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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 '?*l-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-naive PD, comprehensive metabolome analysis revealed
decreased levels of thyroxine and insufficient fatty acid B-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 (PPARa) axis. Finally, association of thyroid hormone with
PPARa-dependent B-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 muscle rigidity) and non-motor symptoms (hyposmia,
Parkinson’s disease (PD), the second most common neu- depression, apathy, sleep disorders, and clysautonomia).l_4
rodegenerative disease, affects approximately 1% of indi- At least half of the patients with PD have orthostatic
viduals over the age of 60 years and is characterized by hypotension, insufficient gastric emptying, pollakisuria,
typical motor symptoms (bradykinesia, rest tremor, and and/or constipation, even in the early stage of the disease.’
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Various functional studies of patients with PD have
shown sympathetic and parasympathetic denervation by
cardiac '*? I-metaiodobenzylguanidine (MIBG) scintigra-
phy and donepezil positron emission tomography to assess
colonic cholinergic innervation, respectively.6 In addition,
phosphorylated alpha-synuclein (aSyn) 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.”® 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.” 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.''?

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.'® In addition, use of
animal models has delineated a functional role for sympa-
thetic innervation on thyroid hormone secretion.'*"” In
humans, blood supplied from the intrathyroidal artery is
regulated by sympathetic nerves, mainly from the cervical
ganglia along the artery.'” Sympathetic innervation of the
thyroid in healthy humans was confirmed by 6-'*F-
fluorodopamine imaging with/without desipramine, an
inhibitor of serotonin/noradrenaline uptake.'® In patients
with PD, significant decreases of MIBG or 6-'°F-
fluorodopamine uptake in the thyroid have been
identified."®*° 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.”' Because pharmacologic doses
of dopamine, glucocorticoids, and somatostatin suppress
thyroid stimulating hormone (TSH),? 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 P-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.>>?> Based on these assays, the peroxisome
proliferator-activated receptor (PPAR®) axis was enriched.
Finally, we confirmed an association between thyroid hor-
mone and the PPARa 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.” Patients with PD and pos-
(Mini-Mental  State
score = <24) were excluded to avoid substantial overlap

sible  dementia Examination
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 criteria”’  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 described'® 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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TABLE 1. Demographic characteristics of participants examined MIBG scintigraphy

Non-PD PD ?
Number 67 1,158
Sex, M:F 22:45 560:598 0.0123%
Age, yr, 69.4 (11.9) 66.9 (10.4) 0.0188"
mean (SD)
Disease - 5.21 (5.54)
duration, yr,
mean (SD)
H&Y stage, - 2.06 (0.844)
mean (SD)
H&Y stage, - I (262), 11 (602),
(each case III (174), IV (48),
number) V (18), nd (54)
Early H/M, 3.06 (0.673) 2.08 (0.673) <0.0001°
mean (SD)
Delayed 3.26 (0.873) 1.87 (0.873) <0.0001°
H/M, mean
(SD)
Early T/M, 1.49 (0.316) 1.35 (0.219) 0.0002"
mean (SD)
Delayed 2.18 (0.856) 1.96 (0.526) 0.0628"
T/M, mean
(SD)
SBR, mean 5.30 (1.70) 2.45 (1.38) <0.0001°
(SD)
Prevalence of - -
orthostatic
hypotension

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 = Hochn and Yahr staging scale; MIBG =
metaiodobenzylguanidine; nd = not determined; PD = Parkinson’s disease; SBR = specific binding ratio of DaT-SPECT; SD = standard deviation.

*The p values were obtained by chi-squared test compared to non-PD.
"The p value was obtained by Steel’s test compared to non-PD.
“The p value obtained by chi-squared test comparing each type of early PD.

Early PD
without Early PD with
constipation y4 constipation y4
114 246
56:58 0.0314* 113:133 0.0525°
65.6 (10.4) 0.0159° 69.3 (8.82) 0.617°
1.33 (0.768) 1.33 (0.784)
1.80 (0.770) 1.97 (0.681)
I (44), 11 (51), 1 (47), 11 (162),
III (15), IV (3), 111 (25), IV (3),
V(0), nd (1) V (3), nd (6)
2.33(0.703)  <0.0001° 2.00 (0.641) <0.0001°
2.18 (0.869)  <0.0001° 1.74 (0.748) <0.0001°
1.42 (0.216) 0.376° 1.34 (0.198) 0.0009°
2.06 (0.526) 0.936° 1.91 (0.473) 0.0486"
2.87 (1.25) <0.0001° 2.60 (1.21) <0.0001°
9.41% (nd: 32.1% <0.0001¢
n=29) (nd: n = 81)

1231_

analysis was conducted based on the methods described

. 10
previously.

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
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TABLE 2. Demographic characteristics of participants in multi-omics analysis
Metabolome miRNA
Characteristic HCs De novo PD ? HCs De novo PD P

Number 25 20 21 18

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

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

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) - 1(11), I1 (5), III (4) - I(10), IT (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/m?, mean (SD) 23.2 (2.9) 22.0 (4.2) 0.212°  23.4(2.9) 22.1 (4.3) 0.208"
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 discase rating scale part IIl; MMSE = Mini Mental State Examination;
PD = Parkinson’s disease; SD = standard deviation.

*P-value obtained by Chi-square test.
PP-value obtained by Steel’s test compared to healthy controls.

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 IMPal A software (http://
impala.molgen.mpg.de/).

123|_Metaiodobenzylguanidine Scintigraphy

Participants were intravenously injected with iodine-123
metaiodobenzylguanidine  ('*’I-MIBG; ~ MyoMIBG-I
123 injection, 111 MBq; FUJIFILM Toyama Chemical
Co., Lid., 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-
smartMIBG  software

tioned and quantified using

(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
1231 _FP-CIT, projection data were obtained in a
128 x 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

Volume 00, No. 0


http://snf-515788.vm.okeanos.grnet.gr/
http://snf-515788.vm.okeanos.grnet.gr/
http://impala.molgen.mpg.de/
http://impala.molgen.mpg.de/

(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 3,3’,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 pg 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]: 5'-TGCACCACCAACTGCTTAGC-3' and
reverse  [RV]:  5-GCATGGACTGTGGTCATGAG-3,
PPARa: FW: 5'-CCTGTCTGCTCTGTGGACTC-3' and
RV: 5-GCTCCAAGCTACTGTGGTGA-3', CPTIA: FW:
5'-CTTTGGACCGGTTGCTGATG-3' and RV: 5-GTG
CCTTCCAAAGCGATGAG-3', CPTIB: FW: 5'-TACAA
CAGGTGGTTTGACA-3' and RV: 5-CAGAGGTGCCC
AATGATG-3', PGCla: FW: 5-GGCAGAAGGCAATT
GAAGAG-3' and RV: 5-TCAAAACGGTCCCTCAGT
TC-3') 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 x 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
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a polyvinylidene fluoride membrane and probed with
anti-CPT1A (ab128568; Abcam, Cambridge, MA), anti-
B-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 Image] software (https://imagej.nih.gov/
ij/index.html).

