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Systemic Metabolic Alteration Dependent
on the Thyroid-Liver Axis in Early PD
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Objective: Parkinson’s disease (PD) is a common neurodegenerative disease characterized by initial involvement of the
olfactory bulb/amygdala or autonomic nerves followed by nigral degeneration. Although autonomic innervation strictly
regulates multiorgan systems, including endocrine functions, circulation, and digestion, how dysautonomia in PD
affects systemic metabolism has not been identified. In this study, we tried to estimate the pathogenic linkage of PD
by nuclear medicine techniques, trans-omic analysis of blood samples, and cultured cell experiments.
Methods: Thyroid mediastinum ratio of 123I-metaiodobenzylguanidine (MIBG) scintigraphy was measured in 1,158 patients
with PD. Furthermore, serum exosome miRNA transcriptome analysis and plasma metabolome analysis followed by trans-omic
analysis were performed in patients with de novo PD and age-matched healthy control persons. Additionally, thyroid hormone
was administered to skeletal muscle and liver derived cells to evaluate the effect of hypothyroidism for these organs.
Results: Sympathetic denervation of thyroid correlating with its cardiac denervation was confirmed in 1,158 patients
with PD by MIBG scintigraphy. Among patients with drug-naïve PD, comprehensive metabolome analysis revealed
decreased levels of thyroxine and insufficient fatty acid β-oxidation, which positively correlate with one another. Like-
wise, both plasma metabolome data and transcriptome data of circulating exosomal miRNAs, revealed specific enrich-
ment of the peroxisome proliferator-activated receptor (PPARα) axis. Finally, association of thyroid hormone with
PPARα-dependent β-oxidation regulation was confirmed by in vitro experiments.
Interpretation: Our findings suggest that interorgan communications between the thyroid and liver are disorganized in
the early stage of PD, which would be a sensitive diagnostic biomarker for PD.
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Introduction
Parkinson’s disease (PD), the second most common neu-
rodegenerative disease, affects approximately 1% of indi-
viduals over the age of 60 years and is characterized by
typical motor symptoms (bradykinesia, rest tremor, and

muscle rigidity) and non-motor symptoms (hyposmia,
depression, apathy, sleep disorders, and dysautonomia).1–4

At least half of the patients with PD have orthostatic
hypotension, insufficient gastric emptying, pollakisuria,
and/or constipation, even in the early stage of the disease.5
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Various functional studies of patients with PD have
shown sympathetic and parasympathetic denervation by
cardiac 123I-metaiodobenzylguanidine (MIBG) scintigra-
phy and donepezil positron emission tomography to assess
colonic cholinergic innervation, respectively.6 In addition,
phosphorylated alpha-synuclein (αSyn) deposits in auto-
nomic nerve terminals of the skin, salivary glands, and
colon mucosa have been identified in patients with pro-
dromal and/or early PD.7,8 The autonomic nervous sys-
tem generally governs respiration, circulation, body
temperature, and the endocrine systems. Hormones, cyto-
kines, growth factors, and immunoglobulins connect iso-
lated organs throughout the body to regulate whole-body
metabolism.9 Although metabolic changes in amino acids,
kynurenine, caffeine, fatty acids (FAs), and polyamines in
the serum/plasma of patients with PD have been identi-
fied by us and others, those arising from dysautonomia
remain unclear.10-12

The thyroid is one of the most important organs
regulating metabolism of the brain, white fat, brown fat,
skeletal muscles, and liver, mainly under control of the
hypothalamus-pituitary-thyroid axis.13 In addition, use of
animal models has delineated a functional role for sympa-
thetic innervation on thyroid hormone secretion.14-17 In
humans, blood supplied from the intrathyroidal artery is
regulated by sympathetic nerves, mainly from the cervical
ganglia along the artery.13 Sympathetic innervation of the
thyroid in healthy humans was confirmed by 6-18F-
fluorodopamine imaging with/without desipramine, an
inhibitor of serotonin/noradrenaline uptake.18 In patients
with PD, significant decreases of MIBG or 6-18F-
fluorodopamine uptake in the thyroid have been
identified.18-20 Horsager et al found that postganglionic
autonomic denervation is initiated from celiac or mesen-
teric ganglions and retrogradely expanded to cervical gang-
lia in one subtype of PD.21 Because pharmacologic doses
of dopamine, glucocorticoids, and somatostatin suppress
thyroid stimulating hormone (TSH),22 it remains unclear
how thyroid function affects downstream target organs,
such as skeletal muscle, cardiac muscle, and liver in PD
treated with/without L-DOPA and/or dopamine agonists.

Here, we report sympathetic denervation of the thy-
roid by cardiac MIBG scintigraphy in patients with PD,
especially those with constipation, that correlated with car-
diac denervation and nigral dopamine degeneration.
Moreover, we identified suppression of FA β-oxidation
and its positive correlation with thyroxine levels in
patients with de novo PD. To investigate interorgan com-
munication, we performed transcriptome analysis of circu-
lating serum exosomal miRNAs, which may serve as
mediators among organs and appropriate diagnostic bio-
markers for several diseases compared with non-exosomal

miRNAs.23-25 Based on these assays, the peroxisome
proliferator-activated receptor (PPARα) axis was enriched.
Finally, we confirmed an association between thyroid hor-
mone and the PPARα pathway in the liver using cultured
human cell lines, proposing inter-tissue communication in
early PD.

Methods
Ethics Statement
This study protocol complied with the Declaration of
Helsinki and was approved by the ethics committee of
Juntendo University. Written informed consent was given
by all participants.

