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Objective: Graves’ disease (GD) related hyperthyroidism (HT) has profound effects on
metabolic activity and metabolism of macromolecules affecting energy homeostasis. In
this study, we aimed to get a comprehensive understanding of the metabolic changes and
their clinical relevance in GD children.

Methods: We investigated serum substances from 30 newly diagnosed GD children and
30 age- and gender-matched healthy controls. We explored the metabolomics using
ultra-high-performance liquid chromatography—quadrupole time-of-flight mass
spectrometry (UHPLC-QTOF/MS) analysis, and then analyzed the metabolomic data via
multivariate statistical analysis.

Results: By untargeted metabolomic analysis, a total of 730 metabolites were identified in
all participants, among which 48 differential metabolites between GD and control groups
were filtered out, including amino acids, dipeptides, lipids, purines, etc. Among these
metabolites, 33 were detected with higher levels, while 15 with lower levels in GD group
compared to controls. Pathway analysis showed that HT had a significant impact on
aminoacyl-transfer ribonucleic acid (tRNA) biosynthesis, several amino acids metabolism,
purine metabolism, and pyrimidine metabolism.

Conclusion: In this study, via untargeted metabolomics analysis, significant variations of
serum metabolomic patterns were detected in GD children.

Keywords: Graves’ disease, children, serum metabolomics, untargeted metabolomics, metabolic pathway

INTRODUCTION

Graves’ disease (GD) is the most common cause of hyperthyroidism (HT) with an autoimmune
origin in children and adults (1-3). The incidence of GD in children is about 0.9-14.1/100,000,
peaking in adolescent females (4-6). A trend of surging incidence of juvenile thyrotoxicosis was
observed worldwide, with two to three times higher incidence in the Chinese pediatric population
compared to the Caucasians (4-6).

It is well known that thyroid hormone regulates metabolic processes essential for normal growth
and development in children (7). With excessive thyroid hormone, HT facilitates the metabolism
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process via elevated resting energy expenditure, weight loss,
upregulated lipolysis, and gluconeogenesis, as well as decreased
cholesterol levels (8).

Metabolomics is the study of specific small molecule
metabolites or their profiles. Untargeted metabolomics
provides a global fingerprint of information through the
simultaneous identification of as many metabolites as possible
within a tissue, biological fluid, or even cell sample (9, 10).
Different instrumental platforms, including nuclear magnetic
resonance (NMR) spectroscopy, gas chromatography (GC),
and liquid chromatography (LC) coupled with mass
spectrometry (MS), are used to cover different features of the
human metabolome (9, 10). Metabolomics has been used to
explore new biomarkers of disease risk in large-scale studies. In
smaller studies, metabolomics has been designed to investigate
the underlying mechanisms and progression of certain diseases,
or to reveal the potential roles of dietary and environmental
exposures, as well as gut flora activity in chronic diseases (11, 12).
Multiple studies on metabolomic changes in GD adult patients
have been reported, which showed that acylcarnitine and
polyamine profiles were different between GD patients and
healthy controls (13, 14). Metabolic pathways, such as arginine
and proline metabolism and aminoacyl-transfer ribonucleic acid
(tRNA) biosynthesis have also been altered in GD patients (15).
However, the metabolomic alterations of GD in pediatric
population have not been fully explored.

In the present study, we used an ultra-high-performance
liquid chromatography coupled with the quadruple time-of-
fight mass spectrometry (UHPLC-QTOF/MS)-based
untargeted metabolomics approach to explore the perturbation
of metabolic process in GD children compared to age- and
gender- matched healthy normal controls. We aim to extend
the current knowledge beyond previously reported targeted
metabolite changes by examining the global serum
metabolomics profiles of GD, and propose new dietary
suggestions which may improve the treatment of GD.

MATERIALS AND METHODS

Study Design and Participants

Blood samples of 30 newly diagnosed drug-naive GD patients at
Children’s Hospital of Soochow University from March 2017 to
May 2018 were collected for our study. Meanwhile, 30 age- and
sex-matched healthy controls were enrolled from their annual
physical examination. GD was diagnosed according to guidelines
(16) and as previously described (17).