Free Fatty Acid Measurement

HepG2 cultured medium was centrifuged at 8,000 x 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 pl 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 pl 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 # tests were used to select
metabolites and miRNAs for trans-omics analysis.
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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.”®?® Moreover, the SBR of
123I—ioﬂupzme—dopamine transporter (DaT)-single photon
emission computed tomography (SPECT) was signifi-
cantly decreased in patients with PD compared with those

. . . . 2
in the non-PD group, similar to previous reports. ?

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."” Because dual control of thyroid by TSH
and the autonomic nervous system has been suggested
(especially in animal studies”), 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
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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 = "?*l-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 24, 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
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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.'*?"
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 HGCs 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
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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 ¢ 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 p-oxidation) and thyroxine
levels, as well as a significant positive correlation between
LC-ACs and thyroxine levels, indicating insufficient FA

Compound Ratio (PD/HC)
AC(12:0) 0.536
AC(12:1)-2 0.664
AC(13:1) 0.565
AC(14:0) 0.608
AC(14:1) 0.666
AC(14:2) 0.658
AC(15:0)-2 0.764
AC(16:0) 0.684
AC(16:1) 0.775
AC(18:0) 0.709
AC(18:1) 0.708
AC(18:2) 0.777
FA(12:0)-2 1.13
FA(14:1)-3 1.52
FA(14:3) 1.64
FA(17:0)-3 1.18
FA(17:2) 1.57
FA(18:2) 1.31
FA(18:3) 1.37
FA(19:2) 1.34
FA(20:2) 1.25
FA(20:4) 1.27
FA(22:4) 1.36
thyroxine 0.712

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

Abbreviations: AC = acylcarnitine; FA = fatty acid; HC = healthy controls; PD = Parkinson’s disease.
*The p values were obtained by Wilcoxon’s test compared to healthy controls.

"The p values were obtained by Spearman’s rank correlation coefficient analyzed only in PD.

Correlation with thyroxine
a , 5

0.0017 0.153 0.521
0.0020 0.269 0.252
0.0116 0.395 0.0850
0.0023 0.519 0.0190
0.0013 0.289 0.217
0.0027 0.328 0.158
0.0055 0.130 0.586
0.0001 0.763 <0.0001
0.0275 0.382 0.0967
0.0012 0.737 0.0002
0.0003 0.658 0.0016
0.0048 0.454 0.0443
0.0230 —0.168 0.478
0.0432 —0.043 0.856
<0.0001 0.0137 0.954
0.0259 —0.192 0.417
0.0448 —0.256 0.276
0.0204 —0.135 0.571
0.0456 —0.283 0.227
0.0308 —0.526 0.0173
0.0095 —0.0206 0.931
0.0327 —0.154 0.517
0.0309 —0.0160 0.947
0.0066 - -
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B-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 p-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: » = 0.543,
p = 0.0841; early T/M ratio: » = 0.828, p = 0.0009; del-
ayed T/M ratio: » = 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."” 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 B-oxidation (acylcarnitines, fatty
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acids, and thyroxine), we performed multiple regression
analyses for age, sex, BMI, and serum carnitine levels as
confounding variables.'’ 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

p-oxidation of LC-FAs is mainly performed in the mito-
chondria of cardiac muscles, skeletal muscle, and the
liver.'” Extracellular vesicles including exosomes are
involved in inter-tissue communication during exercise.’”
Indeed, adipose tissue secretes exosomes containing
miRNAs capable of regulating gene expression in the liver
and other tissues.>® Likewise, exosomal miRNAs are can-
didate messengers among organs that exhibit resistance to
degradation in the bloodstream compared with non-
exosomal miRNAs.?>?* Therefore, we hypothesized that
miRNAs in exosomes represent an important biologically
coordinated mechanism capable of profoundly changing
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FIGURE 3: Correlation analyses of fatty acid p-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 = "?3l-metaiodobenzylguanidine; T/M = mean count of the thyroid uptake/mean count of the mediastinum uptake.
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FA B-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,”
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,”” 67 Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathways with p values less than 0.05
including “Fatty acid biosynthesis,”, “Thyroid hormone

with those reports (hsa—miR—223—5p,36 miR—652—3p,37 hsa-
miR-181¢-5p,*® hsa-miR-1,273 h-5p,*® hsa-miR-199b-5p,”
and miR-338-3p™®).

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.*
Metabolites and miRNAs identified by trans-omics analy-
sis are listed in Tables S1 and S2. As a result, the PPARx
pathway was predicted to be significantly altered in PD,
contributing to both metabolomic and transcriptomic
changes. Among the pathways identified by IMPaLA,"'
we focused on the PPARa pathway and investigated it
using human cell lines because PPAR« signaling is closely

related to FA metabolism.*!

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
3639
D)

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

plasma or serum of patients with P and the directions [B-oxidation in the liver or skeletal muscles because these

of 6 miRNA:s significantly altered in this study were consistent metabolic reactions are most active in those organs. To
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investigate which organs are important for these changes
and the involvement of thyroid hormones and PPAR« 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 5'-deiodinase 2 is a key mechanism
by which thyroid hormone regulates metabolism."”
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 CPTIA
mRNA were partially but significantly suppressed in
T3-treated cells following siRNA knockdown of PPARa
(Fig 4C). Moreover, CPT1A protein levels were
suppressed by PPARa 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 B-oxidation and FA consumption
(Fig 4E).