Participants
All participants had been treated at Juntendo University
Hospital and were recruited between 2016 and 2020.
Written informed consent provided by all participants.
PD was diagnosed according to diagnostic criteria of the
Movement Disorder Society.26 Patients with PD and pos-
sible dementia (Mini-Mental State Examination
score = <24) were excluded to avoid substantial overlap
between PD with possible dementia and Alzheimer’s disease.
Hoehn and Yahr (H&Y) stages and Unified Parkinson’s Dis-
ease Rating Scale (UPDRS-III) motor section scores were
defined during the “on” phase for practical and ethical rea-
sons. To evaluate non-motor symptoms, subjective ortho-
static hypotension (OH) and functional constipation
according to Rome III criteria27 were investigated. For
MIBG scintigraphy, we recruited patients with PD
(n = 1,158) and without PD (non-PD, n = 67) including
healthy control (HC) subjects (n = 29), drug-induced par-
kinsonism (n = 18), and essential tremor (n = 20; Table 1).

For comprehensive metabolome analysis, we rec-
ruited 20 patients with de novo PD (unmedicated with
any anti-Parkinson drug) and 25 age-matched controls
during the same period (2016–2020). In the same cohort,
18 patients with de novo PD and 21 age-matched controls
were enrolled for transcriptome analysis (Table 2).

Sample Collection
All fasting blood samples were collected at the outpatient
department of Juntendo University Hospital from June
2015 to January 2019. Plasma and serum were extracted
as previously described10 and stored at �80�C until use.

Metabolome Analysis
Using capillary electrophoresis time-of-flight mass spectrome-
try (MS) and liquid chromatography (LC) time-of-flight
MS with Advanced Scan Plus (Human Metabolome Tech-
nologies, Yamagata, Japan), comprehensive metabolome
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analysis was conducted based on the methods described
previously.10

Transcriptome Analysis of miRNAs
Exosomal miRNA was extracted from 1 ml of peripheral
blood serum using a Total Exosome RNA and Protein
Isolation Kit (Thermo Fisher Scientific, Waltham, MA)
according to the manufacturer’s protocol. The quality of

miRNA in the eluate was checked using Agilent Small
RNA Kit and the concentration was measured with an
Agilent RNA 6000 Pico Kit with Bioanalyzer (Agilent
Technologies).

Small Library Construction and Ion PGM sequenc-
ing were conducted at Thermo Fisher Scientific. Small
RNA libraries were prepared with an Ion Total RNA-Seq
kit version 2 (Thermo Fisher Scientific). Then prepared

TABLE 1. Demographic characteristics of participants examined MIBG scintigraphy

Non-PD PD p

Early PD
without

constipation p
Early PD with
constipation p

Number 67 1,158 114 246

Sex, M:F 22:45 560:598 0.0123a 56:58 0.0314a 113:133 0.0525a

Age, yr,
mean (SD)

69.4 (11.9) 66.9 (10.4) 0.0188b 65.6 (10.4) 0.0159b 69.3 (8.82) 0.617b

Disease
duration, yr,
mean (SD)

- 5.21 (5.54) 1.33 (0.768) 1.33 (0.784)

H&Y stage,
mean (SD)

- 2.06 (0.844) 1.80 (0.770) 1.97 (0.681)

H&Y stage,
(each case
number)

- I (262), II (602),
III (174), IV (48),
V (18), nd (54)

I (44), II (51),
III (15), IV (3),
V(0), nd (1)

I (47), II (162),
III (25), IV (3),
V (3), nd (6)

Early H/M,
mean (SD)

3.06 (0.673) 2.08 (0.673) <0.0001b 2.33 (0.703) <0.0001b 2.00 (0.641) <0.0001b

Delayed
H/M, mean
(SD)

3.26 (0.873) 1.87 (0.873) <0.0001b 2.18 (0.869) <0.0001b 1.74 (0.748) <0.0001b

Early T/M,
mean (SD)

1.49 (0.316) 1.35 (0.219) 0.0002b 1.42 (0.216) 0.376b 1.34 (0.198) 0.0009b

Delayed
T/M, mean
(SD)

2.18 (0.856) 1.96 (0.526) 0.0628b 2.06 (0.526) 0.936b 1.91 (0.473) 0.0486b

SBR, mean
(SD)

5.30 (1.70) 2.45 (1.38) <0.0001b 2.87 (1.25) <0.0001b 2.60 (1.21) <0.0001b

Prevalence of
orthostatic
hypotension

- - 9.41% (nd:
n = 29)

32.1%
(nd: n = 81)

<0.0001c

Abbreviations: delayed H/M = delayed heart to mediastinum ratio of MIBG scintigraphy; early H/M = early heart to mediastinum ratio of MIBG
scintigraphy; early T/M = early thyroid to mediastinum ratio of MIBG scintigraphy; H&Y stage = Hoehn and Yahr staging scale; MIBG = 123I-
metaiodobenzylguanidine; nd = not determined; PD = Parkinson’s disease; SBR = specific binding ratio of DaT-SPECT; SD = standard deviation.
aThe p values were obtained by chi-squared test compared to non-PD.
bThe p value was obtained by Steel’s test compared to non-PD.
cThe p value obtained by chi-squared test comparing each type of early PD.
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libraries were sequenced with an Ion 540 kit (Thermo
Fisher Scientific) on an Ion PGM System.

Pathway Analysis of Upregulated miRNA
Pathway analysis was performed for 101 upregulated
miRNAs in patients with de novo PD using mirPath ver-
sion 3 followed by TarBase (http://snf-515788.vm.
okeanos.grnet.gr/). The threshold for p values was set to
less than 0.05.

Trans-Omics Analysis
Following prediction of mRNAs targeted by the signifi-
cantly changed 141 miRNAs (Table S1) using DIANA-
TarBase software, 1,167 mRNAs regulated by 10 or more
miRNAs were subjected to subsequent trans-omics analy-
sis. Trans-omics analysis combining those mRNAs with
the 63 significantly changed metabolites identified
(Table S2) was performed using IMPaLA software (http://
impala.molgen.mpg.de/).

