
Impaired dopamine metabolism is linked to
fatigability in mice and fatigue in Parkinson’s
disease patients
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Fatigue is a common symptom of Parkinson’s disease that compromises significantly the patients’ quality of life. Despite that, fa-

tigue has been under-recognized as symptom, its pathophysiology remains poorly understood, and there is no adequate treatment

so far. Parkinson’s disease is characterized by the progressive loss of midbrain dopaminergic neurons, eliciting the classical motor

symptoms including slowing of movements, muscular rigidity and resting tremor. The dopamine synthesis is mediated by the rate-

limiting enzyme tyrosine hydroxylase, which requires tetrahydrobiopterin as a mandatory cofactor. Here, we showed that reserpine

administration (1 mg/kg, two intraperitoneal injections with an interval of 48 h) in adult Swiss male mice (8–10 weeks; 35–45 g)

provoked striatal depletion of dopamine and tetrahydrobiopterin, and intolerance to exercise. The poor exercise performance of

reserpinized mice was not influenced by emotional or anhedonic factors, mechanical nociceptive thresholds, electrocardiogram pat-

tern alterations or muscle-impaired bioenergetics. The administration of levodopa (100 mg/kg; i.p.) plus benserazide (50 mg/kg;

i.p.) rescued reserpine-induced fatigability-like symptoms and restored striatal dopamine and tetrahydrobiopterin levels.

Remarkably, it was observed, for the first time, that impaired blood dopamine metabolism inversely and idependently correlated

with fatigue scores in eighteen idiopathic Parkinson’s disease patients (male n¼ 13; female n¼ 5; age 61.3 6 9.59 years).

Altogether, this study provides new experimental and clinical evidence that fatigue symptoms might be caused by the impaired stri-

atal dopaminergic neurotransmission, pointing to a central origin of fatigue in Parkinson’s disease.
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Introduction
Parkinson’s disease is the second most common neurode-

generative disorder and it is characterized by the progres-

sive degeneration of dopaminergic neurons in the

substantia nigra pars compacta, leading to severe loss of

dopamine in the striatum.1 Despite the well-known role

of dopamine in the control of movements, dopamine also

modulates other relevant functions including arousal,

mood, motivation, learning and memory, vigilance and

reward.2,3

Non-motor symptoms (NMS) are major determinants

of quality of life in Parkinson’s disease patients, and it is

now evident that these symptoms may occur across all

early pre-motor and late motor stages of the disease.4

NMS mainly include pain, dysarthria, cognitive impair-

ments, olfactory and gastrointestinal deficits, depression,

sleep disorders, psychosis and fatigue.4,5 Fatigue, clinically

defined as an overwhelming sense of tiredness, lack of

energy and feelings of exhaustion and has a high preva-

lence (up to 70%) in Parkinson’s disease patients.6–8

Although extra-striatal dopaminergic pathways and non-

dopaminergic dysfunction are thought to play a major

role in fatigue development,9 it has also been demon-

strated that levodopa is effective in reducing physical fa-

tigue. Lou et al.10 demonstrated that levodopa improved

physical fatigability assessed by the finger tapping and

force generation tasks one hour after its administration in

idiopathic Parkinson’s disease subjects.10 Moreover, it has

been reported that blockers of dopamine transporter,

such as methylphenidate and modafinil, also reduce fa-

tigue scores supporting the involvement of dopaminergic

neurotransmission dysfunction in the aetiopathology of

fatigue in Parkinson’s disease.8,11,12

Tyrosine hydroxylase is the rate-limiting enzyme con-

trolling the synthesis of dopamine and its activity relies

on appropriate intracellular levels of its mandatory cofac-

tor, tetrahydrobiopterin (BH4).13–15 Although the current

understanding of the biology of BH4 in the CNS is

restricted to its coenzyme activity required for the synthe-

sis of catecholamines and nitric oxide, our group has re-

cently demonstrated new central properties of BH4

metabolism. For instance, a single intracerebroventricular

injection of BH4 enhances hippocampal synaptic plasti-

city, facilitating learning and memory processes in differ-

ent species and strains of rodents.16 In consonance, it has
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been reported that BH4 administration in patients

affected by atypical phenylketonuria, a metabolic disorder

characterized by the inherited inability to convert phenyl-

alanine into tyrosine due to BH4 deficiency, improved

working memory and induced neuronal activation in the

prefrontal and parietal cortex, which was demonstrated

by in vivo metabolic imaging.17 In this context, it is

known that dopamine depletion leads to prefrontal dys-

function which, in turn, contributes to executive function

impairments often seen in Parkinson’s disease patients.18

In addition, reduced CSF BH4 levels have been observed

in Parkinson’s disease patients19 and in the striatum of

mice treated with 1-methyl-4-phenyl-1,2,3,6-tetrahydro-

pyridine, a neurotoxin widely used to model of

Parkinson’s disease,20 underlying the participation of this

enzyme cofactor in the physiopathology of the disease.

Levodopa remains the most effective drug to alleviate

the motor symptoms of Parkinson’s disease, including

muscle rigidity, resting tremor and bradykinesia.

However, the putative benefits of levodopa treatment,

and the role of the dopaminergic system on fatigue symp-

toms remain under investigated. Here, we observed that

levodopa administration attenuated fatigability-like symp-

toms by restoring striatal dopamine and BH4 levels in a

mouse model of Parkinson’s disease induced by reserpine

administration, a blocker of the vesicular monoamine

transporter 2.21 Additionally, the translational facet of

this work demonstrated an inverse correlation of the

dopamine turnover with the fatigue and motor scores in

idiopathic Parkinson’s disease patients. These findings in-

dicate that dopaminergic deficiency underlies the develop-

ment of fatigue symptoms in Parkinson’s disease.

Materials and methods

Participants

Outpatients with Parkinson’s disease from the public

Movement Disorders Clinic of Santa Catarina State at

the Hospital Governador Celso Ramos, in Florianópolis

city, southern Brazil were included in this study. BH4,

dopamine and 3,4-dihydroxyphenyilacetic acid (DOPAC)

levels were quantified in a cohort of 18 patients (control

group: 18 healthy controls), see Supplementary Table 1

for the demographic and clinical characteristics of

patients. Diagnosis was based on the Queen Square Brain

Bank according to the clinical.22 They were diagnosti-

cated, examined and managed by a board-certified neur-

ologist trained in movement disorders. Patients had

bradykinesia, and at least two of the following symp-

toms: (i) resting tremor (frequency between 4 and 6 Hz);

(ii) muscle rigidity; and (iii) postural instability not

caused by visual or vestibular or cerebellar proprioceptive

dysfunction. All patients’ symptoms improved substantial-

ly under dopamine agonists or levodopa treatment. The

disease stage was evaluated using the Hoehn and Yahr

scale.23 Anxiety and depressive symptoms were deter-

mined by the Hospital Anxiety and Depression scale

(HADS)24 validated for Brazilian patients.25,26

Exclusion criteria for Parkinson’s disease: previous his-

tory of cerebrovascular disease, brain trauma, infection

or tumour, oculogyric crisis, neuroleptic use, prolonged

symptoms remissions; strictly unilateral symptoms after

three years of disease, supra-nuclear palsy, cerebellar

symptoms, early-onset dysautonomia or dementia, pyram-

idal signs, brain tumour and hydrocephalus. Parkinson’s

disease symptoms were assessed using the Movement

Disorder Society-sponsored revision of the Unified

Parkinson’s Disease Rating Scale (UPDRS).27 NMS,

namely apathy, sleep problems and daytime sleepiness

from the UPDRS Part I were also evaluated. All patients

were on their regular medication and best ‘on state’

(Table 1). Blood samples were collected immediately after

the neurologic evaluation.