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

Miyamoto et al: Systemic Metabolic Alteration in PD

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 PPARa pathway based
on suppressed FA B-oxidation, as well as hypothyroidism.
Finally, we confirmed the presence of a thyroid-PPARa-
liver axis using in vitro experiments.

Based on a theory suggested by Horsager et al,”' 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 aSyn
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.*** Likewise, the possibility
remains that the pathological role of a-Syn deposition in
the sympathetic nerves may be specific to the heart.*® Fur-
ther research is required to resolve these issues.

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

DaT reduction
in the substantia nigra
| Thyroid hormone secretion

PPARa pathway
| CPT1A
| fatty acid p-oxidation

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-ioﬂur.:uane-dopamine
transporter; PD = Parkinson'’s disease.
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the sympathetic nervous system on thyroid hormone
secretion.*®*” 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.”
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.'”***>° 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-'*F-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-'®F-
fluorodopamine uptake, whereas 26.1% and 47.8% of
patients with PD without OH had abnormal Valsalva
responses and diffusely decreased 6-'*F-fluorodopamine
uptake, respectively.’! Likewise, the serum levels of thyroid
hormones were modestly decreased in de novo PD.*® 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.*?’
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 ''C-donepezil positron
emission tomography-computed tomography.”

In our previous study, FA B-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.'? 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 B-oxidation is under super-
vision of the thyroid. This finding is further supported by
enrichment of the PPARa 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.*
PPARa signaling is involved in modulation of hepatic
lipid metabolism by thyroid hormones and regulated by
exosomal 4 miRNAs between adipose tissues and the liver

12

in mice.”>*! Experimentally, we found that the T3-p-
oxidation axis was regulated by CPTIA expression and
identified a T3-FA axis in hepatic cell lines. Although T3
upregulated mitochondrial ~respiration regulated by
PGCla expression, it did not upregulate p-oxidation in a
primary skeletal muscle cell line. Accordingly, we propose
that insufficient FA B-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.”*

Thyroid hormones and PPAR« signaling act directly
and indirectly on nerves to elicit neuroprotective
effects.”®>® Treatment with thyroid hormone restored
dopaminergic neurons differentiated from rat or human
neural precursor cells from neurotoxin-induced damage.””
Moreover, pemafibrate, a selective PPARa modulator,
indirectly protected mice against retinal neurodegeneration
by modulating balance of serum lipid metabolism via pro-
moting liver functions.”® Therefore, decreasing thyroid
hormone levels and reducing PPAR« 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.*
Moreover, several studies have reported increased patho-
logical miRNAs in exosomes that, once released from
pathogenic cells, can affect distant organs.””*® 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 f-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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Table S1. Significantly changed miRNA identified by comprehensive transcriptome analysis.

miRNA Ratio (PD/HC) P-value
hsa-miR-20a-5p 0.800 0.00159
hsa-miR-101-3p_1 0.791 0.00160
hsa-miR-500a-5p 0.753 0.00202
hsa-miR-19a-5p 0.599 0.00222
hsa-miR-101-3p_2 0.805 0.00301
hsa-miR-106a-3p 0.718 0.00400
hsa-miR-424-5p 1.39 0.00407
hsa-miR-548ab 0.423 0.00410
hsa-miR-371b-5p 4.01 0.00588
hsa-miR-765 3.49 0.00685
hsa-miR-4672 0.418 0.00746
hsa-miR-597-5p 2.45 0.00754
hsa-miR-6842-3p 2.36 0.00794
hsa-miR-223-5p 2.01 0.00813
hsa-miR-6750-5p 0.393 0.00838
hsa-miR-3613-3p 1.81 0.00850
hsa-miR-151a-3p 1.47 0.00906
hsa-miR-542-5p 224 0.00911
hsa-miR-1237-3p 3.23 0.00935
hsa-miR-4802-5p 2.44 0.00952
hsa-miR-425-5p 1.32 0.00982
hsa-miR-4804-5p 0.35 0.0104
hsa-miR-331-3p 1.56 0.0106
hsa-miR-450a-5p 1 1.91 0.0108
hsa-miR-338-5p 1.91 0.0111
hsa-miR-328-3p 2.09 0.0111
hsa-miR-450a-5p 2 1.90 0.0115
hsa-miR-500b-5p 0.802 0.0116

hsa-miR-671-3p 2.07 0.0118



hsa-miR-4433-5p
hsa-miR-3130-5p_1
hsa-miR-143-3p
hsa-miR-130a-5p
hsa-miR-877-3p
hsa-let-7i-5p
hsa-miR-6852-5p
hsa-miR-18b-3p
hsa-miR-7111-3p
hsa-miR-744-3p
hsa-miR-3124-5p
hsa-miR-1537-3p
hsa-miR-181c-5p
hsa-miR-197-3p
hsa-miR-326
hsa-miR-6855-3p
hsa-miR-330-3p
hsa-miR-1250-5p

hsa-let-7d-3p

hsa-miR-3130-5p_2

hsa-miR-1273h-5p
hsa-miR-532-3p
hsa-miR-4676-5p
hsa-miR-130a-3p
hsa-miR-181a-5p 1
hsa-miR-6721-5p
hsa-miR-345-5p
hsa-miR-933

hsa-miR-766-3p

hsa-miR-6511a-3p 1

hsa-miR-548ax

hsa-miR-144-3p

3.26
0.780
1.72
1.96
1.98
0.799
2.52
0.619
3.78
1.89
1.92
1.82
1.86
1.98
2.11
1.90
2.13
2.40
1.29
0.735
2.92
1.35
1.87
1.45
1.43
3.35
1.57
0.493
1.88
1.34
2.25

