA ¼ Montreal Cognitive
Assessment; GDS¼ Geriatric Depression Scale.
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concentrations reached 60 min after the standardised meal
(Fig. 2A). However, no significant differences between groups
were observed for post-prandial concentrations for acyl-ghrelin
(interaction, p ¼ 0.98) and the other metabolic biomarkers
including total ghrelin (interaction, p ¼ 0.94, Fig. 2B), PYY
(interaction, p ¼ 0.21, Fig. 2C), leptin (interaction, p ¼ 0.98,
Fig. 2D), insulin (interaction, p ¼ 0.90, Fig. 2E), GLP-1 (interac-
tion, p ¼ 0.35, Fig. 2F), IGF-1 (interaction, p ¼ 0.95, Fig. 2G), GH
(interaction, p ¼ 0.27, Fig. 2H) and glucose (interaction, p ¼ 0.96,
Fig. 2I). The AUC for the post-prandial concentrations of meta-
bolic biomarkers was only significant for IGF-1 (p ¼ 0.04, Fig. S4
of the online supplementary material). There were no differences
between groups for triglycerides and TNF-a concentrations (data
not shown).

Correlation (across all groups): In fasting conditions, acyl-
ghrelin was indirectly associated with glucose concentrations
(r¼�0.32, p¼ 0.02). Significant direct associations were also found
for fasting PYY concentrations which were associated with IGF-1
(r ¼ 0.45, p ¼ 0.005), leptin (r ¼ 0.45, p ¼ 0.005) and GLP-1
(r ¼ 0.40, p ¼ 0.005). In post-prandial conditions, AUC of PYY was
directly correlated with GLP-1 (r ¼ 0.46, p < 0.001) and leptin
(r ¼ 0.50, p < 0.001) (Fig. 3).

Multivariate Regressions: Ad libitum EI was significantly asso-
ciated with fasting (unstandardised regression coefficient
(b) ± standard error (SE) �118.3 ± 65.5 kcal, p ¼ 0.04) and post-
prandial (b±SE e67.0 ± 22.1 kcal, p ¼ 0.004) concentrations of
PYY. Post-prandial hunger perception (AUC VASHunger) was signif-
icantly associated with fasting (b±SE e20.7 ± 6.8 mm*hr�1,
p¼ 0.004) and post-prandial (b±SEe7.1 ± 2.2 mm*hr�1, p¼ 0.003)
concentrations of leptin. None of the metabolic biomarkers was
associated with ad libitum protein intake and post-prandial fullness
perception (AUC VASFullness) (Table 3).

Multivariate regression analyses identified of PYY AUC as a
significant predictor of reduced ad libitum EI in all subjects (b±SE
-87.5 ± 34.9 kcal, p ¼ 0.01) and in subjects with PD (b±SE
-106.8 ± 44.9 kcal, p¼ 0.04). Post-prandial hunger perception (AUC
VASHunger) was significantly predicted by leptin (b±SE
-5.8 ± 2.6 mm*hr�1, p ¼ 0.04) and IGF-1 (b±SE -3.6 ± 1.4 mm*hr�1,
p ¼ 0.01) AUCs (Table 4).
4. Discussion

This is the first study to look at EI in PD patients with and
without CI. We found no difference in EI between groups, but PD
patients with cognitive impairment (CI) showed significantly lower
protein intake compared to both control subjects and PD patients



Fig. 1. Changes in hunger (A) and fullness (B) perception in healthy controls and Parkinson's disease (PD) patients with and without cognitive impairment (CI). Assessments were
performed using a 100 mm visual analogue scale (VAS) before (Time 0) and after a standardised test meal at specific time points (5, 15, 30, 60, 120, 180 min). Data is presented as
estimated marginal means and error bars are standard errors (SE). Differences between groups were analysed by repeated-measure analysis of variance adjusting for cognitive
function, depression, eating behaviour and medication use (see methods for more details).
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without CI. Higher levels of post-prandial GLP-1 in plasma were
linked to reduced feelings of hunger. There was a significant posi-
tive correlation between PYY and GLP-1 concentrations in both
fasting and post-prandial states. In the multivariate analysis, post-
429
prandial PYY levels were a significant predictor of ad libitum EI in all
participants and PD patients.