Table 1 Association between Parkinson’s Fatigue Score

(PFS) and the plasma levels of dopamine, tetrahydro-

biopterin (BH4), 3,4-dihydroxyphenylacetic acid

(DOPAC) and the socio-demographic and clinical char-

acteristics of patients

Predictive variables Linear regression coefficients P

r r2 B (CI 95%) level

Blood parameters

Dopamine levels

(nmol/l)

0.32 0.10 2.51 (�7.30 to 2.28) 0.27

BH4 levels (nmol/l) 0.40 0.11 0.55 (�0.14 to 1.24) 0.11

DOPAC levels (nmol/l) 0.58 0.34 �1.86 (�3.49 to �0.23) 0.03

Socio-demographic and

clinical characteristics

Age, years 0.33 0.11 �0.65 (�1.67 to 0.37) 0.19

Female 0.22 0.05 10.4 (�13.9 to 34.0) 0.38

Disease duration, years 0.28 0.08 �0.99 (�2.84 to 0.86) 0.27

Hoehn and Yard stage 0.10 0.01 1.26 (�0.03 to 8.56) 0.71

Daily dose Levodopa

(mg/kg)

0.04 0.00 0.08 (�1.01 to 1.25) 0.88

MOCA score 0.06 0.00 0.16 (�1.42 to 1.75) 0.83

Education (years) 0.03 0.00 0.11 (�2.15 to 2.37) 0.92

HADS depression score 0.56 0.31 2.18 (0.41 to 3.96) 0.02

HADS anxiety score 0.44 0.19 2.10 (�0.25 to 4.44) 0.08

Body mass index (kg/m2) 0.78 0.62 2.60 (1.30 to 3.88) 0.001

UPDRS—Part I

Apathy 0.05 0.003 1.04 (�9.88 to 11.96) 0.84

Sleep problems 0.22 0.05 0.57 (�0.86 to 1.99) 0.41

Daytime sleepiness 0.48 0.24 10.51 (0.09 to 20.94) 0.05

UPDRS—Part III (motor

evaluation)

0.35 0.12 0.41 (�0.29 to 1.12) 0.20

Final modelb 0.95 0.91 0.005

Constant 22.57 (18.58 to 64.29) 0.003

IMC 0.66 (�1.10 to 2.41) 0.38

UPDRS-III score 0.62 (0.09 to 1.12) 0.02

DOPAC levels (nmol/l) �2.27 (�3.57 to �0.97) 0.003

aUnivariate analysis by linear regressions.
bFinal Model of multiple linear regressions showing the independent association be-

tween PFS score variation and the UPDRS-III score and the plasmatic levels of

DOPAC. Only these two variables remained significant in the final model.
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The control group was composed of healthy donors

without neurologic or psychiatric diseases, matched by

age and gender. Healthy donors were people accompany-

ing patients who were seen in other clinics at the hos-

pital, elderly individuals enrolled in continuing education

(NETI Group), and professors and researchers working at

Universidade Federal de Santa Catarina, Florianópolis,

Brazil. Exclusion criteria for healthy donors: (i) use of

anti-inflammatory in the last 3 weeks; (ii) acute disease,

transmissible or not, in the last 60 days; (iii) active or ‘in

remission’ cancer; and (iv) hepatic or renal insufficiency.

The project was approved by the Ethics Committee

(CEP-HGCR 2009-26) and followed the guidelines of the

Code of Ethics of the World Medical Association

(Declaration of Helsinki; Ref World Medical Association;

World Medical Association Declaration of Helsinki: ethic-

al principles for medical research involving human sub-

jects. JAMA. 2013; 310:2191-4). A signed informed

consent was obtained from all participants.

Parkinson Fatigue Scale

The fatigue symptoms of Parkinson’s disease patients

were assessed by the validated version of Parkinson

Fatigue Scale (PFS-16) for Brazilian individuals.28 The

PFS-16 is a self-report questionnaire of 16 questions used

to screen for the presence and severity of fatigue.29 For

each question, the patients chose how much they agreed

or disagreed with the statements. The higher the scores,

the more severe the fatigue.

Cognitive function

Cognitive function was evaluated by the Montreal

Cognitive Assessment (MOCA).30 The validated version

adapted to Brazilians31 was applied to assess attention,

executive functions, memory, language, visuoconstruc-

tional skills and orientation. MOCA is 30 points score

scale and the higher the scores, the better the cognitive

function.

Anxiety and depressive symptoms

The level of anxiety and depressive symptoms of

Parkinson’s disease patients were assessed by applying the

adapted version for Brazilians of the psychometric scale

HADS.24–26 HADS is a widely used 14-item scale divided

into subscales with seven items for anxiety and seven

items for depression, resulting in a final score from 0 to

21 in each subscale. Higher scores indicate more symp-

toms of anxiety and depression.

Blood human collection

After applying the fatigue questionnaire, 4 ml blood sam-

ple was drawn from the median cubital vein and distrib-

uted into sterile vacutainer tubes containing 10% EDTA.

The blood was immediately centrifuged at 400� g, for

10 min at room temperature. Plasma was collected for

catecholamines analyses and frozen and stored �86�C,

until analysis.

Animals

Male Swiss mice (8–10 weeks, 35–45 g) from the animal

facility of the Center for Biological Sciences, Universidade

Federal de Santa Catarina, Florianopolis, Brazil, and

C57Bl6j male mice (10–12 weeks, 23–28 g) obtained from

Jackson Laboratory, CT, USA, were kept in a controlled

environment (22�C 6 1�C, 12 h light/dark cycle, lights

ON at 7:00 a.m.) with water and food ad libitum. The

experimental protocols were approved by the Ethics

Committee for Animal Research (PP00760/CEUA) of the

Universidade Federal de Santa Catarina Florianopolis,

Brazil, and by the Boston Children’s Hospital Animal

Care and Use Committee (13-01-2334). Experiments

were carried out in accordance with the European

Communities Council Directive of 24 November 1986

(86/609/EEC).