0.729

0.0123
0.0124
0.0133
0.0135
0.0139
0.0145
0.0145
0.0145
0.0145
0.0146
0.0152
0.0152
0.0154
0.0158
0.0172
0.0181
0.0182
0.0183
0.0187
0.0197
0.0197
0.0206
0.0211
0.0211
0.0215
0.0218
0.0218
0.0221
0.0222
0.0228
0.0231
0.0233



hsa-miR-181a-5p 2
hsa-miR-660-5p
hsa-miR-5090
hsa-miR-4433b-5p
hsa-miR-1260b
hsa-miR-4701-3p
hsa-miR-181d-5p
hsa-miR-624-5p
hsa-miR-199b-5p
hsa-miR-548j-3p
hsa-miR-219a-5p
hsa-miR-4446-3p
hsa-miR-4523
hsa-miR-34a-3p
hsa-miR-551a
hsa-miR-338-3p
hsa-miR-3120-3p
hsa-miR-548ac
hsa-miR-133a-5p
hsa-miR-191-3p
hsa-miR-202-5p
hsa-miR-760
hsa-miR-425-3p
hsa-miR-744-5p
hsa-miR-223-3p
hsa-miR-652-3p
hsa-miR-6511a-3p 2
hsa-miR-5006-3p
hsa-miR-1256
hsa-miR-31-5p
hsa-miR-95-5p

hsa-miR-485-3p

1.43
0.850
0.501

1.97

2.07

3.43

1.98
0.755

1.65

2.94

1.58

2.33

2.99
0.666

2.13

1.85

1.81
0.534

2.35

1.74
0.522

2.07

1.45

1.82

1.78

1.40

1.43

2.12

2.27
0.673
0.343

2.21

0.0234
0.0235
0.0238
0.0238
0.0243
0.0252
0.0255
0.0258
0.0260
0.0261
0.0262
0.0263
0.0265
0.0268
0.0268
0.0275
0.0275
0.0276
0.0286
0.0286
0.0289
0.0290
0.0294
0.0294
0.0298
0.0298
0.0309
0.0310
0.0316
0.0319
0.0324
0.0327



hsa-miR-151a-5p
hsa-miR-423-3p
hsa-miR-2355-3p
hsa-miR-548e-3p
hsa-miR-18a-5p
hsa-miR-145-3p
hsa-miR-6833-3p
hsa-miR-582-5p
hsa-miR-377-5p
hsa-miR-191-5p
hsa-miR-4286
hsa-miR-1260a
hsa-miR-4746-5p
hsa-miR-181c¢c-3p
hsa-miR-486-5p 1
hsa-miR-6763-5p
hsa-miR-28-3p
hsa-miR-15a-3p
hsa-miR-502-5p
hsa-miR-365b-5p
hsa-miR-584-5p
hsa-miR-671-5p
hsa-miR-26a-1-3p
hsa-miR-627-5p
hsa-miR-490-3p
hsa-miR-19a-3p
hsa-miR-542-3p
hsa-miR-93-3p
hsa-miR-486-5p_2
hsa-miR-148a-5p
hsa-miR-409-3p

hsa-miR-548h-3p

1.34
1.61
1.74
1.46
0.847
1.49
0.592
1.70
2.55
1.19
1.74
1.81
0.461
1.82
1.23
2.49
1.58
0.780
0.789
0.387
1.41
2.07
1.99
1.61
2.85
0.870
1.53
1.32
1.21
1.61
2.02

1.29

0.0336
0.0338
0.0340
0.0340
0.0342
0.0348
0.0357
0.0363
0.0364
0.0364
0.0364
0.0369
0.0374
0.0375
0.0382
0.0382
0.0385
0.0398
0.0402
0.0404
0.0407
0.0407
0.0421
0.0425
0.0425
0.0426
0.0436
0.0447
0.0450
0.0458
0.0460
0.0461



hsa-miR-370-3p 2.20 0.0464

hsa-miR-3141 2.81 0.0470
hsa-miR-548k 1.40 0.0470
hsa-miR-375 1.85 0.0471
hsa-miR-624-3p 0.735 0.0475
hsa-miR-1301-3p 1.47 0.0479
hsa-miR-6804-5p 1.94 0.0479
hsa-miR-577 0.400 0.0485
hsa-miR-144-5p 0.775 0.0487
hsa-miR-7850-5p 2.64 0.0487
hsa-miR-4646-3p 1.38 0.0488
hsa-miR-491-3p 2.63 0.0492
hsa-miR-1323 0.424 0.0495
hsa-miR-1273h-3p 1.84 0.0497
hsa-miR-199a-5p 1.50 0.0497
hsa-miR-3679-5p 1.73 0.0499

Abbreviations: HC = healthy controls; PD = Parkinson’s disease. P-value obtained by Student’s -

test compared to healthy controls.



Table S2: Significantly changed metabolites identified by comprehensive metabolome analysis.

Compound Ratio (PD/HC) P-value
AC(10:0) 0.492 0.00174
AC(12:0) 0.536 0.000959
AC(12:1)-2 0.664 0.00182
AC(13:1) 0.565 0.00445
AC(14:0) 0.608 0.000979
AC(14:1) 0.666 0.0172
AC(14:2) 0.658 0.00766
AC(14:3) 0.667 0.0474
AC(15:0)-2 0.764 0.00327
AC(16:0) 0.684 0.000138
AC(16:1) 0.775 0.0303
AC(18:0) 0.709 0.00350
AC(18:1) 0.708 0.000371
AC(18:2) 0.777 0.00518
FA(8:0) 1.26 0.0143
FA(10:0) 1.34 0.0586
FA(12:0)-2 1.13 0.0371
FA(14:1)-3 1.52 0.0559
FA(14:2) 1.44 0.0660
FA(14:3) 1.64 0.00000171
FA(16:3) 1.18 0.0947
FA(17:0)-3 1.18 0.0491
FA(17:2) 1.57 0.0355
FA(18:1)-3 1.25 0.0658
FA(18:2) 1.31 0.0227
FA(18:3) 1.37 0.0598
FA(19:1) 1.21 0.0571
FA(19:2) 1.34 0.0169
FA(20:0) 1.20 0.0577
FA(20:1) 1.21 0.0667
FA(20:2) 1.25 0.0118