The two most important metabolic hormones emerging from
our analyses are PYYand GLP-1. Peptide YY is produced by the same



Fig. 2. Changes in plasma metabolic biomarkers in healthy controls and Parkinson's disease (PD) patients with and without cognitive impairment (CI) (Figs. AeI). Measurements
were performed after fasting (Time 0) and following the consumption of a standardised test meal at specific time points (5, 15, 30, 60, 120 and 180 min). PD ¼ patients without CI.
Data was log transformed before analysis and it is presented as estimated marginal means and error bars are standard errors (SE). Differences between groups were analysed by
repeated-measure analysis of variance adjusting for cognitive function, depression, eating behaviour and medication use (see methods for more details). PYY, Peptide YY; GLP-1,
Glucagon Like Peptide 1; IGF-1, Insulin Growth Factor 1; GH, Growth Hormone.

M. Siervo, F. Johnston, E. Calton et al. Clinical Nutrition ESPEN 64 (2024) 425e434
L-cells in the GI mucosa that produce GLP-1 which could explain
the close correlation observed between these two hormones [26].
PYY reduces motility and slow transit time in both the stomach and
the lower GI tract. PYY is secreted in response to the presence of
nutrients and bile salts in the lumen of the gastrointestinal tract. It
may also be under neural control via the vagus nerve [27]. Levels
peak after eating and show a dose response, with higher levels
achieved after greater calorie intake [28]. The physiological roles of
PYY for the control of appetite in PD patients remains largely un-
explored in humans; only one study has been conducted in rats
models of PD showing that PYY was involved in the mediation of
the effects of electroacupuncture on non-motor symptoms [29].

Glucagon-like peptide 1 (GLP-1) is a short-acting anorexigenic
hormone produced mainly in the small intestine in response to
vagal stimulation and nutrient ingestion [30]. It increases insulin
sensitivity during euglycemia [31], and GLP-1 analogues such as
semaglutide are used in the treatment of type 2 diabetes [32]. GLP-
1 is rapidly broken down by DPP-4 in the bloodstream [33], and
DPP-4 inhibitors such as sitagliptin are also widely used in patients
with diabetes [32]. A previous trial in patients with early Parkin-
son's disease showed that lixisenatide for 12 months delayed the
progression of motor disability [34].
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There was no correlation between GLP-1 and EI at the ad libitum
meal. This is unsurprising as GLP-1 predominantly signals satiety,
not the initiation of feeding [35]. Intake at breakfast was stan-
dardized, and data for GLP-1 during the ad libitum meal were not
available. There was a positive correlation with PYY, which is ex-
pected as both are produced by L cells in the gastric mucosa in
response to nutrient ingestion [28].

In a multivariate model we demonstrated that post-prandial
PYY concentrations significantly predicted reduced energy intake
in all groups. This confirms an intact regulatory role of PYY on
energy consumption in weight stable people with PD and PD-CI.
Leptin is an anorexigenic hormone produced by adipose tissue
[36]. It does not show dynamic variation with meal ingestion, but
levels can be increased by prolonged fasting [37]. In our study there
was a negative correlation between leptin and hunger as measured
by a visual analogue scale for all groups, again suggesting intact
signalling in PD and PD-CI in our study group.

PD patients with cognitive impairment (CI) consumed signifi-
cantly less protein compared to controls and PD patients without
CI. This novel finding is not explained in this study but may be
clinically relevant due to increased risk of sarcopenia as PD pro-
gresses [38], noting that the PD-CI group had a longer disease



Fig. 3. Description of significant correlations between plasma metabolic biomarkers measured in fasting (F) and post-prandial (Area Under the Curve, AUC) conditions. Data were
log transformed before analyses. r ¼ Pearson's coefficient of correlation. AG, Acyl Ghrelin; GLU, Glucose; PYY, Peptide YY; LEP, Leptin; INS, Insulin; GLP-1, Glucagon Like Peptide 1;
GH, Growth Hormone; IGF-1, Insulin Growth Factor 1; TG, Total Ghrelin.