All patients and control subjects underwent general physical
examination and laboratory evaluation before enrollment. We
excluded subjects with liver dysfunction, cardiovascular
complications, or other endocrine disorders and immune
diseases. Moreover, to avoid the impact of sex hormones on
metabolites, we only included prepubertal children in this study,
which means only boys and girls at Tanner stage I were recruited
in the study.

Sample Collection

Serum levels of thyroid-related hormones, including total
thyroxine (TT4), total triiodothyronine (TT3), free thyroxine
(FT4), free triiodothyronine (FT3), and thyroid stimulating
hormone (TSH), as well as thyroid autoantibodies, containing
thyroid peroxidase antibody (TPOADb), thyroglobulin antibody
(TGADb), and thyroid stimulating hormone receptor antibodies
(TRAb) were measured by electrochemiluminescence
immunoassay at the laboratories of our hospital. Serum
samples for untargeted metabolomics were taken after 10-12h
night fasting from an antecubital venous catheter. Samples were
placed on ice, separated within 20min, and stored at -80°C
until analysis.

Untargeted Metabolomics Analyzed by
UHPLC-QTOF/MS

Samples were thawed at 4°C on ice. Then a 100uL sample was
extracted by adding 400pL of extraction solvent (V methanol: V
acetonitrile= 1:1, containing internal standard 2 pig/mL), vortexing
for 30s, sonicating for 10min at 4°C, and then incubating for 1h at
-20°C. The precipitated protein was then centrifuged at 4°C and
12000rpm for 15 min. Subsequently, the 425UL supernatant was
dried in a vacuum concentrator without heating, resolved by 100uL
extraction solvent (V acetonitrile: V water= 1:1), vortexed for 30s,
sonicated for 10min at4°C, and centrifuged for 15min at 12000rpm,
4°C. Then the supernatant (60L) was transferred into a LC/MS vial
for UHPLC-QTOF/MS analysis. To ensure data quality, 10uL
supernatant from different individual serum samples were pooled
as a quality control sample.

Metabolomics performed were described in a previous study
(14). In brief, LC-MS/MS analyses were performed using a 1290
UHPLC system (Agilent Technologies, Santa Clara, CA, USA) with
a UPLC BEH Amide column (1.7pm, 2.1¥*100mm, Waters) coupled
to Triple time-of-flight 6600 (Q-TOF, AB Sciex, Framingham, MA,
USA). The injection volume for each sample was 1uL. The mass
spectroscopy (MS) data were collected from m/z 50-1200 Da. The
MS spectra acquisition was performed using Analyst TF 1.7
software (AB Sciex) based on the information-dependent basis
(IDA) mode. In each cycle, 12 precursor ions whose intensity
greater than 100 were chosen for fragmentation at collision
energy (CE) of 30 eV (15 MS/MS events per 50 ms of product ion
accumulation time). The electrospray ionization (ESI) source
conditions were set as following: nebulizer pressure, 60 Psi;
auxiliary pressure, 60 Psi; curtain gas, 35 Psi; source temperature
650°C; ion spray voltage floating (ISVF) 5000 V or - 4000 V in
positive or negative modes, respectively.

Statistical Analysis

The UHPLC-QTOF/MS data analysis was performed as previously
described (18).Briefly, MS raw data (.wiff) files were converted to the
mzXML format using Proteo Wizard, and processed by R package
XCMS (version 3.2). The preprocessing results generated a data
matrix that consisted of the retention time (RT), massto-charge
ratio (m/z) values, and peak intensity. R package CAMERA was
used for peak annotation after XCMS data processing. In-house
MS?2 database was applied in metabolite identification. The SIMCA
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14.1 software package (Unetrics, Umea, Sweden) was used to
analyze the metabolites. Both principal component analysis
(PCA) and orthogonal partial least squared-discriminant analysis
(OPLS-DA) were used for the multivariate data analysis (MVDA).
The SPSS 25.0 software (SPSS Inc., Chicago, IL, USA) was used to
determine significant differences between GD and normal control
groups. The metabolic features with both variable importance in
projection (VIP) value > 1.5 and fold change (FC) >1.2 or <0.83 in
the OPLA-DA model and values P<0.05 were considered
significantly different. The correlations between substances and
thyroid function, as well as autoantibodies, were analyzed via
Spearman rank correlation and P<0.05 was considered as
statistically significant.