FA(20:4) 1.27 0.0349



FA(22:4) 1.36 0.0358

Palmitoylethanolamide 1.11 0.0887
Stearoyl ethanolamide 1.11 0.0682
Oleoyl ethanolamide 1.15 0.0519
AEA(22:4) 0.764 0.000000686
Cholesterol 1.09 0.00554
Ursodeoxycholic acid 0.489 0.0528
Chenodeoxycholic acid 0.186 0.0368
Dehydroisoandrosterone 1.17 0.0219
Sphingosine 0.580 0.00297
N-Hexanoylsphingosine 0.892 0.0169
Thyroxine 0.712 0.0129
Asp 0.853 0.0756
Leu 0.903 0.0786
Val 0.918 0.0887
ADP 0.598 0.0826
ATP 0.637 0.0906
Taurine 0.924 0.0656
Glyceric acid 0.912 0.0176
Glycerol 3-phosphate 1.15 0.0498
S-Sulfocysteine 0.808 0.0191
5-Hydroxylysine 0.793 0.0140
Guanidinosuccinic acid 1.32 0.0434
2-Hydroxyglutaric acid 0.674 0.0458
O-Acetylhomoserine, 2-Aminoadipic acid 0.845 0.0941
Dyphylline 0.884 0.000327
Retinol-2 1.16 0.0905
16-Epiestriol-2 1.11 0.0896
Kynurenine 0.878 0.0954
1-Methylnicotinamide 0.743 0.0884
a-Tocopherol 1.16 0.00286

Abbreviations: HC = healthy controls; PD = Parkinson’s disease; AC = acylcarnitine; FA = fatty acid; AEA =

arachidonoyl ethanolamide. P-value obtained by Student's #-test compared to healthy controls.



Table S3. Detailed statistical analysis of metabolome analysis by multiple regression analysis.

Variables

Disease (HC vs PD) Age Sex BMI Carnitine

Compound F-value  P-value  F-value P-value F-value P-value F-value P-value F-value P-value

AC(12:0) 10.8 0.0020 1.80 0.188  0.0561 0.814 0.728 0.399  0.0446  0.834
AC(12:1)-2 11.3 0.0018 0.270 0.606 0.399 0.531 1.34 0.254  0.0321 0.859
AC(13:1) 7.25 0.0104 4.33 0.0441 0.997 0.324 0.141 0.710 0.250 0.620
AC(14:0) 10.2 0.0027 0.0661 0.799  0.0002  0.988  0.0287  0.866 0.224 0.638
AC(14:1) 5.72 0.0217 0.302 0.586  0.0692  0.794 0.357 0.554 0.111 0.741
AC(14:2) 6.51 0.0148 0.0994  0.754 0.659 0.422  0.0891 0.767  0.0022  0.963
AC(15:0)-2 8.05 0.0072 0.148 0.703  0.0015  0.970  0.0622  0.804 0.449 0.507
AC(16:0) 14.6 0.0005 0.243 0.625  0.0527  0.820  0.0132  0.909 0.156 0.695
AC(16:1) 5.40 0.0254 1.73 0.196 0.532 0.470 2.47 0.124  0.0490  0.826
AC(18:0) 8.20 0.0067 0.537 0.468 0.977 0.329  0.0407  0.841 0.0185  0.893
AC(18:1) 13.4 0.0008 0.0314  0.860  0.0489  0.826  0.0727  0.789 0.116 0.735
AC(18:2) 7.18 0.0108 0.0083 0.928 1.13 0.295  0.0631 0.803 0.512 0.478

FA(12:0)-2 3.91 0.0550 0.933 0.340 1.07 0.308  0.0990  0.755 1.38 0.247
FA(14:1)-3 3.27 0.0781 3.17 0.0827 5.18 0.0284 1.47 0.232 1.17 0.287
FA(14:3) 30.1 <0.0001 0.000 0996  0.0845  0.773  0.0285  0.867 0.000 0.999
FA(17:0)-3 3.10 0.0863 1.04 0.314 1.59 0.216 0.191 0.665 3.12 0.0850
FA(17:2) 4.34 0.0439 0.765 0.387 0.903 0.348  0.0004  0.983  0.0061 0.938
FA(18:2) 543 0.0251 5.61 0.0286 1.70 0.200  0.0480  0.828 1.13 0.293
FA(18:3) 3.35 0.0750 3.57 0.0662 1.70 0.200  0.0914  0.764 0.555 0.461
FA(19:2) 4.87 0.0334 0.994 0.325 3.89 0.0558  0.175 0.678 0.669 0.419
FA(20:2) 5.70 0.0219 1.34 0.254 1.15 0.290  0.0023 0.962 0.942 0.338
FA(20:4) 3.98 0.0545 0.664 0.420 0.235 0.630 0.301 0.586 0.237 0.629
FA(22:4) 4.13 0.0491 1.27 0.267 2.03 0.162  0.0564 0.814 0.343 0.561

thyroxine 6.68 0.0136 0.0166  0.898 0.498 0.486 0.119 0.732 3.11 0.0858

Abbreviations: HC = healthy controls; PD = Parkinson’s disease; AC = acylcarnitine; FA = fatty acid. F-value and P-

value obtained by multiple regression analysis



Table S4. KEGG pathway enrichment analysis with mirPath v3 followed by TarBase.

KEGG pathway P-value  #genes #miRNAs
1 Cellcycle 6.69.E-12 99 55
2 Proteoglycans in cancer 6.69.E-12 137 62
3 Protein processing in endoplasmic reticulum 7.39.E-12 127 61
4 Ubiquitin mediated proteolysis 1.25.E-11 109 59
5  Viral carcinogenesis 9.68.E-11 139 58
6  p53 signaling pathway 2.07.E-07 56 54
7  Spliceosome 8.70.E-07 93 61
8  Estrogen signaling pathway 9.32.E-07 68 52
9  Renal cell carcinoma 1.51.E-06 53 52
10  Endocytosis 1.51.E-06 142 59
11 Pancreatic cancer 2.19.E-06 53 49
12 TNF signaling pathway 2.67.E-06 79 50
13 Hepatitis B 2.84.E-06 96 57
14 Hippo signaling pathway 2.84.E-06 95 62
15 Lysine degradation 3.21.E-06 34 50
16 Fatty acid biosynthesis 4.62.E-06 7 27
17 TGF-beta signaling pathway 4.62.E-06 55 53
18 Chronic myeloid leukemia 1.14.E-05 56 53
19 Prion diseases 2.71.E-05 20 40
20 Colorectal cancer 2.71.E-05 48 51
21 Prostate cancer 3.25.E-05 68 56
22 FoxO signaling pathway 4.13.E-05 94 56
23 Adherens junction 4.46.E-05 53 53
24  Base excision repair 6.02.E-05 24 28
25 Central carbon metabolism in cancer 6.04.E-05 49 50
26  Small cell lung cancer 6.35.E-05 64 53
27 Bladder cancer 8.03.E-05 32 51
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29
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31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