Cell culture

L6 cells, a myoblast cell line representative of rat skeletal

muscle, were purchased from the Cell Bank of Rio de

Janeiro (Rio de Janeiro, Brazil). The cells were seeded in

flasks and cultured in Dulbecco’s modified Eagle’s me-

dium (DMEM), pH 7.4, containing 10% foetal bovine

serum, sterile antimycotic solution 100� penicillin

100 IU/ml, streptomycin 0.1 mg/ml and amphotericin

0.25 lg/ml, D-glucose 5.5 mM, 2% glutamine, 0.22%

NaHCO3, and 0.47% HEPES in a 95% O2 and 5%

CO2 humidified atmosphere, at 37�C. After confluence,

L6 myotubes were maintained in vitro with changes of

medium every 48 h prior to the experiments.

Striatal dopamine depletion induced
by reserpine

Dopamine levels were pharmacologically depleted by two

i.p. injections of reserpine (1 mg/kg) separated by an

interval of 48 h, as shown in Figs 1A and 2A. Controls

received 0.1% glacial acetic acid (vehicle).32,33 Reserpine

inhibits the vesicular monoamine transporter 2 leading to

a loss of storage capacity of monoamines in synaptic

vesicles, causing depletion in the brain and peripheral

monoamines levels. For additional drugs detail, see the

Supplementary material.

Physical activity protocols

Running wheel protocol

To monitor daily running distances, mice were housed in

individual cages (27 � 18 � 13 cm) with free access to

locked (non-exercised mice) or unlocked (exercised) func-

tional running wheels (41=200, Super Pet, USA). Locked

4 | BRAIN COMMUNICATIONS 2021: Page 4 of 16 D. d. L. Scheffer et al.

https://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcab116#supplementary-data


Figure 1 Effect of levodopa treatment on physical activity and dopaminergic system in reserpinized mice. (A) Protocol design

1. For details, see Materials and Methods. (B) Daily travelled distance in the running wheel (RW) for Swiss mice submitted to voluntary

exercise for 11 days (n¼ 8 mice/group). (C) Accumulated distance travelled in the RW between days 12 and 14 (n¼ 8 mice/group; one-way

ANOVA followed by the Dunnett’s test; *P< 0.05 vs. controls and #P< 0.05 vs. reserpine-treated mice). (D) Pharmacokinetics of plasma

levodopa levels (orange circle symbols), plasma benserazide levels (green circle symbols), striatal levodopa levels (orange square symbols),

striatal benserazide levels (green square symbols), striatal dopamine levels (blue square symbols) after a single dose of levodopa/benserazide

(100/50 mg/kg; i.p; Swiss mice; n¼ 5 mice/time; repeated measure one-way ANOVA followed by the Bonferroni test; levodopa: *P< 0.001 vs.

time 0, benserazide: &P< 0.001 vs. time 0 and dopamine: #P< 0.05 vs. time 0). (E) Plasma levodopa levels (Swiss mice; n¼ 5 mice/group;

locked-RW and unlocked-RW; ND: undetectable). (F) Local of action of levodopa, benserazide and reserpine in the dopamine synthesis and

vesicular storage (AADC, aromatic L-amino acid decarboxylase; BH2, dihydrobiopterin; BH4, tetrahydrobiopterin; DA, dopamine; DHFR,

dihydrofolate reductase; DHPR, dihydropteridin reductase; DOPAC, 3,4-dihydroxyphenylacetic acid; DOPAL, 3,4-

dihydroxyphenylacetaldeyde; MAO, monoamine oxidase; TH, tyrosine hydroxylase; VMAT2, vesicular monoamine transporter 2). (G) Striatal

dopamine levels (Swiss mice; n¼ 5 mice/group; one-way ANOVA followed by the Bonferroni test; #P< 0.05; ##P< 0.01 vs. reserpine-treated

mice and Student’s t-test; *P< 0.05, **P< 0.001 vs. controls; locked-RW and unlocked-RW). (H) Striatal 3,4-dihydroxyphenylacetic acid

(DOPAC) levels (Swiss mice; n¼ 5 mice/group; one-way ANOVA followed by the Bonferroni test; #P< 0.05; ##P< 0.01 vs. reserpine-treated

mice and Student’s t-test; **P< 0.001 vs. controls; locked-RW and unlocked-RW). (I) Striatal serotonin (5HT)/dopamine (DA) ratio (Swiss

mice; n¼ 5 mice/group; two-way ANOVA followed by the Bonferroni test; *P< 0.05 vs. controls and Student’s t-test; #P< 0.05 vs. unlocked-

RW; locked-RW and unlocked-RW). Results are presented as mean 6 SEM.
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running wheels were used to mitigate the bias of environ-

mental enrichment. Electronic counters were connected

to the running wheels to quantify the daily travelled

distance.34

Exhaustion test protocol

The incremental loading test was performed as previously

reported by our group.35 For additional details, see the

Supplementary material.

Behavioural paradigms

Protocol 1

The animals were randomized and the effects of reserpine

alone or combined with levodopa/benserazide on running

wheel performance were investigated in mice submitted to

voluntary exercise according to Fig. 1A. Pharmacological

challenges were performed in the last four days (days

11–14) of voluntary exercise. Mice received two injec-

tions of vehicle or reserpine (1 mg/kg, 48 h interval) on

days 11 and 13. Then, the animals were treated with

levodopa/benserazide (100/50 mg/kg, i.p.). After the first

reserpine treatment, mice received levodopa/benserazide

with 12 h intervals during four consecutive days (days

11–14). Controls were always treated with appropriate

vehicles. The distance travelled on the running wheel was

monitored for 14 days. Thirty minutes after the last levo-

dopa administration, cataleptic scores and depressive-like

behaviours were assessed. Afterwards, mice were euthan-

ized and the striatum dissected for catecholamine

quantitation.

Protocol 2

Mice were randomized and submitted to the exhaustion

test protocol in order to assess the effect of levodopa/ben-

serazide treatment on the animal’s maximal treadmill per-

formance after reserpine administration. Pharmacological

challenges were performed after five days of habituation

to the treadmill. Mice received two injections of vehicle

or reserpine (1 mg/kg) on days 5 and 7. A single dose of

levodopa/benserazide (100/50 mg/kg, i.p.) was adminis-

tered 30 min before the treadmill challenge. Controls

were always treated with appropriate vehicles (Fig. 2A).