When comparing quantitative variables between 2 groups, for
normally distributed data, Student’s t-test was used and the results
were expressed as means * standard deviations. For data not
normally distributed, Mann-Whitney U-test was used, and the
results were expressed as medians (25th-75th percentiles).

RESULTS
Demographics of the Study Population

The baseline clinical and biochemical characteristics of 30 GD
patients and 30 age- and gender-matched healthy controls were
shown in Table 1. As expected, girls (83.3%) are more susceptible
to GD than boys (16.7%). Although all in normal ranges, GD
patients had higher alanine aminotransferase (ALT), aspartate
aminotranspherase (AST), gamma-glutamyl transpeptidase
(GGT), alkaline phosphatase (ALP), direct bilirubin (DBIL),

triglyceride (TG), and lower total cholesterol (TCHOL) levels
than normal controls.

Differential Metabolites Between the GD
and Control Groups

A total of 730 metabolites were identified in all participants. PCA
score plots showed clustering of the control and HT groups with the
cumulative fitness (R2 value) of the PCA model being 0.52 and 0.53,
respectively, for positive and negative ion models (Supplemental
Figure 1). The OPLS-DA analysis indicated clear separations
between the HT and control groups both in positive (R2X=0.178,
R2Y=0.895, Q2 = 0.727) and negative (R2X=0.152, R2Y=0.86, Q2 =
0.669) ion models (Supplemental Figure 2).

Based on the selection criteria including VIP > 1.5, P < 0.05,
and FC > 1.2 or FC < 0.83, a total of 48 differential metabolites
between GD and control groups were filtered out. Among these
metabolites, 33 were detected with higher levels, while 15 with
lower levels in GD group compared to controls (Table 2).

Differential Pathways Between the GD and
Control Groups

By comparing with the KEGG PATHWAY database (https://www.
genome.jp/kegg/), the differentially abundant metabolites were
cross-referenced with the related pathways. After enrichment and
topology analysis, the impact values of each pathway were obtained.
Essential pathways with large impacts were labeled in each
comparison, with the detailed results of pathway analyses listed in
Figure 1 and Table 3. In GD group, the most significant changes
were found in aminoacyl-tRNA biosynthesis, nitrogen metabolism,

TABLE 1 | Clinical and biochemical characteristics of the GD and control groups.

Normal range GD group (n = 30) Control group (n = 30) p Value

Age (months)® NA 78.80 + 20.50 72 +20.42 NS

Girls/Boys NA 25/5 25/5 —

Wt (Kg)P NA 24.86 (20.38~28.25) 26.48 (22.73~29.16) NS

FT3 (pg/mh? 2.71-4.69 11.41 £6.0 3.91 +£0.32 <0.01
FT4 (ng/di)? 1.04-1.83 4.33 + 2.41 1.37 £ 0.16 <0.01
TSH(uIU/mI? 0.91-4.63 0.0067 + 0.0039 2.61 + 1.31 <0.01
TT3 (ng/mi)* 0.81-2.43 3.18 £ 1.45 112 +0.23 <0.01
TT4 (ng/mi)® 55.33-124.22 157.92 + 71.58 80.12 + 13.33 <0.01
TPOAD (IU/mi) 0.00-60.00 172.19 + 39.16 44.57 £ 9.01 <0.01
TGADb (IU/mI)® 0.00-60.00 760.45 + 1125.21 23.85 +9.72 <0.01
TRADb (IU/L)? 0.00-1.50 20.11 + 11.06 0.51+0.24 <0.01
ALT (UL)P 5-35 26.70 (20.30~35.78) 12.70 (11.45~14.40) <0.01
AST (U/L)° 10-67 28.50 (23.10~33.48) 24.50 (21.85~28.25) <0.05
GGT (U/LP° 7-32 20.95 (14.10~33.793) 10.40 (8.80~11.60) <0.01
ALP (U/L)° 0-500 295 (253~333) 209 (180~234) <0.01
TBIL (umol/)° 3.40-17.10 8.80 (6.78~13.58) 8.40 (6.40~11.65) NS

DBIL (umol/)® 0.00-10.00 3.61 (2.63~5.28) 2.70 (2.40~3.59) <0.05
IBIL (umol/)® 0.00-17.00 5.15 (4.02~7.70) 5.90 (3.95~8.44) NS