Oocyte meiosis

mTOR signaling pathway

Epstein-Barr virus infection

Thyroid hormone signaling pathway
Transcriptional misregulation in cancer
HTLV-I infection

Non-small cell lung cancer

RNA transport

mRNA surveillance pathway

Inositol phosphate metabolism
Phosphatidylinositol signaling system
NF-kappa B signaling pathway
Pathways in cancer

Glioma

Neurotrophin signaling pathway

RNA degradation

Endometrial cancer

Thyroid cancer

Bacterial invasion of epithelial cells
Axon guidance

Lysosome

Glycosaminoglycan biosynthesis - keratan sulfate
Sphingolipid signaling pathway

Fatty acid metabolism
Progesterone-mediated oocyte maturation
Focal adhesion

Shigellosis

Acute myeloid leukemia

HIF-1 signaling pathway

1.29.E-04
1.81.E-04
1.84.E-04
3.24. E-04
3.37.E-04
5.04.E-04
5.25.E-04
5.55.E-04
5.70.E-04
6.63.E-04
6.63.E-04
6.63.E-04
9.11.E-04
1.23.E-03
1.23.E-03
1.38.E-03
1.41.E-03
1.53.E-03
2.98.E-03
3.13.E-03
4.64.E-03
6.69.E-03
7.17.E-03
7.88.E-03
1.14.E-02
1.93.E-02
2.18.E-02
2.26.E-02

2.26.E-02

243

44

80

56

38

22

51

76

75

10

75

26

59

126

43

39

67

57

49

58

59

61

59

45

61

55

44

49

52

63

52

57

53

51

45

54

55

52

18

52

40

52

63

50

47

56



57

58

59

60

61

62

63

64

65

66

67

Insulin signaling pathway

Toxoplasmosis

MAPK signaling pathway

Biotin metabolism

AMPK signaling pathway

Signaling pathways regulating pluripotency of stem cells
Sulfur metabolism

Ribosome

Arrhythmogenic right ventricular cardiomyopathy (ARVC)
Alcoholism

Wnt signaling pathway

2.42.E-02
2.57.E-02
3.04.E-02
3.39.E-02
3.45.E-02
3.60.E-02
3.67.E-02
3.79.E-02
3.93.E-02
4.30.E-02

4.62.E-02

88

73

151

81

86

84

37

106

84

58

54

62

55

60

13

46

55

56

55




Table S5. miRNAs and targeted genes lists of enriched pathways by mirPath analysis involved in thyroidal
function.

Fatty acid biosynthesis

gene miRNA

hsa-miR-130a-3p, hsa-miR-151a-3p, hsa-miR-197-3p, hsa-miR-423-3p, hsa-miR-485-3p, hsa-
ACACA
miR-486-5p, hsa-miR-542-3p, hsa-miR-877-3p, hsa-miR-766-3p

ACSBGI  hsa-miR-4286

ACSLI hsa-miR-181c-3p, hsa-miR-425-5p

hsa-miR-26a-1-3p, hsa-miR-191-5p, hsa-miR-331-3p, hsa-miR-375, hsa-miR-377-5p, hsa-miR-

ACSL3

424-5p, hsa-miR-485-3p

hsa-miR-181a-5p, hsa-miR-181c-5p, hsa-miR-375, hsa-miR-424-5p, hsa-miR-542-3p, hsa-miR-
ACSL4

548k, hsa-miR-4286

hsa-miR-93-3p, hsa-miR-130a-3p, hsa-miR-143-3p, hsa-miR-338-3p, hsa-miR-424-5p, hsa-
FASN

miR-542-5p, hsa-miR-744-5p, hsa-miR-766-3p, hsa-miR-4286

OXSM hsa-miR-532-3p

Fatty acid metabolism

gene miRNA

hsa-miR-130a-3p, hsa-miR-151a-3p, hsa-miR-197-3p, hsa-miR-423-3p, hsa-miR-485-3p, hsa-
ACACA
miR-486-5p, hsa-miR-542-3p, hsa-miR-766-3p, hsa-miR-877-3p

ACADM  hsa-miR-148a-5p

ACADSB  hsa-miR-199a-5p, hsa-miR-199b-5p

ACOXI hsa-miR-424-5p

ACOX3 hsa-miR-181a-5p, hsa-miR-181c-5p, hsa-miR-423-3p

ACSBGI  hsa-miR-4286

ACSLI hsa-miR-181c¢-3p, hsa-miR-425-5p

hsa-miR-26a-1-3p, hsa-miR-191-5p, hsa-miR-331-3p, hsa-miR-375, hsa-miR-377-5p, hsa-miR-
ACSL3
424-5p, hsa-miR-485-3p

hsa-miR-181a-5p, hsa-miR-181c-5p, hsa-miR-375, hsa-miR-424-5p, hsa-miR-542-3p, hsa-miR-
ACSL4
548k, hsa-miR-4286

CPTI14 hsa-miR-181a-5p

CPT2 hsa-miR-330-3p, hsa-miR-338-5p

ECHSI hsa-miR-424-5p




hsa-miR-93-3p, hsa-miR-143-3p, hsa-miR-148a-5p, hsa-miR-151a-3p, hsa-miR-197-3p, hsa-

ELOVLS
miR-338-5p, hsa-miR-424-5p, hsa-miR-425-5p, hsa-miR-652-3p
ELOVL6  hsa-miR-181a-5p, hsa-miR-181c-5p, hsa-miR-766-3p
FADSI hsa-miR-223-3p, hsa-miR-326
hsa-miR-93-3p, hsa-miR-130a-3p, hsa-miR-143-3p, hsa-miR-338-3p, hsa-miR-424-5p, hsa-
Fasy miR-542-5p, hsa-miR-744-5p, hsa-miR-766-3p, hsa-miR-4286
HADHA  hsa-miR-766-3p
HADHB  hsa-miR-130a-3p, hsa-miR-652-3p
HSDI17B12 hsa-miR-542-3p
OXSM hsa-miR-532-3p
PPTI hsa-miR-330-3p, hsa-miR-424-5p, hsa-miR-486-5p, hsa-miR-584-5p
PPT2 hsa-miR-191-5p, hsa-miR-425-5p, hsa-miR-4286
PTPLB hsa-miR-151a-3p, hsa-miR-425-5p, hsa-miR-548k
hsa-miR-93-3p, hsa-miR-148a-5p, hsa-miR-151a-3p, hsa-miR-181a-5p, hsa-miR-181c-5p, hsa-
SCD miR-197-3p, hsa-miR-330-3p, hsa-miR-331-3p, hsa-miR-345-5p, hsa-miR-582-5p, hsa-miR-
744-5p, hsa-miR-760, hsa-miR-1260a
SCD5 hsa-miR-330-3p
TECR hsa-miR-766-3p