Figure 2 Effect of levodopa treatment on physical performance and cataleptic scores in reserpinized mice. (A) Protocol

design 2. For details, see Materials and Methods. (B) Mouse physical performance on treadmill exhaustion test [Swiss mice; n¼ 15 mice/

group; Log-rank (Mantel–Cox); #P< 0.0001 vs. reserpine-treated mice]. (C) Vertical and horizontal workloads during exhaustion test (Swiss

mice; n¼ 15 mice/group; one-way ANOVA followed by the Bonferroni test; *P< 0.05 vs. controls and #P< 0.05 vs. reserpine-treated mice).

(D) Blood lactate levels (Swiss mice; n¼ 15 mice/group; one-way ANOVA followed by the Bonferroni test; *P< 0.05 vs. controls). (E)

Cataleptic scores (Swiss mice; n¼ 20 mice/group; Student’s t-test. ***P< 0.001 vs. reserpine-treated mice). Results are presented as mean 6

SEM. except for the cataleptic test, which are presented as median 6 interquartile range.
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Behavioural measurements

Catalepsy, forced swimming, splash, von Frey tests and

ECG profile were scored by the same rater in an observa-

tion room where the mice were habituated for at least

1 h. The measurements were blinded with regard to the

treatment.

Catalepsy test

The forelimbs were placed on a bar (Ø 3 mm, 4.5 high,

10 cm wide) and the cataleptic time of fore/hindlimbs was

independently scored as previously described.36

Forced swimming test

Depressive-like symptoms were assessed on the forced

swimming test and body immobility was scored during

5 min, as previously reported.37,38 For additional details,

see the Supplementary material.

Splash test

The self-care and motivational behaviours were assessed

by measuring the time spent in grooming behaviour, as

previously reported.39 For additional details, see the

Supplementary material (Videos 1 and 2).

Von Frey test

The threshold for mechanical nociception was determined

with a graded series of eight von Frey filaments, as previ-

ously reported.40,41 For additional details, see the

Supplementary material.

ECG profile

Heart’s rhythm and activity was determined by assessing

the ECG (Mouse Specifics, MA, USA). The recording rate

interval and heart rate were calculated automatically

by the software. For additional details, see the

Supplementary material.

Biochemical measurements

Quantitation of L-3,4-dihydroxyphenylalanine,

dopamine, DOPAC and serotonin levels

Monoamines and their metabolites were measured in the

striatum and/or the blood by high performance liquid

chromatography (HPLC) followed by electrochemical de-

tection, following an established protocol.35 For addition-

al details, see the Supplementary material.

Quantitation of BH4 levels

Striatal BH4 levels were determined by HPLC coupled

with electrochemical detector, as previously described

with some modifications.41,42 For additional details, see

the Supplementary material.

Quantitation of sepiapterin levels

Serum sepiapterin levels were performed by coupling to

the HPLC system a multi-wavelength fluorescence

detector.43 For additional details, see the Supplementary

material.

Gene expression analysis by quantitative real-time

PCR

Total RNA was isolated from striatum samples by using

the TRIzolV
R

/chloroform/isopropanol method as previously

described.16 Primers used for gene expression analysis are

described in Supplementary Table 2. For additional

details, see the Supplementary material.

Cellular viability assay

MTT (3[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium

bromide) assay was used to evaluate cellular viability

in L6 myotubes.44 For additional details, see the

Supplementary material.

Quantitation of lactate levels

Blood lactate levels were analysed using a specific analyz-

er (YSL 2700, CA, USA). The results were calculated as

mmol/L.

Measurement of mitochondrial respiration

Oxygen consumption was measured in L6 myotubes by

high-resolution respirometry using the OroborosVR oxy-

graph, as previously described by our group.45 For add-

itional details, see the Supplementary material.

Protein determination

Protein concentration was determined according to the

Lowry method using bovine serum albumin as standard.46

Statistical analysis

Results are presented as mean 6 SEM. Data generated

from animal studies were statistically analysed by apply-

ing Student’s t-test one-tailed (dopamine and DOPAC lev-

els, serotonin to dopamine ratio, cataleptic score) and

two-tailed (mitochondrial respiration); and one-way

ANOVA (distance travelled, workload, dopamine,

DOPAC, BH4 and sepiapterin levels, serotonin to dopa-

mine ratio, forced swimming test and splash test, von

Frey measurements, ECG profile, recording rate interval

and heart rate, lactate levels, MTT reduction, levodopa

and BH4 curve, BH4 pathway gene expression). The

non-parametric cataleptic data are presented as median 6

interquartile range. The results from the exhaustion test

are presented in percentage of animals that successfully

performed the task at specific speeds. In this case, group

differences were examined by applying Log-rank

(Mantel–Cox). The accepted level of significance for the

tests was P< 0.05.

Data generated from Parkinson’s disease patients were

first analysed by applying descriptive statistics (demo-

graphic, clinical and laboratory data), and then a univari-

ate analysis was performed by linear regression to

identify whether blood dopamine-related metabolites
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(dopamine, BH4 and DOPAC), socio-demographic and

clinical variables were associated with fatigue scores. The

level of significance for this analysis was P� 0.20. Since

it was observed a collinearity between HADS anxiety and

HADS depression, only the latter was included in the

multiple regression analysis. No collinearities were

observed among the other investigated scales. BH4 levels,

DOPAC levels, HADS depression, daytime sleepiness

(from the UPDRS I score), motor symptoms (UPDRS III

full score) and body mass index were included in a mul-

tiple linear regression analysis to identify independent

predictors for fatigue scores variation. The level of associ-

ation was determined by the ‘r’ and ‘r2’ coefficients, and

the P level � 0.05 was considered significant.

Considering the clinical and biological plausibility of the

investigated variables, and to avoid a type II error, no

corrections for multiple comparisons were applied.

Statistics and all graphs were performed by using SPSSVR

Statistics 20.0 and GraphPad Prism 7VR , respectively.

Data availability

The data that support the findings of this study are avail-

able from the corresponding author, upon request.

Results

Striatal dopamine depletion
impaired exercise performance in
reserpine-treated mice

Fatigability-like symptoms, measured as a decline in phys-

ical activity, were investigated in reserpinized mice with

impaired striatal dopaminergic neurotransmission.

Running wheels have been previously characterized as vi-

able tools for measuring exercise intolerance behaviour in

mice, with the advantage that they do not interfere with

the normal voluntary activity of the rodent.47 Mice were

kept in individual cages with a functional running wheel

for 14 days (protocol 1, see Materials and Methods; Fig.

1A). Figure 1B shows that naı̈ve mice submitted to vol-

untary exercise reached a maximal travelled distance of

3505 6 345 m/day on day 8, and that this level was

maintained until day 11, when mice were submitted to

protocol 1. As expected, the administration of reserpine

(on days 12 and 14) impaired motor activity as shown

by the significant reduction in the accumulated travelled

distance during days 11–14 (up to 85% reduction) com-

pared to controls [F(2,21) ¼ 32.40; P< 0.05] (Fig. 1C).