Table 3
Linear regression analyses to explore whether fasting and post-prandial plasma concentrations of metabolic biomarkers predicted ad libitum energy and protein intake and
perceptions of hunger and fullness in health controls and patients with Parkinson's Disease.

Ad Libitum Energy Intake Ad Libitum Protein Intake AUC VASHunger AUC VASFullness

(kcal) (grams) (mm$hour�1) (mm$hour�1)

B ± SE P B ± SE P B ± SE P B ± SE P

Acyl ghrelin
Fasting (pg·mL�1) �35.1 ± 54.3 0.52 �0.9 ± 1.0 0.40 13.2 ± 11.2 0.24 16.6 ± 13.9 0.24
AUC (pg·mL�1·hr�1) �12.0 ± 19.3 0.53 �0.1 ± 0.3 0.82 5.9 ± 3.9 0.14 5.9 ± 5.0 0.23
Total ghrelin
Fasting (pg·mL�1) �78.9 ± 49.8 0.11 �0.86 ± 0.96 0.37 5.9 ± 10.9 0.56 17.2 ± 12.0 0.17
AUC (pg·mL�1·hr�1) �25.5 ± 22.4 0.24 �0.33 ± 0.42 0.42 3.7 ± 4.8 0.39 7.7 ± 5.7 0.17
Peptide YY
Fasting (pg·mL�1) �118.3 ± 65.5 0.04 �0.2 ± 1.1 0.82 3.1 ± 12.1 0.79 �11.5 ± 14.6 0.42
AUC (pg·mL�1·hr�1) ¡67.0 ± 22.1 0.004 �0.4 ± 0.4 0.35 �2.2 ± 5.0 0.66 0.40 ± 6.4 0.92
Leptin
Fasting (pg·mL�1) �33.4 ± 34.4 0.33 �0.68 ± 0.67 0.31 ¡20.7 ± 6.8 0.004 10.8 ± 8.8 0.22
AUC (pg·mL�1·hr�1) �13.9 ± 11.1 0.22 �0.26 ± 0.21 0.22 ¡7.1 ± 2.2 0.003 3.9 ± 2.8 0.17
Insulin
Fasting (pg·mL�1) 11.2 ± 68.7 0.87 0.80 ± 1.31 0.54 �24.2 ± 13.5 0.09 15.5 ± 17.9 0.38
AUC (pg·mL�1·hr�1) �0.5 ± 25.2 0.98 �0.17 ± 0.48 0.72 �8.4 ± 5.1 0.10 5.3 ± 6.3 0.40
Glucagon like Peptide-1
Fasting (pg·mL�1) �23.4 ± 30.4 0.44 �0.03 ± 0.59 0.95 �2.6 ± 5.7 0.64 �2.1 ± 7.8 0.78
AUC (pg·mL�1·hr�1) �10.0 ± 12.3 0.43 �0.02 ± 0.25 0.91 ¡5.3 ± 2.4 0.04 6.1 ± 3.0 0.06
Insulin growth Factor-1
Fasting (pg·mL�1) 21.4 ± 21.7 0.32 0.68 ± 0.40 0.10 3.9 ± 4.0 0.30 �8.5 ± 5.1 0.15
AUC (pg·mL�1·hr�1) 8.7 ± 7.2 0.23 0.23 ± 0.14 0.10 1.8 ± 1.2 0.15 �3.2 ± 1.8 0.08
Growth hormone
Fasting (pg·mL�1) �10.4 ± 31.4 0.73 0.24 ± 0.59 0.68 4.8 ± 6.4 0.49 �3.1 ± 8.6 0.71
AUC (pg·mL�1·hr�1) 5.9 ± 9.7 0.54 0.12 ± 0.18 0.49 0.9 ± 2.2 0.61 �1.4 ± 2.4 0.56