123I-Metaiodobenzylguanidine Scintigraphy
Participants were intravenously injected with iodine-123
metaiodobenzylguanidine (123I-MIBG; MyoMIBG-I
123 injection, 111 MBq; FUJIFILM Toyama Chemical
Co., Ltd., Tokyo, Japan). Scintigraphic images were
acquired by E CAM at 30 minutes (early) and 3 hour
(delayed) after injection. Regions of interest for the heart,
thyroid, and mediastinum were semi-automatically posi-
tioned and quantified using smartMIBG software

(FUJIFILM Toyama Chemical Co., Ltd.). H/M and T/M
ratios were calculated with the following formulas: H/M
ratio = (mean count of the heart uptake)/(mean count of
the mediastinum uptake), T/M ratio = (mean count of
the thyroid uptake)/(mean count of the mediastinum
uptake).

Dopamine Transporter Single-Photon Emission
Computed Tomography Imaging
Three hours after injection of approximately 185 MBq of
123I-FP-CIT, projection data were obtained in a
128 � 128 matrix on a Siemens Symbia T16 mounted
with low- to medium-energy general purpose collimators
(Siemens, Munich, Germany). Projection data were
acquired for 28 minutes. Data were reconstructed by the
ordered subset expectation maximization method (itera-
tion 8 and subset 6) with Flash 3D software. Specific
Binding Ratio (SBR) values were semi-quantitatively cal-
culated using DAT VIEW software (Nihon Medi-Physics,
Tokyo, Japan) based on Bolt’s method. Here, we calcu-
lated SBR as the mean value of right and left SBRs.

Cell Culture and Transfection
Human hepatoma cell line HepG2 cells were cultured in
Dulbecco’s Modified Eagle’s Medium (DMEM;
11,885,084; Thermo Fisher Scientific) supplemented with
10% fetal bovine serum and 100 U/ml penicillin/strepto-
mycin. Human skeletal muscle myoblasts (HSMM) cells

TABLE 2. Demographic characteristics of participants in multi-omics analysis

Metabolome miRNA

Characteristic HCs De novo PD p HCs De novo PD p

Number 25 20 21 18

Sex, M:F 13:12 8:12 0.422a 11:10 8:10 0.621a

Age, yr, mean (SD) 63.8 (10.6) 62.8 (10.5) 0.883b 64.0 (11.2) 61.7 (10.5) 0.576b

Disease duration, yr, mean (SD) - 1.45 (1.49) - 1.47 (1.55)

H&Y stage, mean (SD) - 1.65 (0.81) - 1.67 (0.84)

H&Y stage, (each case number) - I (11), II (5), III (4) - I (10), II (4), III (4)

MDS-UPDRS III, mean (range) - 18.0 (2–44) - 18.4 (2–44)

MMSE, mean (SD) - 28.7 (1.8) - 28.7 (1.8)

BMI, kg/m2, mean (SD) 23.2 (2.9) 22.0 (4.2) 0.212b 23.4 (2.9) 22.1 (4.3) 0.208b

Abbreviations: BMI = body mass index; H&Y stage = Hoehn and Yahr staging scale; HC = healthy controls; MDS-UPDRS III = the Movement
Disorder Society-sponsored revision of the Unified Parkinson’s disease rating scale part III; MMSE = Mini Mental State Examination;
PD = Parkinson’s disease; SD = standard deviation.
aP-value obtained by Chi-square test.
bP-value obtained by Steel’s test compared to healthy controls.
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(CC-2580; Lonza, Walkersville, MD) were maintained in
SkGM-2 Skeletal Muscle Cell Growth Medium (Lonza)
and differentiated to myotubes for 10 to 14 days in
DMEM-F12 (12-719F; Lonza) supplemented with 2%
horse serum (H1270; Sigma-Aldrich).

For RNA-interference experiments, siRNA oligonu-
cleotides were transfected into HepG2 cells and myotubes
using DharmaFECT-4 (Horizon Discovery, Cambridge,
UK) and Lipofectamine RNAiMAX (Thermo Fisher Sci-
entific), respectively, according to the manufacturer’s
instructions. Forty-eight hours after siRNA transfection,
the cells were used in the experiments.

Hormonal Stimulation
Cultured cells were washed with phosphate-buffered saline
and incubated in 10% thyroid hormone depleted serum
(SF231–7; BBI Solutions, Cardiff, UK) and 3,30,5-triiodo-L-
thyronine sodium salt (T6397; Sigma-Aldrich).

RNA Extraction and Real-Time Polymerase Chain
Reaction Analysis
Total RNA was isolated using an RNeasy mini Kit (Qiagen,
Valencia, CA) and quantified with a NanoDrop 1,000
(Thermo Fisher Scientific). Reverse transcription was carried
out with 1 μg of total RNA using a ReverTra Ace qPCR
RT kit (FSQ-101; Toyobo, Osaka, Japan) according to the
manufacturer’s instructions. Real-time polymerase chain reac-
tion (PCR) was performed using Fast SYBR Green Master
Mix (Thermo Fisher Scientific) and primers (GAPDH:
forward [FW]: 50-TGCACCACCAACTGCTTAGC-30 and
reverse [RV]: 50-GCATGGACTGTGGTCATGAG-30,
PPARα: FW: 50-CCTGTCTGCTCTGTGGACTC-30 and
RV: 50-GCTCCAAGCTACTGTGGTGA-30, CPT1A: FW:
50-CTTTGGACCGGTTGCTGATG-30 and RV: 50-GTG
CCTTCCAAAGCGATGAG-30, CPT1B: FW: 50-TACAA
CAGGTGGTTTGACA-30 and RV: 50-CAGAGGTGCCC
AATGATG-30, PGC1α: FW: 50-GGCAGAAGGCAATT
GAAGAG-30 and RV: 50-TCAAAACGGTCCCTCAGT
TC-30) in a QuantStudio 3 Real-Time PCR System (Thermo
Fisher Scientific). The mRNA levels were determined with
the standard curve method and normalized to GAPDH
expression.