Thyroid hormone signaling pathway

gene miRNA
hsa-miR-151a-5p, hsa-miR-181a-5p, hsa-miR-326, hsa-miR-331-3p, hsa-miR-423-3p, hsa-miR-
ACTB 424-5p, hsa-miR-425-5p, hsa-miR-450a-5p, hsa-miR-486-5p, hsa-miR-490-3p, hsa-miR-548k,
hsa-miR-744-5p, hsa-miR-760
hsa-miR-130a-3p, hsa-miR-330-3p, hsa-miR-424-5p, hsa-miR-548h-3p, hsa-miR-744-5p, hsa-
ACTGI
miR-760, hsa-miR-3679-5p
AKTI hsa-miR-331-3p, hsa-miR-548k
hsa-miR-148a-5p, hsa-miR-331-3p, hsa-miR-345-5p, hsa-miR-423-3p, hsa-miR-4286, hsa-miR-
AKT2
532-3p
AKT3 hsa-miR-181a-5p, hsa-miR-181c-5p, hsa-miR-2355-3p, hsa-miR-326, hsa-miR-424-5p
hsa-miR-93-3p, hsa-miR-130a-3p, hsa-miR-148a-5p, hsa-miR-197-3p, hsa-miR-330-3p, hsa-
ATPIAI miR-338-3p, hsa-miR-338-5p, hsa-miR-423-3p, hsa-miR-486-5p, hsa-miR-548ax, hsa-miR-766-

3p




ATP142  hsa-miR-331-3p
hsa-miR-181a-5p, hsa-miR-181c-5p, hsa-miR-375, hsa-miR-424-5p, hsa-miR-424-5p, hsa-miR-
ATPI1BI
425-5p, hsa-miR-582-5p, hsa-miR-5006-3p
ATPIB3  hsa-miR-760
hsa-miR-28-3p, hsa-miR-93-3p, hsa-miR-130a-3p, hsa-miR-181a-5p, hsa-miR-191-5p, hsa-
ATP242  miR-197-3p, hsa-miR-338-5p, hsa-miR-450a-5p, hsa-miR-532-3p, hsa-miR-584-5p, hsa-miR-
744-5p
CASP9 hsa-miR-191-3p, hsa-miR-486-5p
hsa-miR-26a-1-3p, hsa-miR-151a-3p, hsa-miR-181a-5p, hsa-miR-326, hsa-miR-338-3p, hsa-
CCND1 miR-424-5p, hsa-miR-425-5p, hsa-miR-532-3p, hsa-miR-671-5p, hsa-miR-765, hsa-miR-766-
3p, hsa-miR-4286
CREBBP  hsa-miR-330-3p, hsa-miR-338-5p, hsa-miR-744-5p, hsa-miR-877-3p
hsa-miR-148a-5p, hsa-miR-151a-5p, hsa-miR-181a-5p, hsa-miR-191-5p, hsa-miR-197-3p, hsa-
CTNNB1  miR-330-3p, hsa-miR-423-3p, hsa-miR-424-5p, hsa-miR-542-5p, hsa-miR-548k, hsa-miR-582-
5p, hsa-miR-744-5p, hsa-miR-760, hsa-miR-877-3p, hsa-miR-1260a, hsa-miR-1260b
hsa-miR-130a-3p, hsa-miR-143-3p, hsa-miR-148a-5p, hsa-miR-181a-5p, hsa-miR-181c-5p, hsa-
BR300 miR-330-3p, hsa-miR-671-3p, hsa-miR-760, hsa-miR-877-3p, hsa-miR-1260a, hsa-miR-1260b
ESRI hsa-miR-191-5p, hsa-miR-338-5p
FOXO1 hsa-miR-181c¢-3p, hsa-miR-330-3p, hsa-miR-582-5p
FXYD2  hsa-miR-326
hsa-let-7d-3p, hsa-miR-130a-3p, hsa-miR-148a-5p, hsa-miR-331-3p, hsa-miR-424-5p, hsa-miR-
GSR3B 532-3p, hsa-miR-766-3p, hsa-miR-877-3p
HDAC2  hsa-miR-423-3p
HDAC3  hsa-miR-326
hsa-miR-93-3p, hsa-miR-130a-3p, hsa-miR-338-3p, hsa-miR-375, hsa-miR-424-5p, hsa-miR-
i 548h-3p, hsa-miR-1260a, hsa-miR-1260b
HRAS hsa-miR-130a-3p
ITGAV hsa-miR-338-5p, hsa-miR-425-5p
hsa-miR-181a-5p, hsa-miR-181c-5p, hsa-miR-199a-5p, hsa-miR-199b-5p, hsa-miR-338-5p, hsa-
KRas miR-548h-3p, hsa-miR-548k, hsa-miR-2355-3p
MAP2KI  hsa-miR-181a-5p, hsa-miR-181c-5p, hsa-miR-424-5p
hsa-miR-93-3p, hsa-miR-143-3p, hsa-miR-151a-5p, hsa-miR-181a-5p, hsa-miR-197-3p, hsa-
MAPKI  miR-330-3p, hsa-miR-331-3p, hsa-miR-345-5p, hsa-miR-424-5p, hsa-miR-582-5p, hsa-miR-