TP (/) 60.0-83.0 66.03 + 4.55 7017 £4.02 NS

TG (mmol/)® 0.00-1.70 0.83 (0.58~1.293) 0.65 (0.49~0.85) <0.05
TCHOL (mmol/)* 0.00-5.20 3.17 £ 0.52 4.54 +0.89 <0.05

GD, Graves’ disease; Wt, weight; FT3, free triiodothyronine; FT4, free thyroxine; TSH, thyroid stimulating hormone; TT3, total triodothyronine; TT4, total thyroxine; TPOAb, thyroid
peroxidase antibody; TGAb, thyroglobulin antibody; TRAb,thyroid stimulating hormone receptor antibodies; ALT, alanine aminotransferase; AST, aspartate aminotransferase; GGT,
gamma-glutamyl transpeptidase; ALP, alkaline phosphatase; TBIL, total bilirubin; DBIL, direct bilirubin, IBIL, indirect bilirubin; TP, total protein; Tg, thyroglobulin; TCHOL, total cholesterol.

AThe data were normally distributed.
PThe data were not normally distributed.
NA, Not available; NS, No significance.
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TABLE 2 | Significantly changed metabolites of GD children compared to controls.

Metabolites VIP P FC

Amino acid metabolism Isovalerylglycine 2.08 0 1.65
L-Pipecolic acid 1.63 0 1.62

L-Tyrosine 1.76 0 1.4

L-Tryptophan 2.23 0 1.4

L-Methionine 2.28 0 1.29

L-Phenylalanine 2.48 0 1.3

L-Threonine 1.8 0 1.28

L-Glutamate 1.51 0 1.26

Tyramine 2.46 0 1.24

Creatinine 2.61 0 0.76

Indoxy! sulfate 1.73 0.01 0.61

Guanidinosuccinic acid 2.66 0 0.59

Dipeptides gamma-L-Glutamyl-L-valine 2.8 0 1.73
Gly-Glu 2.77 0 1.54

Val-Met 3.08 0 1.48

lle-Ala 1.87 0 1.47

Met-Tyr 1.61 0 1.45

Pro-Glu 2.61 0 1.39

His-Glu 1.72 0 1.35

Phe-Glu 1.63 0.04 1.29

Trp-lle 1.97 0 1.22

lle-Val 2.41 0 0.57

Lipid metabolism pregnenolone sulfate 2.21 0 2.71
1-Palmitoyl Lysophosphatidic Acid 2.66 0 2.38

Decanoyl-L-carnitine 218 0 1.87

5-Ox0-ETE 1.57 0.01 1.45

7-Oxocholesterol 1.73 0.02 1.44

D-erythro-Sphingosine-1-phosphate 2.26 0 1.32

Cortisone 1.32 0.03 1.22

1-Palmitoyllysophosphatidylcholine 1.6 0.01 0.82

Pristanic acid 1.58 0.01 0.81

all cis-(6,9,12)-Linolenic acid 1.69 0.01 0.73

Linoleic acid 2.02 0 0.73

Pentadecanoic Acid 1.8 0 0.73

Tridecanoic acid (Tridecylic acid) 1.65 0.02 0.72

Sphinganine 2.22 0 0.69

Myristic acid 212 0 0.64

3b-Hydroxy-5-cholenoic acid 1.58 0.04 0.56

Tricarboxylic acid cycle Isocitrate 1.66 0 1.77
Succinate 1.59 0 1.47

Nucleotide metabolism Hypoxanthine 1.56 0 1.41
Xanthine 2 0 1.34

S-Methyl-5’-thioadenosine 1.96 0 1.35

5,2’-O-dimethyluridine 2.09 0 1.34

2’-Deoxycytidine 5’-monophosphate (dCMP) 2.31 0 1.27

5,10-methylene-THF 1.7 0.04 1.25

Others Phenylacetic acid 1.51 0.04 0.8
Protoporphyrin IX 1.89 0 0.55

purine metabolism, alanine, aspartate and glutamate metabolism
and phenylalanine metabolism.

Relationship Between Thyroid Indices and
Metabolites in GD Children

The correlations between thyroid indices and differential metabolite
levels in GD patients were analyzed via Spearman’s correlation
analysis. Correlations with Spearman rank correlation coefficient >
0.4 and P < 0.05 were filtered out and listed in Table 4. We found
that three metabolites were associated with TT3, four with TT4, two
with FT3, and three with FT4. Among the differential metabolites,

three were associated with TPOAD, one with TRAb, two with
TGAD, and one with TSH.