Western Blotting
For sodium dodecyl sulfate-polyacrylamide gel electropho-
resis (SDS-PAGE), cells were lysed in lysis buffer (25 mM
Tris–HCl [pH 7.6], 150 mM NaCl, 1% NP-40, 1%
sodium deoxycholate, 0.1% sodium dodecyl sulfate, and
protease inhibitor cocktail). Lysates were centrifuged at
15,000 � g for 10 minutes at 4�C to remove debris. For
immunoblotting, supernatants were subjected to 10 to
20% gradient SDS-PAGE. Proteins were transfected onto

a polyvinylidene fluoride membrane and probed with
anti-CPT1A (ab128568; Abcam, Cambridge, MA), anti-
β-actin (MAB1501; EMD Millipore, Billerica, MA) and
anti-GAPDH (ab9485; Abcam) antibodies. This was
followed by detection with an LAS-4000 Mini instrument
(GE Healthcare, Chicago, IL). Signal intensities were
quantified using ImageJ software (https://imagej.nih.gov/
ij/index.html).

Free Fatty Acid Measurement
HepG2 cultured medium was centrifuged at 8,000 � g
for 5 minutes at 4�C. The supernatant was processed with
a Free Fatty Acid Assay Kit (ab65341; Abcam), according
to the manufacturer’s instructions. Cells were lysed in
50 μl of lysis buffer to measure protein concentrations by
bicinchoninic acid assay.

Extracellular Flux Analysis
HSMM cells were seeded in XF24 cell culture plates
(100867-100; Agilent Technologies) at 4,000 cells per
well and differentiated for 14 days, followed by treatment
with 100 nM T3. XF Cell Mito stress test compounds
(103015-100; Agilent Technologies) were loaded into the
assay cartridge. Oxygen consumption measurements were
performed using an extracellular flux analyzer (Agilent
Technologies). After quantifying oxygen consumption,
cells were lysed in 100 μl of lysis buffer to measure protein
concentrations.

Statistical Analysis
All statistical analyses were performed using JMP14 (SAS
Institute, Tokyo, Japan). The chi-squared test was used to
analyze categorical variables. Steel or Wilcoxon tests were
used to examine participant characteristics and values of
MIBG scintigraphy compared with non-PD. Analysis of
variance (ANOVA) was used to assess relationships
between H&Y stages and H/M or T/M ratios of MIBG
scintigraphy among PD groups. Spearman’s rank correla-
tion tests were used to examine relationships between vari-
ous measurements of patients with PD. One-way analysis
of covariance (ANCOVA) was performed to exclude the
effects of age or disease duration. For metabolome analy-
sis, when a value was under the limit of detection, we
assigned it half the minimum value of its compound. To
investigate influence of confounding variables (age, sex,
body mass index [BMI], and carnitine level) on each
metabolite, multiple regression analysis was performed.
The Wilcoxon test was used to evaluate significantly chan-
ged metabolites. Student’s t tests were used to select
metabolites and miRNAs for trans-omics analysis.

February 2023 307

Miyamoto et al: Systemic Metabolic Alteration in PD

 15318249, 2023, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ana.26510 by N

ew
castle U

niversity, W
iley O

nline L
ibrary on [10/11/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://imagej.nih.gov/ij/index.html
https://imagej.nih.gov/ij/index.html


Results
Participants
Characteristics of study participants are summarized in
Table 1. Notably, no thyroidal disease with clinical symp-
toms was identified in any participant. Characteristics of
patients with PD (n = 1,158) and without PD (n = 67:
HCs [n = 29], drug-induced parkinsonism [n = 18], and
essential tremor [n = 20]) who were examined by MIBG
scintigraphy are shown. A mild statistical significance in
age at scanning was observed between non-PD and PD
groups. On average, PD severity was mild-to-moderate
according to the H&Y stage (2.06 � 0.844) and disease
duration (5.21 � 5.54 years). Early and delayed heart/
mediastinum (H/M) ratios were significantly decreased
in patients with PD compared with individuals in
the non-PD group, consistent with previous reports and
well-established criteria.26,28 Moreover, the SBR of
123I-ioflupane-dopamine transporter (DaT)-single photon
emission computed tomography (SPECT) was signifi-
cantly decreased in patients with PD compared with those
in the non-PD group, similar to previous reports.29

Patients with PD exhibiting onset of motor symptoms
within 3 years were defined as “early PD” for further anal-
ysis (described later; see Table 1).

Thyroidal MIBG Scintigraphy
Postganglionic sympathetic innervation of the thyroid,
whose neurotransmitter is noradrenaline, is dependent on
nerve fibers mainly from the superior and middle cervical
ganglia, which connect to intermediolateral neurons in the
Th1-2 cord.15 Because dual control of thyroid by TSH
and the autonomic nervous system has been suggested
(especially in animal studies30), we evaluated the thyroid/
mediastinum (T/M) ratio to investigate sympathetic
denervation of the thyroid in patients with PD. A charac-
teristic MIBG result is shown in Figure 1A, presenting
decreased uptake in both the heart and thyroid. In
patients with PD, both early H/M ratio and T/M ratio
were significantly decreased (Fig 1B), and a significant cor-
relation was identified between these ratios (p < 0.0001)
(Fig 1C). Moreover, both early H/M and T/M ratios were
negatively correlated with disease severity assessed by