Exercise fatigability was also confirmed in a non-volun-

tary setting, by submitting the animals to a treadmill fat-

igability/exhaustion test48 (protocol 2, see Materials and

Methods; Fig. 2A). Reserpine-treated mice also showed

impaired performance (up to 50% compared to controls),

[v2
(2) ¼ 123.10; P< 0.001]; Fig. 2B) under this paradigm

with significant reduced horizontal [F(2,48) ¼ 103.30;

P< 0.05] and vertical [F(2,48) ¼ 81.81; P< 0.05] exer-

cise workloads (Fig. 2C). Lower lactate levels were

observed in reserpine-treated mice [F(2,42) ¼ 4.11;

P< 0.05] (Fig. 2D), which are in agreement with the

observed reduced exercise workload (Fig. 2C). The reser-

pine-induced performance fatigability was biochemically

characterized by decreased levels of dopamine [t(8) ¼
2.97; P< 0.05] (Fig. 1G) and DOPAC [t(8) ¼ 5.89;

P< 0.001] (Fig. 1H) in the mouse striatum, which were

reverted by the administration of levodopa/benserazide

[F(5,23) ¼ 6.15; P< 0.05] (Fig. 1G); [F(5,24) ¼ 5.24;

P< 0.05] (Fig. 1H). Furthermore, the striatal serotonin to

dopamine ratio was significantly increased in the striatum

of reserpine-injected animals [F(3,12) ¼ 10.74; P< 0.05],

while the lowest ratio was observed in exercised mice

from the control group which showed the highest exercise

performance [t(8) ¼ 3.12; P< 0.05] (Fig. 1I).

The administration of the drugs used to rescue exercise

performance was based on their plasma and striatum

pharmacokinetics as shown in Fig. 1D. A single dose of

levodopa (100 mg/kg) generated the highest plasma and

striatal levels 30 min after the administration [F(5,20) ¼
58.05; P< 0.001]. These plasma and striatal peaks

occurred along with the greatest striatal conversion of

levodopa into dopamine [F(5,20) ¼ 6.84; P< 0.05]. On

the other hand, benserazide levels increased in plasma

10 min after its administration, and decreased rapidly

over the time [F(3,12) ¼ 41.71; P< 0.05]. As Fig. 1F

shows, the administration of levodopa reaches the brain

increasing dopamine availability, and it can only be

detected in plasma from treated animals (Fig. 1E). Brain

dopamine levels are determined by the action of tyrosine

hydroxylase that reduces tyrosine into L-3,4-dihydroxy-

phenylalanine (L-DOPA) under the presence of the man-

datory cofactor and electron donor, BH4. Subsequently,

L-DOPA is decarboxylated by the aromatic L-amino acid

decarboxylase into dopamine. Dihydrobiopterin is

reduced back to BH4 by the dihydropteridin reductase

mainly in the liver and possibly by the dihydrofolate re-

ductase in the brain.13–15 Once dopamine is formed, the

catecholamine is vesicularized via the vesicular mono-

amine transporter 2, which is blocked by reserpine. Once

in the cytosol, dopamine is oxidized by the enzyme

monoamine oxidase to 3,4-dihydroxyphenylacetaldeyde,

which in turn is metabolized to form DOPAC by the ac-

tion of the enzyme aldehyde dehydrogenase.49

Benserazide inhibits aromatic L-amino acid decarboxylase

activity avoiding the formation of dopamine exclusively

in the periphery, since the drug does not cross the blood-

brain barrier (no benserazide levels were observed in the

striatum; Fig.1D). Finally, in order to confirm that the

administration of levodopa also prevented the develop-

ment of Parkinson’s disease-like motor symptoms, the

cataleptic score was assessed as an index of muscular ri-

gidity. Figure 2E shows that catalepsy was significantly

reduced by levodopa/benserazide treatment [t(38) ¼ 7.38;

P< 0.001].
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Reserpine-induced striatal dopamine
depletion was rescued by
reestablishing BH4 levels

Figure 3C shows that dopamine depletion induced by re-

serpine occurred in parallel with compromised striatal

BH4 production; and both dopamine and BH4 levels were

rescued by levodopa treatment [F(2,11) ¼9.71; P< 0.05]

(Figs 1G and 3C). In addition, it can be observed in Fig.

3B that levodopa plus benserazide treatment increased the

levels of BH4 in the striatum, reaching the highest level

30 min after the drugs’ injection, and remained elevated up

to 60 min [F(5,20) ¼ 3.46; P< 0.05]. The restoration of

dopamine striatal levels appears to involve the modulation

of the metabolic route known as the BH4 salvage pathway

(Fig. 3A), since the key metabolic intermediate sepiapterin

was significantly increased in the serum of levodopa-

treated animals [F(2,11) ¼ 15.47; P< 0.05] (Fig. 3D). The

levodopa treatment also prevented the reserpine-induced

upregulation of Dhfr, a key enzyme in the BH4 salvage

pathway [F(2,6) ¼ 5.36; P< 0.05] (Fig. 3H). The expres-

sion of the genes that codify for the BH4 biosynthetic

enzymes, guanosine triphosphate cyclohydrolase I (Gch1),

6-pyruvoyl tetrahydropterin synthase (Pts), sepiapterin re-

ductase (Spr) and dihydropteridine reductase (Qdpr),

remained unchanged (Fig. 3E–G, I).

Figure 3 Effect of levodopa treatment on tetrahydrobiopterin (BH4) metabolism in reserpinized mice. (A) Schematic

representation of the BH4 metabolism. Physiological intracellular levels of BH4 are tightly tuned by the combined action of three metabolic

routes, namely the de novo synthesis, and the recycling and salvage pathways. The de novo synthesis of BH4 occurs via the successive action of

the following three enzymes: guanosine triphosphate cyclohydrolase I (GTPCH), 6-pyruvoyl tetrahydropterin synthase (PTPS) and sepiapterin

reductase (SPR).13,15 The salvage pathway rescues metabolic intermediates of the de novo pathway to produce sepiapterin and

dihydrobiopterin (BH2), which is further reduced to BH4 by dihydrofolate reductase (DHFR). Finally, once BH4 is oxidized to BH2, during its

role as an enzyme cofactor, a NADH-dependent reaction will efficiently recycle it back to BH4, maintaining BH4 appropriate levels.