Analysis was conducted in all subjects (range of sample size varied for each analyses and ranged between 38 (Fasting Insulin Growth Factor-1) and 55 subjects). Associations
were evaluated for biomarkers measured in fasting conditions and following the consumption of a standardised meal. The Area under the Curve (AUC) was calculated as a
measure of an integrated post-prandial response of the changes in appetite perception and biomarkers concentrations following the standardised meal. Biomarkers data were
log transformed before analysis. Results are presented as unstandardised regression coefficients (B) and standard errors (SE). Regression analyses were adjusted for adjusting
for cognitive function, depression, eating behaviour and medication use (see methods for more details).
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Table 4
Multiple linear regression to explore the independent prediction of plasma metabolic biomarkers for ad libitum energy intake and hunger perception in the whole sample and
in patients with a diagnosis of Parkinson's Disease (PD).

AUC (pg·mL�1·hr�1) All (n ¼ 38) PD Patients (n ¼ 22)

Ad Libitum Energy Intake
(kcal)

AUC VASHunger
(mm$hour�1)

Ad Libitum Energy Intake
(kcal)

AUC VASHunger
(mm$hour�1)

B±SE P B±SE P

Acyl ghrelin
Peptide YY
Glucagon like peptide 1
Leptin
Insulin
Insulin growth factor 1

�18.7 ± 22.3
¡87.5 ± 34.9
20.2 ± �14.6
�27.4 ± 16.0
19.3 ± 28.0
12.2 ± 7.8

0.40
0.01
0.17
0.09
0.49
0.13

6.6 ± 4.0
�3.0 ± 6.2
�1.6 ± 2.6
¡5.8 ± 2.6
1.2 ± 5.0
3.6 ± 1.4

0.10
0.62
0.54
0.04
0.81
0.01

�11.5 ± 23.5
¡106.8 ± 44.9
24.5 ± 17.6
�17.5 ± 20.0
13.1 ± 33.5
15.0 ± 9.5

0.63
0.04
0.18
0.41
0.70
0.13

4.2 ± 7.4
0.6 ± 10.0
�1.5 ± 4.6
�4.9 ± 4.8
0.6 ± 6.8
2.4 ± 2.9

0.57
0.95
0.74
0.32
0.92
0.42

Associations were evaluated for plasma biomarkers measured in post-prandial conditions following the consumption of a standardised meal. The Area Under the Curve (AUC)
was calculated as a measure of an integrated response of the changes in appetite perception and biomarkers concentrations following the standardised meal. Biomarkers data
was log transformed before analysis. Results are presented as unstandardised regression coefficients (B) and standard errors (SE). Regression analyses were also adjusted for
cognitive function, depression, eating behaviour and medication (see methods for more details).
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duration than people with PD who were cognitively intact. Older
adults with PD may experience a reduced protein intake due to
multiple factors including dysphagia and difficulties in consuming
protein-rich foods, gastrointestinal dysfunction affecting nutrient
absorption, medication timing around protein intake (i.e., levodopa
competition with dietary amino acids), altered taste/smell
perception and depression affecting food interest [39,40]. PD pa-
tients are advised to limit protein consumption to improve the
bioavailability of levodopa [41]. While the daily protein limit of
0.8 g/kg in the low-protein diet is based on the Recommended
Dietary Allowance (RDA), research suggests this minimum
threshold may not adequately meet the protein requirements of
people with Parkinson's disease [42]. Recent studies indicate that
intake above 0.8 g/kg/day might be necessary for this population to
reduce the to the risk of sarcopenia and physical disability [43,44].
Further research is required to confirm our results and establish the
underlying mechanisms.