FIGURE 1: Assessments of myocardial and thyroidal MIBG scintigraphy. (A) Early planar images of MIBG scintigraphy in non-PD
(left) and PD (right) groups. Regions of interest were placed on the thyroid (blue), heart (red), and mediastinum (yellow).
(B) Comparison between non-PD and PD groups for early heart-to-mediastinum (H/M) or early thyroid-to-mediastinum (T/M)
ratios. ***p < 0.001 (Wilcoxon’s test). (C) Correlation analyses between early H/M ratio and early T/M ratio in patients with
PD. The p values were obtained by Spearman’s rank correlation coefficient. (D) Association of early H/M ratio or early T/M ratio
with H&Y stages. *p < 0.05, ***p < 0.001 (Steel test). (E) Comparison between non-PD and PD groups regarding correlations
between age at scanning and early H/M or early T/M ratios. Interaction was assessed by analysis of covariance (ANCOVA)
between non-PD and PD groups. ANOVA = analysis of variance; H&Y = Hoehn and Yahr; MIBG = 123I-metaiodobenzylguanidine;
PD = Parkinson’s disease.
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H&Y (Fig 1D). Both early H/M and T/M ratios were
decreased in most patients with PD, and the early T/M
ratio was typically higher in younger patients (Fig 1E).

Next, to investigate thyroidal denervation specific
for the initial stage of PD, we subdivided patients with
“early PD” (within 3 years from the onset of motor symp-
toms) into 2 groups (with/without constipation) to evalu-
ate the association of sympathetic denervation (Fig 2A, see
Table 1). Clinically, prevalence of OH in early PD with
constipation was significantly higher than in early PD
without constipation, indicating systemic autonomic dys-
function in the former subtype (see Table 1). Although
significant decreases of early H/M ratios were observed in
both groups (Fig 2B), the early T/M ratio was signifi-
cantly lower only in patients with PD and constipation
(Fig 2C). Significant dopaminergic neurodegeneration, as
assessed by SBR of DaT, was identified in both pheno-
types (Fig 2D). Sympathetic denervation of the thyroid in
patients with PD and constipation were significantly

correlated with cardiac denervation (Fig 2E) and dopami-
nergic degeneration (Fig 2F) compared with patients with
PD without constipation.

Metabolome Analysis
To clarify metabolic changes derived from dysautonomia,
we investigated metabolites correlated with early T/M, a
marker of dysautonomia in PD. Secretion of TSH to reg-
ulate thyroid hormone release is itself affected by hor-
mones, including somatostatin, leptin, and dopamine.13,31

Thus, to exclude the effects of circulating dopamine
derived from administered levodopa, comprehensive
metabolome analysis in 20 patients with de novo PD and
25 age-matched controls was performed (see Table 2).
Serum samples taken from 18 patients with de novo PD
and 21 HCs were simultaneously subjected to exosome
transcriptome analysis of miRNAs. Characteristics of these
participants are shown in Table 2. There were no signifi-
cant differences in sex, age, or BMI between the HCs and

FIGURE 2: Thyroidal MIBG scintigraphy in early PD subgrouped by constipation. (A) Flow of the selection process for the group
to investigate thyroidal denervation specific for the initial PD stage. (B-D) Comparison of early H/M ratio (B), early T/M ratio
(C) and specific binding ratio (SBR) of DaT-SPECT (D) between non-PD and each type of early PD. ***p < 0.001 (Steel test). (E, F)
Correlation analyses between early T/M ratio and early H/M ratio (E) and between early T/M ratio and SBR of DaT-SPECT (F) in
early PD subgrouped by constipation. Blue triangles represent early PD without constipation and red circles represent early PD
with constipation. aThe p value was calculated by ANCOVA between each type of early PD. bThe p value was obtained by
Spearman’s rank correlation coefficient. ANCOVA = analysis of covariance; DaT-SPECT = 123I-ioflupane-dopamine transporter-
single photon emission computed tomography; H/M = mean count of the heart uptake/mean count of the mediastinum uptake;
MIBG = 123I-metaiodobenzylguanidine; NS = not significant; PD = Parkinson’s disease; T/M = mean count of the thyroid uptake/
mean count of the mediastinum uptake.
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the de novo PD groups. Regarding disease severity, partic-
ipating patients had shorter disease durations (1.45–
1.47 years from onset) and tended to exhibit early-stage
PD (mean H&Y stage = 1.65–1.67).

Comprehensive metabolome analysis identified sig-
nificant changes in 63 metabolites in patients with de
novo PD compared with controls, as analyzed by Stu-
dent’s t test (see Table S2). Altered metabolites included
17 long-chain FAs (LC-FAs) and 13 long-chain

acylcarnitines (LC-ACs). Wilcoxon’s test indicated signifi-
cant decreases in 12 LC-ACs and significant increases in
11 LC-FAs in patients with PD (Table 3). In addition,
levels of thyroxine (T4) were significantly decreased in
patients with PD (p = 0.0066). Notably, Spearman’s rank
correlation test revealed a significant negative correlation
between FAs (the input of β-oxidation) and thyroxine
levels, as well as a significant positive correlation between
LC-ACs and thyroxine levels, indicating insufficient FA

TABLE 3. Significantly changed metabolites regarding β-oxidation and correlation analysis with thyroxine