DISCUSSION

The present study showed that serum metabolic patterns were
significantly different between GD children and healthy controls.
A total of 730 metabolites were identified in all participants,
among which 48 differential metabolites between GD and
control groups were filtered out. To our knowledge, this is the
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FIGURE 1 | Pathway analysis of serum metabolite profiles of the hyperthyroidism group compared to the control group.

first study analyzing the metabolic changes in GD children via an
untargeted metabolomic method.

Amino acids are organic compounds that contain amine
(-NH2) and carboxyl (-COOH) functional groups, along with a
side chain (R group) specific to each amino acid (19). Amino acids
are the monomers that make up human proteins and the second
largest component of human muscle and other tissues. Besides,
amino acids also actively participate in numerous biological
processes, including biosynthesis and neurotransmitter transport
(19). In the present study, we found that GD children had more
active protein digestion/absorption and nitrogen metabolism.
Quite a few amino acids, mostly essential amino acids, had
much higher levels in GD children compared with controls.
Interestingly, the amino acid pattern changes in GD children are
quite different from those of adult patients. For example,
significant changes of arginine and proline metabolism pathways
were observed in GD adult patients (20), but not the children. This
may be explained by the different amino acid metabolism among
various age groups (20). Additionally, significantly elevated levels
of phenylalanine and tyrosine were observed in GD children, but
not in GD adults (20). Most phenylalanine is converted to
tyrosine, a key component of thyroxine, through phenylalanine
hydroxylase (21). Thus, reduction of phenylalanine intake in GD
children, but not adults, may be a potential way to decrease their
thyroxine production.

Tryptophan (Trp) is an essential amino acid that serves several
important purposes and a precursor of the neurotransmitter
serotonin. The tri-iodothyronine (T3) and thyroxine (T4) entry
into different cell types depends on the aromatic amino acid
transport system T, and there is a counter transportation between
T3 and Trp. Thus, Trp supplementation may reduce the T3 uptake
of cells (22, 23). Normal Trp metabolism has two main branches: 3-
10% of Trp keeps the indole ring intact while producing chemical

messengers such as serotonin, while the majority (90%) breaks the
indole ring generating the kynurenine path, kynurenine, nicotinic
acid, and the nicotinamide adenine dinucleotide (NAD™) (24).
Previous studies have reported that thyroxine elevated the
conversion ratio of Trp to nicotinamide, not through the
kynurenine pathway but via aminocarboxymuconate
semialdehyde decarboxylase (25). Our results were consistent
with previous studies since no elevation of substrates in the
kynurenine pathway was observed. Moreover, elevated 5-hydroy-
indoleacetate were detected in the serum of GD children, indicating
an intensified conversion of Trp to serotonin. Similar findings have
been reported in the brain of adult GD patients, and the elevation of
serotonin may contribute to the mood change of GD patients (26).
Besides, we found that Trp levels in GD children were negatively
correlated with TGADb levels, which may suggest a regulation role of
Trp in the autoimmune process of GD. Indeed, previous studies
have points to Trp degradation as a potent immunosuppressive
mechanism involved in the maintenance of immunological
tolerance. Therefore, Trp metabolism is quite important in the
pathogenesis of GD, further studies are needed to explore the
impact of supplementation and/or deprivation of Trp on
GD pathogenesis.

Sphingosine 1-phosphate (S1P), a sphingolipid mediator,
regulates various cellular functions via high-affinity G protein-
coupled receptors, S1P1-5, and plays an important regulatory
role in congenital and adaptive immune responses (27). Sphk1/
S1P/S1PR signaling pathway can be used as a target for the
treatment of autoimmune diseases (28). For example, the
immunosuppressant Fingolimod (FTY720), a sphingosine
analogue, is used as an SIPR antagonist in the treatment of
multiple sclerosis (29). In addition, SIP lyase inhibitors can
alleviate joint inflammation and destruction in rheumatoid
arthritis mice (30). In recent years, Cheng Han et al. found
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TABLE 3 | Differential pathways between the GD and control groups.