Hunger and fullness perceptions were assessed using visual
analogue scales. The pattern of hunger between meals was as
expected for all groups, with a rapid decline after breakfast and
recovery towards the ad libitum meal at 180 min. There was no
significant difference in hunger responses between groups.
Similarly, there was an increase in fullness after eating in all three
groups, which declined over 180 min. Again, there was no sig-
nificant difference in fullness between groups. Our findings align
with the original validation study for VAS in 55 healthy men,
where hunger reached a nadir 30min after breakfast and returned
to baseline between 180 and 300 min, and fullness peaked at
30 min and returned to baseline at 240 min [45]. It might be
possible that the validity of VAS was inadvertently compromised
in advanced PD due to guidance from the nurse administering the
tool or over-zealous carers. However, hunger AUC was positively
correlated with energy intake, and fullness AUC was negatively
correlated with EI across the whole cohort. Overall, our results
suggest that VAS, though not validated for use in PD or PD-CI, was
reasonably accurate in determining feelings of hunger and full-
ness in this study. Combined with the normal patterns of post-
prandial hunger and fullness over time, these data suggest that
sensations of hunger and fullness are intact in people with PD and
PD-CI. Our results do not support the hypothesis that appetite
perceptions are disordered in PD-CI. This is unexpected, as it is
intuitive that the number of non-motor symptoms is likely to be
higher in the PD-CI group. However, the burden of non-motor
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symptoms across our cohort was not assessed, and further con-
clusions cannot be supported.

The design of our study may have confounded our results. Many
studies demonstrating increased energy intake in PD have relied on
indirect measures of food intake such as food diaries [46], semi-
quantitative food questionnaires [47], and food frequency ques-
tionnaires [21]. Semi-quantitative food questionnaires and food
frequency questionnaires reflect dietary habits over time, rather
than discrete eating episodes, while food diaries capture a daily
record of energy intake [48]. It is possible that energy intake in PD
patients is increased through increased meal frequency rather than
increased meal size. Alternatively, intake could be reduced in
advanced PD due to cognitive difficulties affecting meal prepara-
tion. This study was not designed to measure these factors as food
eaten during the ad libitummeal was weighed to calculate EI. While
this allowed to accurately record exactly what food was eaten
during the study, the setting was artificial as participants in PD
patients were tested off their usual PD medications. Moreover,
participants were offered a standardized range of foods, which may
not have reflected their usual diet or food preferences. The ad
libitummeal was quite large, more thanmany people would eat in a
normal lunch sitting. This may be important as there is evidence
that greater portion size results in increased EI, irrespective of body
habitus or appetite [49]. A limitation of the study was the absence
of data on participants' typical dietary intake and the inability to
control for this variable in our analyses. However, the potential
confounding effects from dietary differences were minimised by
conducting all procedures after a standardized fasting period.
Additional, limitations may include the lack of standardisation of
the diet the day prior to the test visit and the lack of assessment of
appetite perception at the end of the ad libitum meal. Another
possible confounder could be medication, as both the PD and PD-CI
groups had relatively high rates of anorectic medication use.
However, all analyses were adjusted for medication use which
could have minimised the confounding effects of medication use
[21]. Finally, it has been suggested that weight-losing and weight-
stable people with PD may be phenotypically different [6,50]. Our
study excluded participants with recent weight loss. Our results are
consistent with a previous study that showed no difference in en-
ergy intake (measured by a 3-day food diary) between controls and
patients with PD that also excluded participants with weight loss
[11]. As a result, we may not have captured differences in appetite
occurring in people with PD andweight loss, whomay be at greater
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risk of more rapid cognitive decline than their weight-stable
counterparts [3].

5. Conclusions

PYY and GLP-1 appeared to influence the control of appetite in
PD patients as well as controls. Appetite perceptions are intact in
PD and PD-MCI. Ad libitum EI did not differ in PD patients with and
without CI compared to healthy age-matched controls. Patients
with more advanced PD had a significant lower protein intake.
Visual analog scales are valid for use in PD and PD-CI. Hormones of
energy homeostasis are not disrupted in people with weight-stable
PD or PD-CI in the context of an ad libitum meal. Patients with PD
who lose weight may be phenotypically different to those who do
not and were excluded from this study. The potential therapeutic
benefits of PYYand GLP-1 analogues in mediating cognitive decline
and dysregulated appetite in PD patients warrant further
investigation.
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