766-3p, hsa-miR-877-3p, hsa-miR-3679-5p



MAPK3  hsa-miR-181a-5p
hsa-miR-143-3p, hsa-miR-181c-3p, hsa-miR-330-3p, hsa-miR-338-3p, hsa-miR-338-5p, hsa-
miR-375, hsa-miR-423-3p, hsa-miR-424-5p, hsa-miR-425-5p, hsa-miR-532-3p, hsa-miR-542-
MDM2 3p, hsa-miR-582-5p, hsa-miR-671-5p, hsa-miR-744-3p, hsa-miR-766-3p, hsa-miR-877-3p, hsa-
miR-1260a, hsa-miR-1260b, hsa-miR-5006-3p
hsa-miR-151a-5p, hsa-miR-181c-3p, hsa-miR-330-3p, hsa-miR-331-3p, hsa-miR-338-3p, hsa-
MEDI miR-424-5p, hsa-miR-425-5p
MEDI2 hsa-miR-130a-3p, hsa-miR-143-3p, hsa-miR-338-3p
MEDI2L  hsa-miR-151a-3p, hsa-miR-425-5p, hsa-miR-4286
hsa-miR-93-3p, hsa-miR-130a-3p, hsa-miR-151a-3p, hsa-miR-181a-5p, hsa-miR-181c-5p, hsa-
MEDES miR-197-3p, hsa-miR-375, hsa-miR-425-5p, hsa-miR-485-3p, hsa-miR-542-3p, hsa-miR-548k
hsa-miR-130a-3p, hsa-miR-197-3p, hsa-miR-331-3p, hsa-miR-425-5p, hsa-miR-548ax, hsa-
MEDI3L
miR-1260a, hsa-miR-1260b
MEDI4  hsa-miR-130a-3p, hsa-miR-143-3p, hsa-miR-424-5p, hsa-miR-744-3p
MEDI6 hsa-miR-93-3p, hsa-miR-744-5p, hsa-miR-1260a, hsa-miR-1260b
MEDI7  hsa-miR-130a-3p, hsa-miR-330-3p, hsa-miR-425-3p, hsa-miR-548k
MED24  hsa-miR-148a-5p
MED4 hsa-miR-532-3p
MTOR hsa-miR-223-3p, hsa-miR-424-5p, hsa-miR-766-3p
hsa-miR-130a-3p, hsa-miR-148a-5p, hsa-miR-151a-5p, hsa-miR-181c-3p, hsa-miR-191-3p, hsa-
MYC miR-199a-5p, hsa-miR-199b-5p, hsa-miR-375, hsa-miR-423-3p, hsa-miR-424-5p, hsa-miR-766-
3p
MYHG6 hsa-miR-130a-3p
NCOA2 hsa-miR-93-3p, hsa-miR-181a-5p, hsa-miR-486-5p, hsa-miR-744-5p, hsa-miR-744-3p
hsa-miR-28-3p, hsa-miR-151a-3p, hsa-miR-181a-5p, hsa-miR-181c-5p, hsa-miR-197-3p, hsa-
NCOA3 miR-330-3p, hsa-miR-375, hsa-miR-409-3p, hsa-miR-425-5p, hsa-miR-485-3p, hsa-miR-744-
3p
NCOR1 hsa-miR-93-3p, hsa-miR-181a-5p, hsa-miR-181c-5p, hsa-miR-375, hsa-miR-2355-3p
NOTCHI  hsa-miR-181a-5p
hsa-miR-181a-5p, hsa-miR-181c-5p, hsa-miR-191-5p, hsa-miR-338-3p, hsa-miR-424-5p, hsa-
NOTCH2  miR-485-3p, hsa-miR-532-3p, hsa-miR-652-3p, hsa-miR-671-5p, hsa-miR-765, hsa-miR-766-

3p, hsa-miR-4446-3p



hsa-miR-130a-3p, hsa-miR-148a-5p, hsa-miR-151a-3p, hsa-miR-181a-5p, hsa-miR-424-5p, hsa-

NRAS
miR-425-5p, hsa-miR-486-5p, hsa-miR-671-5p
PDPK1 hsa-miR-181a-5p
PFKP hsa-miR-338-3p, hsa-miR-582-5p, hsa-miR-1260b
PIK3CB  hsa-miR-130a-3p, hsa-miR-181a-5p, hsa-miR-181c-5p, hsa-miR-424-5p
PIK3CD  hsa-miR-223-3p
PIK3R1 hsa-miR-181a-5p, hsa-miR-338-5p
PIK3R2  hsa-miR-130a-3p, hsa-miR-424-5p
PIK3R3  hsa-miR-151a-3p, hsa-miR-181a-5p, hsa-miR-181c-5p, hsa-miR-582-5p, hsa-miR-766-3p
PLCBI hsa-miR-425-5p
PLCB4 hsa-miR-151a-3p
PLCD3 hsa-miR-197-3p, hsa-miR-331-3p, hsa-miR-744-5p
PLCEI hsa-miR-375
PLCGI hsa-miR-486-5p, hsa-miR-4286
PLCG2 hsa-miR-425-3p
PRKACA  hsa-miR-151a-5p, hsa-miR-191-5p, hsa-miR-199b-5p, hsa-miR-375
PRKACB  hsa-miR-330-3p
PRKCA  hsa-miR-199a-5p
PRKX hsa-miR-375, hsa-miR-671-3p
RAF1 hsa-miR-326, hsa-miR-330-3p, hsa-miR-375, hsa-miR-423-3p, hsa-miR-744-3p
hsa-let-7d-3p, hsa-miR-26a-1-3p, hsa-miR-330-3p, hsa-miR-490-3p, hsa-miR-491-3p, hsa-miR-
RCANI
532-3p
RHEB hsa-miR-151a-5p, hsa-miR-199b-5p
RXRB hsa-miR-130a-3p, hsa-miR-199a-5p, hsa-miR-2355-3p
SIN3A4 hsa-miR-151a-3p, hsa-miR-181a-5p, hsa-miR-375, hsa-miR-486-5p
SLCI16410 hsa-miR-330-3p
SLC241  hsa-miR-766-3p
SLCY941  hsa-miR-424-5p, hsa-miR-542-3p
STATI hsa-miR-151a-5p, hsa-miR-181a-5p, hsa-miR-181c¢-5p, hsa-miR-191-5p, hsa-miR-542-3p
TBCiID4  hsa-miR-130a-3p
THRA hsa-miR-130a-3p, hsa-miR-375, hsa-miR-766-3p
THRB hsa-miR-425-5p



TP53 hsa-miR-181a-5p, hsa-miR-766-3p

TSC2 hsa-miR-93-3p, hsa-miR-548ax, hsa-miR-760
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