Pathway Hits -In(p) FDR Impact
Aminoacyl-tRNA biosynthesis 10 12.68 0.00 0.11
Nitrogen metabolism 5 6.58 0.06 0.00
Purine metabolism 6 4.25 0.18 0.07
Alanine, aspartate and glutamate metabolism 3 4.22 0.18 0.38
Phenylalanine metabolism 4 413 0.18 0.17
Glycine, serine and threonine metabolism 4 3.92 0.18 0.25
Glyoxylate and dicarboxylate metabolism 4 3.78 0.18 0.02
D-Glutamine and D-glutamate metabolism 2 3.77 0.18 0.14
Tyrosine metabolism 5 3.72 0.18 0.08
Cysteine and methionine metabolism 4 3.41 0.22 0.10
Pyrimidine metabolism 4 3.19 0.25 0.06
Butanoate metabolism 3 2.88 0.32 0.04
Citrate cycle (TCA cycle) 2 2.66 0.37 0.07
Arginine and proline metabolism 4 2.44 0.44 0.14
Tryptophan metabolism 4 2.37 0.44 0.14
Sphingolipid metabolism 2 2.27 0.46 0.14
Linoleic acid metabolism 1 1.26 0.89 0.66
FDR, P value adjusted by false discovery rate; Hits, the matched number of metabolites in a pathway; Impact value, value calculated from pathway topography analysis.

TABLE 4 | Relationship between thyroid indices and metabolites levels in GD children.

Metabolites Thyroid indices Spearman rank correlation coefficient P Value
L-Tryptophan TGADb (IU/ml) -0.770 0.009
L-Glutamate FT4 (ng/d) 0.424 0.027
S-Methyl-5’-thioadenosine TSH (ulu/ml) -0.464 0.046
S-Methyl-5’-thioadenosine TPOAD (IU/ml) -0.720 0.006
Guanidinosuccinic acid TPOAD (IU/ml) -0.687 0.01
Creatinine TT4 (ng/ml) -0.576 0.008
Creatinine TT3 (ng/ml) -0.596 0.006
Succinate TPOADb (IU/ml) -0.593 0.033
Succinate TT3 (ng/ml) -0.449 0.047
Succinate FT4 (ng/d) 0.434 0.024
D-erythro-Sphingosine-1-phosphate TT4 (ng/ml) 0.544 0.013
Decanoyl-L-carnitine TT4 (ng/ml) 0.484 0.031
Acetylvalerenolic acid FT3 (pg/ml) -0.578 0.015
3b-Hydroxy-5-cholenoic acid FT3 (pg/mi) 0.502 0.04
1-Palmitoyl Lysophosphatidic Acid FT4 (ng/dl) 0.522 0.005
Phe-Glu TRAD (IU/L) 0.405 0.049
Met-Tyr TGADb (IU/ml) 0.721 0.019
Indoxyl sulfate TT3 (ng/ml) -0.647 0.013
Indoxy! sulfate TT4 (ng/ml) -0.469 0.037

that Sphk1/S1P/S1PRI1 signal transduction is involved in the
development of mice autoimmune thyroiditis (AIT). In AIT
mice, the proportions of inflammation-related cell subtypes
(such as Thil, Th17 and Ttfh) are elevated, while FTY720
administration can decrease the their levels, suggesting that
suppression of Sphk1/S1P/SIPRI signaling pathway may be a
potential therapeutic target of AIT (31). In this study, we found
that sphinganine decreased, while S1P levels increased in the GD
group. Besides, SIP levels positively correlate with TT4 levels.
Thus, we suppose that FTY720 is also promising in the treatment
of GD.

We detected much higher levels of pregnenolone sulfate in
GD patients, which is consistent with previous studies (32).
Pregnenolone sulfate is the source of steroid synthesis pathway.
More importantly, pregnenolone sulfate regulates the release of
multiple neurotransmitters and is crucial to multiple brain

functions (33). The elevated pregnenolone sulfate levels may
exert important effects on the neurodevelopment of GD children,
but further studies are still needed to elucidate the consequences.