Intracellular BH4 is known to act as a mandatory cofactor for all amino acid hydroxylases including phenylalanine, tryptophan and tyrosine

hydroxylases (TH). TH is the rate-limiting enzyme controlling the synthesis of dopamine (DA). (B) Pharmacokinetics of BH4 in the mouse

striatum after a single dose of levodopa/benserazide (100/50 mg/kg; i.p; Swiss mice; n¼ 4–5 mice/time; repeated measure one-way ANOVA

followed by the Bonferroni test; *P< 0.05 vs. time 0). (C) Striatal BH4 levels (Swiss mice; n¼ 5 mice/group; one-way ANOVA followed by the

Bonferroni test; *P< 0.05 vs. controls and #P< 0.05 vs. reserpine-treated mice). (D) Serum sepiapterin levels (Swiss mice; n¼ 5 mice/group;

one-way ANOVA followed by the Bonferroni test; #P< 0.05 vs. reserpine-treated mice). Gene expression of the BH4 biosynthetic enzymes

(E) Gch1, (F) Pts, (G) Spr, (H) Dhfr and (I) Qdpr analysed by qPCR (Swiss mice; n¼ 3–4 mice/group; one-way ANOVA followed by the Tukey

test; *P< 0.05 vs. controls). Results are presented as mean 6 SEM.
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Figure 4 The effect of reserpine administration on mouse behaviour and cardiovascular functions and the in vitro effect of the

alkaloid on bioenergetics in L6 myotubes. (A) Forced swimming test (FST; Swiss mice; n¼ 10 mice/group; one-way ANOVA). (B) Splash

test (C57Bl6j mice; n¼ 7–8 mice/group; one-way ANOVA). (C) von Frey test (C57Bl6j mice; n¼ 8 mice/group; one-way ANOVA). (D)

Electrocardiogram (ECG) 2 h after reserpine administration (C57Bl6j mice; n¼ 8 mice/group; one-way ANOVA), and (E–F) ECG 20 h after

reserpine injection (C57Bl6j mice; n¼ 8 mice/group; one-way ANOVA). (G) Recording rate 2 h and 20 h after reserpine injection (recording rate

interval-RR; C57Bl6j mice; n¼ 8 mice/group; one-way ANOVA). (H) Heart rate 2 h and 20 h after reserpine injection (heart rate-HR; C57Bl6j

mice; n¼ 8 mice/group; one-way ANOVA). (I) Mitochondrial oxygen consumption in L6 muscle cells (n¼ 4–6; Student’s t-test; ETS: maximal

mitochondrial electron transfer activity; LEAK: electron flow coupled to proton pumping to compensate for proton leaks; ROX: residual oxygen

consumption). (J) Contribution of ATP synthase activity to basal oxygen consumption (basal respiration) in L6 muscle cells (n¼ 5–6; Student’s t-

test). (K) Cell viability in L6 muscle cells (n¼ 6; two-way ANOVA followed by the Bonferroni test; *P< 0.05, ***P< 0.0001 vs. controls). (L)

Lactate release in L6 muscle cells (n¼ 6; two-way ANOVA followed by the Bonferroni test; ***P< 0.0001 vs. controls). Rotenone (20 lM) was

used as positive control. Results are presented as mean 6 SEM.

Video 1. Representative video of one mouse from the control group during the splash test (Fig. 4B).

Video 2. Representative video of one mouse from the reserpine group during the splash test (Fig. 4B).
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No emotional, nociceptive,
physiology or metabolic factors
explained fatigability in reserpine-
treated mice

In order to rule out the involvement of depressive-like

symptoms, reduced nociceptive threshold, altered auto-

nomic nervous system or energy deficiency in the in-

duction of fatigability, reserpine-treated mice were

submitted to a set of behavioral tests. Figure 4A and B

shows that the impaired exercised performance induced

by dopamine and BH4 deficiency was not due to anhe-

donic, motivational or depressive-like symptoms since

no differences were observed between control and

treated animals in the forced-swimming test (Fig. 4A)

nor in the splash test (Fig. 4B; Videos 1 and 2).

Moreover, no changes were observed in mechanical

nociceptive thresholds (Fig. 4C) or in the cardiovascu-

lar physiology as evaluated by ECG profiling (Fig. 4D–

F), as well as the recording rate interval and heart

rate, 2 h or 20 h after reserpine administration (Fig. 4G

and H, respectively). These data suggest that reserpine

administration did not modify nociception or impair

heart physiology by inducing hypotension (due to cat-

echolamine depletion) in the induction of fatigability.

Importantly, levodopa treatment also did not change

any of these behavioral parameters (Fig. 4A–H).

Finally, Fig. 4I–L shows that increasing concentration

of reserpine (0.005–5 ng/ml) did not compromise the

bioenergetics (Fig. 4I, J), including the production of

lactate (Fig. 4L); [F(3,21) ¼ 76.71; P< 0.0001], or the

cellular viability (Fig. 4K) of L6 myotubes.

Fatigue was independently
associated with reduced DOPAC
blood levels in Parkinson’s disease
patients

In order to translate the experimental findings to a clinic-

al context, the association between demographics, clinical

and biochemical data with fatigue scores was determined

in 18 patients with idiopathic Parkinson’s disease. The

univariate analysis presented in the Table 1 shows a sig-

nificant and negative association between blood DOPAC

levels (r¼ 0.58; P< 0.03) and PFS-16 scores, a significant

and positive association between fatigue symptoms and

HADS depression scores (r¼ 0.56; P< 0.02), HADS anx-

iety scores (r¼ 0.44; P< 0.08), body mass index

(r¼ 0.78; P< 0.001) and daytime sleepiness scores

(r¼ 0.48; P< 0.05). No statistical association was found

between fatigue symptoms and dopamine or BH4 plasma

levels, gender, age, disease duration, daily levodopa dose,

years of education and Hoehn and Yard or MOCA. It

was also observed a non-significant trend (P� 0.20) in

the association between the PFS-16 scores and the plasma

BH4 levels, age and UPDRS-III. As shown by the final

model of multiple linear regression (bottom of Table 1),

only UPDRS-III score (B¼ 0.62; CI 95% 0.09 to 1.12;

P< 0.02) and blood DOPAC levels (B ¼ �2.27; CI

�3.57 to �0.97; P< 0.003) remained significant and in-

dependently associated with the patients fatigue symp-

toms. Taken together, the UPDRS-III score and blood

DOPAC levels explains 68%, and DOPAC levels alone

34% of the PFS-16 score variation, suggesting a tight as-

sociation between altered dopamine metabolism and the

presence of fatigue symptoms in idiopathic Parkinson’s

disease.

Discussion
Fatigue has been defined as an overwhelming sense of

tiredness, lack of energy and feeling of exhaustion.6,8,50

The clinical diagnosis of fatigue in Parkinson’s disease is

complex due to its intrinsic association with other NMS.

In a meta-analysis study, Siciliano et al.51 demonstrated

that whereas fatigue prevalence is not modulated by

demographic and motor features or disease progression,

it is associated with apathy, anxiety and sleep

disturbances.