Ratio (PD/HC) ap

Correlation with thyroxine

Compound r bp

AC(12:0) 0.536 0.0017 0.153 0.521

AC(12:1)-2 0.664 0.0020 0.269 0.252

AC(13:1) 0.565 0.0116 0.395 0.0850

AC(14:0) 0.608 0.0023 0.519 0.0190

AC(14:1) 0.666 0.0013 0.289 0.217

AC(14:2) 0.658 0.0027 0.328 0.158

AC(15:0)-2 0.764 0.0055 0.130 0.586

AC(16:0) 0.684 0.0001 0.763 <0.0001

AC(16:1) 0.775 0.0275 0.382 0.0967

AC(18:0) 0.709 0.0012 0.737 0.0002

AC(18:1) 0.708 0.0003 0.658 0.0016

AC(18:2) 0.777 0.0048 0.454 0.0443

FA(12:0)-2 1.13 0.0230 �0.168 0.478

FA(14:1)-3 1.52 0.0432 �0.043 0.856

FA(14:3) 1.64 <0.0001 0.0137 0.954

FA(17:0)-3 1.18 0.0259 �0.192 0.417

FA(17:2) 1.57 0.0448 �0.256 0.276

FA(18:2) 1.31 0.0204 �0.135 0.571

FA(18:3) 1.37 0.0456 �0.283 0.227

FA(19:2) 1.34 0.0308 �0.526 0.0173

FA(20:2) 1.25 0.0095 �0.0206 0.931

FA(20:4) 1.27 0.0327 �0.154 0.517

FA(22:4) 1.36 0.0309 �0.0160 0.947

thyroxine 0.712 0.0066 - -

Abbreviations: AC = acylcarnitine; FA = fatty acid; HC = healthy controls; PD = Parkinson’s disease.
aThe p values were obtained by Wilcoxon’s test compared to healthy controls.
bThe p values were obtained by Spearman’s rank correlation coefficient analyzed only in PD.
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β-oxidation arose from decreased levels of thyroxine in
patients with de novo PD (see Table 3). As shown in
Figures 3A and 3B, levels of AC(16:0) and ratios of
AC(16:0)/FA(16:0) positively correlated with those of thy-
roxine, consistent with regulation of β-oxidation by thy-
roxine. Next, to examine the effect of sympathetic
denervation on the levels of thyroxine, we performed cor-
relation analysis. Both H/M and T/M ratios tended to
correlate with serum thyroxine levels (early H/M ratio:
r = 0.635, p = 0.0359; delayed H/M ratio: r = 0.543,
p = 0.0841; early T/M ratio: r = 0.828, p = 0.0009; del-
ayed T/M ratio: r = 0.534, p = 0.0697), with statistical
significance detected for early H/M and T/M ratios
(Fig 3C). This was consistent with a previous observation
of the early T/M ratio being more evident in PD than the
delayed T/M ratio.19 Consistent with this notion, early
T/M ratios positively correlated with ratios of AC(16:0)/
FA(16:0) (Fig 3D). To adjust effects of confounding vari-
ables associated with FA β-oxidation (acylcarnitines, fatty

acids, and thyroxine), we performed multiple regression
analyses for age, sex, BMI, and serum carnitine levels as
confounding variables.10 Even under these conditions,
levels of thyroxine, LC-ACs, and most LC-FAs were sig-
nificantly altered in PD (Table S3).

Transcriptome Analysis of miRNAs
β-oxidation of LC-FAs is mainly performed in the mito-
chondria of cardiac muscles, skeletal muscle, and the
liver.10 Extracellular vesicles including exosomes are
involved in inter-tissue communication during exercise.32

Indeed, adipose tissue secretes exosomes containing
miRNAs capable of regulating gene expression in the liver
and other tissues.33 Likewise, exosomal miRNAs are can-
didate messengers among organs that exhibit resistance to
degradation in the bloodstream compared with non-
exosomal miRNAs.23,24 Therefore, we hypothesized that
miRNAs in exosomes represent an important biologically
coordinated mechanism capable of profoundly changing

FIGURE 3: Correlation analyses of fatty acid β-oxidation, thyroxine level, and thyroidal MIBG scintigraphy in patients with
PD. (A) Correlation between thyroxine level and AC(16:0). (B) Correlation between thyroxine level and AC(16:0)/FA(16:0).
(C) Correlation between thyroxine level and early T/M ratio of MIBG scintigraphy. (D) Correlation between early T/M ratio and
AC(16:0)/FA(16:0). The p value was obtained by Spearman’s rank correlation coefficient. AC = acylcarnitine; FA = fatty acid;
MIBG = 123I-metaiodobenzylguanidine; T/M = mean count of the thyroid uptake/mean count of the mediastinum uptake.
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FA β-oxidation associated with thyroxine decrement. First,
comprehensive transcriptome analysis of exosomal
miRNAs identified 141 miRNAs significantly altered in
patients with PD (see Table S1). Based on miRNA-gene
relationships in the DIANA-TarBase version 8 database,34

we identified 1,167 mRNAs regulated by more than 10 of
those miRNAs, which we investigated in subsequent
analyses.

In addition, among the 141 miRNAs significantly
altered in patients with de novo PD (described above),
101 elevated miRNAs were selected to profile their effi-
cacy. Using DIANA-miRPath version 3.0 followed by
TarBase,35 67 Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathways with p values less than 0.05
including “Fatty acid biosynthesis,”, “Thyroid hormone
signaling pathway,” and “Fatty acid metabolism” were
found to be enriched (Table S4). Next, targeted mRNAs
within these 3 pathways were identified using mirPath
version 3, followed by TarBase (Table S5). Several previ-
ous studies investigated circulating exosomal miRNA in
plasma or serum of patients with PD,36-39 and the directions
of 6 miRNAs significantly altered in this study were consistent

with those reports (hsa-miR-223-5p,36 miR-652-3p,37 hsa-
miR-181c-5p,38 hsa-miR-1,273 h-5p,38 hsa-miR-199b-5p,38

and miR-338-3p38).