Protoporphyrin IX levels were significantly lower in GD children
compared to those of controls. This can be easily explained by the fact
that protoporphyrin IX is a crucial constituent of thyroid peroxidase
(TPO), and more protoporphyrin IX is transported into the thyroid
gland in GD patients. Interestingly, exacerbation of erythropoietic
protoporphyria and acute intermittent porphyria has been reported
in a few patients with HT patients (34, 35). Since these situations are
quite rare and a decrease of protoporphyrin IX is observed in
otherwise normal GD children, the correlation of HT and
porphyria needs further investigation.

Our study has several limitations. Firstly, the sample size was
relatively small, and further studies with larger sample size are
needed to confirm our findings. Secondly, the main findings need
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to be validated by a second method. Thirdly, because this study
included only local Chinese children, our results may not apply
to other populations.

In conclusion, GD children have highly different serum
metabolomic patterns compared to healthy controls, which
may be induced either by HT or by autoimmunity. Our study
is the first study addressing metabolic changes in GD children via
untargeted metabolomic analysis. More importantly, our study
provides comprehensive insights into the changes of metabolic
processes, which is beneficial in improving the understanding
and treatment of GD children.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/Supplementary Material. Further inquiries can be
directed to the corresponding author.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by Ethics Committee of Children’s Hospital affiliated to
Suzhou University. Written informed consent to participate in this
study was provided by the participants’ legal guardian/next of kin.

REFERENCES

. Talbot NB, Sobel EH, McArthur JW, Crawford JD. Functional Endocrinology:
From Birth to Adolescence. Cambridge: Harvard University Press (1952). p.
472.

2. Wilkins L. The Diagnosis and Treatment of Endocrine Disorders in Childhood
and Adolescence. Oxford: Blackwell Scientific Publications (1957). p. 184.

3. Léger J, Carel JC. Hyperthyroidism in Childhood: Causes, When and How to
Treat. ] Clin Res Pediatr Endocrinol (2013) 5:50. doi: 10.4274/jcrpe.854

4. Williamson S, Greene SA. Incidence of Thyrotoxicosis in Childhood: A
National Population Based Study in the UK and Ireland. Clin Endocrinol
(Oxf) (2010) 72:358-63. doi: 10.1111/j.1365-2265.2009.03717.x

5. Kjeer RH, Andersen MS, Hansen D. Increasing Incidence of Juvenile
Thyrotoxicosis in Denmark: A Nationwide Study, 1998-2012. Horm Res
Paediatr (2015) 84:102-7. doi: 10.1159/000430985

6. Wong GWK, Cheng PS. Increasing Incidence of Childhood Graves’ Disease
in Hong Kong: A Follow-Up Study. Clin Endocrinol (Oxf) (2001) 54:547-50.
doi: 10.1046/j.1365-2265.2001.01252.x

7. Mullur R, Liu Y-Y, Brent GA. Thyroid Hormone Regulation of Metabolism.
Physiol Rev (2014) 94:355-82. doi: 10.1152/physrev.00030.2013

8. Brent GA. Graves’ Disease. N Engl ] Med (2008) 358:2594-605. doi: 10.1056/
NEJMcp0801880

9. Brunius C, Shi L, Landberg R. Metabolomics for Improved Understanding
and Prediction of Cardiometabolic Diseases—Recent Findings From Human
Studies. Curr Nutr Rep (2015) 4:348-64. doi: 10.1007/s13668-015-0144-4

10. Denoroy L, Zimmer L, Renaud B, Parrot S. Ultra High Performance Liquid

Chromatography as a Tool for the Discovery and the Analysis of Biomarkers
of Diseases: A Review. J Chromatogr B (2013) 927:37-53. doi: 10.1016/
j-jchromb.2012.12.005

11. Rappaport SM, Barupal DK, Wishart D, Vineis P, Scalbert A. The Blood

Exposome and its Role in Discovering Causes of Disease. Environ Health
Perspect (2014) 122:769-74. doi: 10.1289/ehp.1308015
12. Wientzek A, Tormo Diaz M-J, Castaio JMH, Amiano P, Arriola L, Overvad
K, et al. Cross-Sectional Associations of Objectively Measured Physical

—

AUTHOR CONTRIBUTIONS

Conceived and designed the experiments: TC; Performed the
experiments: QX, WQ, LC, XC, RX, DZ, HW, HS, FW, JL;
Analyzed the data: QX, WQ and TC; Wrote the paper: TC, QX,
and WQ. All authors contributed to the article and approved the
submitted version.