Although fatigue is commonly reported as a clinical

complaint in many neurologic diseases, listed as one of

the three most disabling symptoms in at least 58% and

70% of American and Brazilian Parkinson’s disease

patients, respectively,7,52,53 and reported to be experi-

enced on a daily basis for up to 70% of the affected

individuals,7,8 it remains an unmet clinical need. Fatigue

is also associated with reduced activity levels and physical

function, and, frequently, patients need to stop working

due to the extreme tiredness.52,54,55

Despite the enormous impact of fatigue in the quality

of life of Parkinson’s disease patients, its pathophysiology

has not been fully elucidated. Mechanisms involving

exacerbated cytokines production, abnormalities of the

hypothalamic–pituitary–adrenal axis function, a pro-in-

flammatory status and disturbances in basal ganglia

circuits have been suggested to underly fatigue in

Parkinson’s disease.6

Fatigue is classified as either subjective fatigue, involv-

ing sensations of tiredness, or fatigability, defined as the

inability to maintain motor performance at a desired

level, commonly associated with reduced physical activity,

like generation of force, or the execution of tasks that re-

quire a desired motor performance.56,57 Both forms of fa-

tigue have been defined as independent symptoms of

Parkinson’s disease-affected patients. Fatigability appears

to be associated with peripheral and central factors, e.g.

deficiencies in glycogen stores, and mitochondrial altera-

tions, in muscle and nerves and dysfunctional cortical

and subcortical networks, all of which are associated

with exercise intolerance.53,58 On the other hand, subject-

ive fatigue has been shown to have a strong association
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with mood disorders, including depression and anx-

iety.52,59 Fatigue scales are the most commonly used

instruments to clinically score fatigue symptoms due to

the lack of quantitative indexes or biochemical bio-

markers. According to the International Movement

Disorders Society, the scales, including Fatigue Severity

Scale (9-items scale), Multidimensional Fatigue Inventory

(20-items scale) and PFS (16-items scale), are recom-

mended to assess fatigue symptoms in Parkinson’s disease

patients.56,60

In order to understand the involvement of dopamine

metabolism in the physiopathology of fatigue in

Parkinson’s disease, we used voluntary and forced exer-

cise paradigms to quantify exercise intolerance in animals

treated with reserpine. Behaviourally, reserpine adminis-

tration in rodents induces akinesia and muscular rigidity

(catalepsy), which were counterbalanced by levodopa, the

gold-standard pharmacological treatment for Parkinson’s

disease.21,61 Thus, the reserpine model used in the present

study reliably supports the predictive validity to investi-

gate the link between impaired monoamine metabolism

and NMS in Parkinson’s disease.

Given the well-defined role of dopamine in the initi-

ation of voluntary movements,3,62 it is plausible that

basal ganglia contribute to central fatigue by modulating

dopaminergic circuits involved in movement control.63

This effect might be worsened by the impaired executive

functions induced by dopamine depletion in the prefront-

al cortex, leading to inefficient volition, planning, purpos-

ive action, and effective performance,6,64 which will

ultimately impact on motor behaviour. Here, levodopa

restored dopamine and BH4 levels in the striatum of

reserpinized mice and attenuated fatigability-like symp-

toms, characterized by improvement in the distance trav-

elled on the running wheel and by improved performance

in the maximal running treadmill test. These data are in

agreement with the pioneer findings of Lou et al.10 show-

ing reduced physical fatigability in the ‘off’ state of

Parkinson’s disease patients under levodopa/carbidopa

treatment. The authors reported that Parkinson’s disease

patients fatigued during a repetitive motor task and that

this drop-off in strength was improved by levodopa.10 In

addition, Schifitto et al.65 demonstrated that levodopa

reduced the progression of fatigue scores in Parkinson’s

disease patients when compared to individuals receiving

placebo, suggesting that dopaminergic pathways are

involved in pathogenesis of fatigue. Similarly, it was

observed that modafinil (a dopamine transporter blocker)

administration during two months was effective in reduc-

ing fatigue symptoms, assessed by the Multidimensional

Fatigue Inventory scale, and fatigability assessed by finger

tapping and intermittent force generation.11 However,

two other studies that investigated fatigue as secondary

outcome measure have found no improvement in fatigue

with the use of modafinil, possibly due to the shorter

periods of drug treatment.66,67 Methylphenidate (a dopa-

mine transporter blocker) and rosagiline (a monoamine

oxidase-B inhibitor) treatments also improved fatigue

scores in Parkinson’s disease patients by enhancing the

dopaminergic signalling in the striatum.12,68 Altogether,

the current evidence generated by our group is in agree-

ment with these previous reports and indicates, at least in

part, the involvement of dopaminergic/pterinergic impair-

ment for the induction of fatigue.

The regular practice of physical activity influences exer-

cise tolerability and performance by improving dopamine

neurotransmission in brain areas with enriched dopamin-

ergic innervation, including the striatum, the prefrontal

cortex and the hippocampus.58 One of the most consist-

ent findings in the literature is the observation that brain

dopamine content and release is increased during exercise

in laboratory rodents.69,70 The seminal study of Bliss and

Ailion71 showed that immediately after swimming for one

hour or running for 30 min, brain dopamine content was

significantly increased. In addition, it has been shown

that the degree of the exercise-induced dopaminergic en-

hancement is dependent on the speed, type, and duration

of exercise, the gender of the animals, and the appropri-

ate balance between striatal dopamine and serotonin

levels.58 For example, increased serotonergic neurotrans-

mission characterized by a greater serotonin/dopamine

ratio in the striatum has been shown to negatively modu-

late exercise performance in mice.58,72 In agreement, we

observed the lowest striatal serotonin/dopamine ratio in

the exercised mice with the highest performance. The in-

ability of reserpine-treated mice in maintaining the exer-

cise performance, even during a submaximal activity,

strongly suggests that the impairment of dopamine me-

tabolism contributed to the development of fatigability.

The striatal dopamine metabolic flux is controlled by

the rate-limiting enzyme tyrosine hydroxylase, under the

absolute dependence on BH4 intracellular levels (Figs 1F

and 3A).13 Human genetic deficiencies of BH4-synthesiz-

ing enzymes are characterized by reduced BH4 levels and

a clinical phenotype of Parkinson’s disease-like motor

symptoms.13,73,74 For instance, genetic mutations in an

allele of the GCH1 or mutations in both alleles of

sepiapterin reductase (enzymes involved in BH4 synthesis)

cause dopa-responsive dystonia due to dopamine defi-

ciency in the brain, and the pharmacological treatment is

depicted by the administration of levodopa/carbidopa and

5-hydroxytryptophan plus BH4.75–77 In fact, variants in

GCH1 appeared significantly more frequently in idiopath-

ic Parkinson’s disease patients than in controls,78 strongly

suggesting the participation of BH4 metabolism in

Parkinson’s disease physiopathology.