Trans-Omics Analysis
To more precisely evaluate systemic changes in patients
with PD, trans-omics analysis combining metabolome and
transcriptome analyses was performed using IMPaLA.40

Metabolites and miRNAs identified by trans-omics analy-
sis are listed in Tables S1 and S2. As a result, the PPARα
pathway was predicted to be significantly altered in PD,
contributing to both metabolomic and transcriptomic
changes. Among the pathways identified by IMPaLA,41

we focused on the PPARα pathway and investigated it
using human cell lines because PPARα signaling is closely
related to FA metabolism.41

In Vitro Study Using Human Cell Models
Altered levels of medium- to LC-ACs and FAs observed in
patients with de novo PD might arise from changes of
β-oxidation in the liver or skeletal muscles because these
metabolic reactions are most active in those organs. To

FIGURE 4: The biological effects of T3 on various cell models. (A) CPT1A levels in the hypothyroid condition and with T3
treatment in HepG2 cells. (B) HepG2 cells treated with various concentrations of T3 for 24 hours were analyzed by qRT-PCR.
(C) HepG2 cells transfected with PPARα siRNA or control siRNA were treated with 100 nM T3 for 24 hours followed by qRT-PCR.
(D) HepG2 cells knockdowned with siPPARα were treated with various concentrations of T3 for 24 hours followed by Western
blotting. (E) The levels of free fatty acid in the culture supernatant of HepG2 cells treated with various concentrations of T3 for
24 hours were quantified using Free Fatty Acid Assay Kit (ab65341). (F) Differentiated HSMM cells were treated with indicated
concentrations of T3 for 24 hours followed by qRT-PCR. (G) Differentiated HSMM cells transfected with PPARα siRNA or control
siRNA were treated with 100 nM T3 for 24 hours followed by qRT-PCR. (H) Differentiated HSMM cells were treated with
100 nM T3 for 72 hours followed by extracellular flux analysis. Data are shown as mean � SD (n = 3 [A, B, C, E, F, and G], n = 6
[D] n = 9 [H]), *p < 0.05, **p < 0.01, ***p < 0.001 (A, C, and G: Tukey’s honest significant difference test, D: Wilcoxon’s test, E
and H: Dunnett’s test). FBS = fetal bovine serum; HSMM = human skeletal muscle myoblast; NS = not significant; qRT-
PCR = quantitative real-time polymerase chain reaction.
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investigate which organs are important for these changes
and the involvement of thyroid hormones and PPARα sig-
naling, we used human hepatocellular carcinoma line
HepG2 cells and primary human skeletal myotubular
cells. Triiodothyronine (T3) was used for subsequent cell-
based assays because local activation of thyroxine (T4) to
its active form T3 by 50-deiodinase 2 is a key mechanism
by which thyroid hormone regulates metabolism.13

Although the thyroid gland produces and releases both T3
and T4, T3 generally possesses several times the biological
activity of T4.

In HepG2 cells, T3 increased expression of the car-
nitine palmitoyltransferase 1A (CPT1A) gene, the liver iso-
form, were significantly decreased in medium containing
thyroid hormones depleted serum (Fig 4A) and were
increased by the addition of T3 in an almost dose-
dependent manner (Fig 4B). The CPT1 enzyme catalyzes
the rate-limiting step of FA conversion to acyl-CoA, which
is necessary for it to penetrate the mitochondrial outer
membrane for subsequent reaction. Levels of CPT1A
mRNA were partially but significantly suppressed in
T3-treated cells following siRNA knockdown of PPARα
(Fig 4C). Moreover, CPT1A protein levels were
suppressed by PPARα knockdown (Fig 4D). In addition,
T3 decreased the level of free FAs in the culture medium
of HepG2 cells, which might be a consequence of
increased intracellular β-oxidation and FA consumption
(Fig 4E).

In human skeletal myotubular cells, T3 did not ele-
vate expression levels of the CPT1B gene, the skeletal
muscle isoform of CPT1 (Fig 4F). However, T3 could
increase the expression level of peroxisome proliferator-
activated receptor γ coactivator-1α (PGC1α) gene
(Fig 4G), which is regulated by thyroid hormones.42 Con-
sistent with the function of PGC1α in regulating expres-
sion of a broad range of genes involved in energy
metabolism (including oxidative phosphorylation43), T3
significantly enhanced mitochondrial basal respiration and
ATP production measured by an extracellular flux analyzer
(Fig 4H). Considering that T3 effects on PGC1α expres-
sion were not cancelled by PPARα knockdown (see
Fig 4G), PGC1α was upregulated by T3 independent of
the PPARα pathway in human skeletal myotubular cells.
Taken together, the results suggest that thyroid hormone
regulates PPARα-mediated CPT1 expression, leading to
FA β-oxidation mainly in the liver.

Discussion
In summary, we identified significant thyroidal sympa-
thetic denervation that correlated with cardiac denervation
detected by cardiac MIBG scintigraphy in patients with

PD. Identification of thyroidal denervation was correlated
with cardiac denervation and dopaminergic degeneration
in patients with early PD and constipation, but not in
patients with PD without constipation. Trans-omics anal-
ysis of plasma metabolome and serum exosomal miRNA
transcriptome in patients with de novo PD (without med-
ication) showed enrichment of the PPARα pathway based
on suppressed FA β-oxidation, as well as hypothyroidism.
Finally, we confirmed the presence of a thyroid-PPARα-
liver axis using in vitro experiments.

Based on a theory suggested by Horsager et al,21 our
results can be explained by a systemic pattern of neu-
rodegeneration in patients with early PD and constipation
(Fig 5). In this phenotype, gut pathologies (such as αSyn
accumulation or inflammation) initially result in sympa-
thetic denervation of the superior coeliac ganglion/superior
mesenteric ganglion (1). After reaching the sympathetic
trunk/intermediolateral nucleus (2), denervation expands
retrogradely to the stellate ganglion (3). Subsequently,
sympathetic nerves innervating the heart (4) and thyroid
(5) are affected. The pathogenic sequence of the gut to
the sympathetic ganglion to the heart is widely conceptu-
alized, but the sympathetic noradrenergic lesion in the
heart preceding that in the ganglia does not sit well with
the pathogenic sequence.44,45 Likewise, the possibility
remains that the pathological role of α-Syn deposition in
the sympathetic nerves may be specific to the heart.46 Fur-
ther research is required to resolve these issues.