Reduced BH4 levels and activity of the BH4 biosyn-

thetic metabolism have also been demonstrated in the

substantia nigra pars compacta and striatum of postmor-
tem Parkinson’s disease brains.79 Indeed, levels of BH4

have been shown to be decreased in the CSF of

Parkinson’s disease patients and in rat cerebellar granule

neurons treated with MPPþ, although the molecular

mechanisms have not been fully investigated.80–82
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Furthermore, the degree of reduction of BH4 levels in

these reports was similar to the one found in the present

study, suggesting that reserpine-induced dopamine deple-

tion was due, at least in part, to compromised striatal

BH4 levels. Additionally, our group has recently demon-

strated the essential participation of BH4 in energy me-

tabolism, by regulating mitochondrial bioenergetics and

oxidative stress in immune cells.42 Therefore, it is feasible

that BH4 deficiency could also compromise mitochondrial

physiology, contributing to cell death in Parkinson’s dis-

ease. In addition, our group has also previously reported

that, parkin null mice carrying a deletion in exon 3, a

genetic model of Parkinson’s disease, display striatal

impairments in the de novo pathway responsible for

maintaining neuronal BH4 levels and an increased num-

ber of mitochondria of smaller size with perinuclear clus-

tering during inflammation.83

Inflammation and/or oxidative stress may also be re-

sponsible for causing a decrease in BH4 levels, since it

has been described that BH4 possesses antioxidant prop-

erties and prevents from ferroptosis-induced cell

death.42,82,84 However, our data showed no changes in

Gch1 expression, which is transcriptionally controlled by

inflammatory mediators,13,41 suggesting that the

decreased striatal BH4 levels after reserpine administra-

tion did not interfere with de novo pathway in the brain.

However, it is feasible that the BH4 reduction activated

the salvage pathway as a compensatory mechanism, as

seen for the increased striatal Dhfr expression.

Additionally, the restoration of striatal dopamine levels

by levodopa appears to also negatively modulate the

increased salvage pathway activity, since the metabolic

intermediate sepiapterin was significantly increased in the

blood. Our group has recently demonstrated that the use

of sepiapterin reductase inhibitors, also produce increased

levels of sepiapterin in tissues and biological fluids, allow-

ing us to propose this pteridine as a biomarker for a

compromised synthesis of BH4 in the brain.41,43 This

opens future investigations to measure sepiapterin levels

in the blood of Parkinson’s disease patients.

DOPAC is the main neuronal metabolite of dopamine

metabolism and its formation is catalysed by two enzym-

atic steps coordinated by monoamine oxidase and alde-

hyde dehydrogenase.49 Several reports have shown low

CSF dopamine and DOPAC levels in Parkinson’s disease

patients,85,86 which is thought to reflect the loss of

nigrostriatal dopaminergic neurons.85–88 Conversely, treat-

ment with levodopa has shown to increase CSF levels of

catecholamine and its metabolites;88,89 however, studies

measuring this pathway in the blood are scarce. Here, we

found that lower blood DOPAC levels inversely and inde-

pendently correlated with higher fatigue scores in idio-

pathic Parkinson’s disease patients under chronic

treatment with levodopa. This blood biomarker is partly

derived from intraneuronal deamination of dopamine in

sympathetic nerves;85 therefore, it is feasible that the

lower levels observed in the patients’ plasma denote

impaired brain dopamine metabolism. Blood DOPAC lev-

els also positively correlated with the progression of the

motor disease, indicating that as the disease progresses

there is a need for higher levodopa doses.

In addition, fatigue has been shown to be associated

with other common NMS of Parkinson’s disease, such as

depression.90–92 Indeed, our results showed a positive as-

sociation between fatigue symptoms and HADS depres-

sion and anxiety scores. However, we did not identify

compromised serotoninergic metabolism in the striatum

of the mice, suggesting depression might not be involved

in the induction of fatigue in our experimental model. In

agreement, a prospective longitudinal study showed that

fatigue can occur independently of depression, and that

non-depressed Parkinson’s disease patients may exhibit

more fatigue than depressed Parkinson’s disease

patients.93 Moreover, the lack of association between fa-

tigue and disease duration suggests that, in a large pro-

portion of patients with Parkinson’s disease, fatigue is

present in the early phase of disease and tends to persist

over time. Therefore, as previously suggested, fatigue is

not likely to emerge as a result of disease progression or

comorbidity with depression or cognitive dysfunction.51

Finally, the positive correlation observed between fatigue

and body mass index might also argue that obese individ-

uals presented worse fatigue scores due a hypokinetic

state promoted by adiposity. For instance, the weight of

excess adiposity restricts joint and muscle mobility and

increases joint pain, which may make it more difficult for

people to move.94 However, body mass index alone did

not explain the variation of the fatigue symptoms score

in the Parkinson’s disease patients (Table 1).

Altogether, the data presented here show that dopa-

mine and BH4 metabolisms are impaired in the striatum

of reserpine-treated mice with exercise intolerance. The

positive regulation of the salvage pathway might repre-

sent a central compensatory mechanism to re-establish

the appropriate dopaminergic transmission. Although it

has previously been reported that the severity of fatigabil-

ity does not correlate with fatigue in Parkinson’s disease

patients,95 to our knowledge, this study provides the first

evidence that levodopa may attenuate fatigability-like

symptoms in reserpinized mice. Thus, this study has the

potential to open new avenues for further studies aimed

to better understand the relationship between fatigability

and fatigue. Moreover, if confirmed in larger cohorts

from different ethnical groups, the current findings may

be useful as a fatigue quantitative index in Parkinson’s

disease patients, since DOPAC levels represents the main

neuronal dopamine metabolite in plasma.

Conclusions
The data presented suggest that (i) the striatal deficiency

of dopamine and BH4 may lead to performance fatigabil-

ity in the reserpine mouse model of Parkinson’s disease;
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(ii) the deficiency of dopamine levels in the striatum may

be rescued by increasing the BH4 salvage pathway allevi-

ating fatigability-like symptoms; (iii) nociceptive, cardio-

vascular, metabolic or emotional factors did not seem to

influence directly the fatigability symptoms induced by re-

serpine; and (iv) reduced blood DOPAC levels might re-

sult in a quantitative biomarker for fatigue progression in

idiopathic Parkinson’s disease patients under levodopa

therapy if confirmed in larger cohorts. Therefore, it can

be concluded that fatigability-like symptoms might be

caused by impaired central dopaminergic transmission

provoked by deficiency of dopamine and/or BH4 metabo-

lisms, and peripherally assessed by following DOPAC

plasma levels.

Supplementary material
Supplementary material is available at Brain Communications

online.
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