In addition to strict regulation by the hypothalamus-
pituitary-thyroid axis,47 noradrenaline (whose stable ana-
logue is MIBG) exerts a direct stimulatory influence of

FIGURE 5: Schematic diagram of pathological progression in
the sympathetic nervous system in early PD with
constipation. (1) = celiac ganglion/superior mesenteric
ganglion, (2) = sympathetic trunk, (3) = stellate ganglion,
(4) = heart, and (5) = thyroid. DaT = 123I-ioflupane-dopamine
transporter; PD = Parkinson’s disease.
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the sympathetic nervous system on thyroid hormone
secretion.48,49 Because no significant differences in T/M
ratio of MIBG imaging were observed between humans
treated with or without thyroidal blockade by potassium
perchlorate or Lugol’s solution, MIBG uptake in the thy-
roid primarily reflects sympathetic neuronal activity.50

The present study showed decreased MIBG uptake by the
thyroid and its correlation with H/M ratios in patients with
early PD, consistent with previous reports.19,20,28,50 Sympa-
thetic innervation to the heart controls systolic blood pres-
sure in response to posture change and is much denser than
that of the thyroid, as evaluated by 6-18F-fluorodopamine
imaging.51,52 In the same report, 100% of patients with PD
with OH had abnormal blood pressure responses to the
Valsalva maneuver as well as less ventricular 6-18F-
fluorodopamine uptake, whereas 26.1% and 47.8% of
patients with PD without OH had abnormal Valsalva
responses and diffusely decreased 6-18F-fluorodopamine
uptake, respectively.51 Likewise, the serum levels of thyroid
hormones were modestly decreased in de novo PD.28 How-
ever, the basis for greater loss of radioactivity in the heart
than the thyroid is unknown.

Compared with patients with early PD without con-
stipation, early T/M ratios in patients with early PD and
constipation were significantly and positively correlated
with H/M ratios, implying progressive involvement of the
sympathetic nervous system in a caudo-rostral pattern.6,21

Consistent with this, prevalence of OH was significantly
higher in early PD with OH than in early PD without
OH. However, recent analysis of 2 independent cohorts
indicates a cholinergic origin of constipation in de novo
PD. Thus, the involvement of the parasympathetic ner-
vous system, including the vagal nerve, should be consid-
ered for further analysis using 11C-donepezil positron
emission tomography-computed tomography.53

In our previous study, FA β-oxidation insufficiency
indicated by decreased levels of LC-ACs and increased
levels of LC-FAs was detected in patients with early-stage
PD (H&Y I-II) prescribed medication and patients with
de novo PD.10 These findings are completely reconfirmed
by results of the present metabolome analysis. In addition,
levels of LC-ACs were correlated with those of thyroxine,
whereas LC-FAs were inversely correlated with those of
thyroxine, suggesting that FA β-oxidation is under super-
vision of the thyroid. This finding is further supported by
enrichment of the PPARα axis in trans-omics analysis.
Extracellular miRNAs in extracellular vesicles, such as
exosomes, of body fluids are recognized mediators of inter-
cellular communication even beyond organ boundaries.23

PPARα signaling is involved in modulation of hepatic
lipid metabolism by thyroid hormones and regulated by
exosomal 4 miRNAs between adipose tissues and the liver

in mice.25,41 Experimentally, we found that the T3-β-
oxidation axis was regulated by CPT1A expression and
identified a T3-FA axis in hepatic cell lines. Although T3
upregulated mitochondrial respiration regulated by
PGC1α expression, it did not upregulate β-oxidation in a
primary skeletal muscle cell line. Accordingly, we propose
that insufficient FA β-oxidation arises from thyroid-liver
interorgan discoordination in patients with de novo PD;
however, there remains a possibility that the effects of
thyroid hormone on adipose tissue function and lipid
metabolism are deregulated through a hypothalamus-pituitary-
thyroid-adipose tissue axis.54

Thyroid hormones and PPARα signaling act directly
and indirectly on nerves to elicit neuroprotective
effects.55,56 Treatment with thyroid hormone restored
dopaminergic neurons differentiated from rat or human
neural precursor cells from neurotoxin-induced damage.55

Moreover, pemafibrate, a selective PPARα modulator,
indirectly protected mice against retinal neurodegeneration
by modulating balance of serum lipid metabolism via pro-
moting liver functions.56 Therefore, decreasing thyroid
hormone levels and reducing PPARα signaling may induce
systemic insults toward both the body and brain.

Exosomal miRNAs reportedly more reliably reflect
the state of parental cells than non-exosomal miRNAs as
diagnostic biomarkers for pathophysiological studies.23

Moreover, several studies have reported increased patho-
logical miRNAs in exosomes that, once released from
pathogenic cells, can affect distant organs.57,58 In this
study, pathway enrichment analysis of upregulated
miRNAs indicated alterations in FA biosynthesis and thy-
roid signaling, consistent with other clinical signatures,
such as insufficient FA β-oxidation due to declined thy-
roid function.

Some limitations of this study should be considered.
First, PD diagnoses were acquired in a single university
hospital. Second, the time scale of MIBG measurements
was optimized for cardiac sympathetic imaging and, thus,
may be inadequate for the thyroid gland. Third, liquid
chromatography-mass spectrometry/capillary electrophoresis-
mass spectrometry could measure only plasma levels of thy-
roxine. Fourth, because of the limited number of recruited
patients with de novo PD, even in the same recruitment
period, there were discrepancies in sample size, therefore, we
cannot completely exclude reporting bias.
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