FUNDING

This study was supported by Suzhou Personnel Planning Project
(project code GSWS2019051 and GSWS2020046), and Suzhou
Science and Technology Development Project (S522064)
awarded to TC; a National Natural Science Foundation of
China (project code 31701251) awarded to JL. This study was
also supported by the Department of Pediatrics Clinical Center
of Suzhou (Szzx201504).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fendo.2021.
752496/full#supplementary-material

Activity, Cardiorespiratory Fitness and Anthropometry in European Adults.
Obesity (2014) 22:E127-34. doi: 10.1002/0by.20530

13. Al-Majdoub M, Lantz M, Spegel P. Treatment of Swedish Patients With
Graves' Hyperthyroidism Is Associated With Changes in Acylcarnitine Levels.
Thyroid (2017) 27(9):1109-17. doi: 10.1089/thy.2017.0218

14. Song J, Shan Z, Mao J, Teng W. Serum Polyamine Metabolic Profile in
Autoimmune Thyroid Disease Patients. Clin Endocrinol (Oxf) (2019) 90
(5):727-36. doi: 10.1111/cen.13946

15. Liu J, Fu J, Jia Y, Yang N, Li J, Wang G. Serum Metabolomic Patterns in
Patients With Autoimmune Thyroid Disease. Endocr Pract (2020) 26:82-96.
doi: 10.4158/EP-2019-0162

16. Ross DS, Burch HB, Cooper DS, Greenlee MC, Laurberg P, Maia AL, et al.
2016 American Thyroid Association Guidelines for Diagnosis and
Management of Hyperthyroidism and Other Causes of Thyrotoxicosis.
Thyroid (2016) 26(10):1343-421. doi: 10.1089/thy.2016.0229

17. Chen T, Chen L, Song H, Chen X, Xie R, Xia Q, et al. Clinical Relevance of T
Lymphocyte Subsets in Pediatric Graves' Disease. ] Pediatr Endocrinol Metab
(2020) 33(11):1425-30. doi: 10.1515/jpem-2020-0158

18. Wang W, Zhao L, He Z, Wu N, Li Q, Qiu X, et al. Metabolomics-Based
Evidence of the Hypoglycemic Effect of Ge-Gen-Jiao-Tai-Wan in Type 2
Diabetic Rats via UHPLC-QTOF/MS Analysis. J Ethnopharmacol (2018)
219:299-318. doi: 10.1016/j.jep.2018.03.026

19. Boyle J. “Lehninger Principles of Biochemistry”. In: D Nelson, M Cox, editors.
Biochem Mol Biol Educ, 4th ed, vol. 33. New York: W.H. Freeman (2005). p.
74-5. doi: 10.1002/bmb.2005.494033010419

20. Timmerman KL, Volpi E. Amino Acid Metabolism and Regulatory Effects in
Aging. Curr Opin Clin Nutr Metab Care (2008) 11:45-9. doi: 10.1097/
MCO.0b013e3282f2a592

21. Furman BL. Thyroid Agents. S] Enna, DBBTTCPR Bylund, editors. New York:
Elsevier (2007). p. 1. doi: 10.1016/B978-008055232-3.61060-8

22. Zhou'Y, Samson M, Francon J, Blondeau JP. Thyroid Hormone Concentrative
Uptake in Rat Erythrocytes. Involvement of the Tryptophan Transport System
T in Countertransport of Tri-lodothyronine and Aromatic Amino Acids.
Biochem J (1992) 281(Pt 1):81-6. doi: 10.1042/bj2810081

Frontiers in Endocrinology | www.frontiersin.org

November 2021 | Volume 12 | Article 752496


https://www.frontiersin.org/articles/10.3389/fendo.2021.752496/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fendo.2021.752496/full#supplementary-material
https://doi.org/10.4274/jcrpe.854
https://doi.org/10.1111/j.1365-2265.2009.03717.x
https://doi.org/10.1159/000430985
https://doi.org/10.1046/j.1365-2265.2001.01252.x
https://doi.org/10.1152/physrev.00030.2013
https://doi.org/10.1056/NEJMcp0801880
https://doi.org/10.1056/NEJMcp0801880
https://doi.org/10.1007/s13668-015-0144-4
https://doi.org/10.1016/j.jchromb.2012.12.005
https://doi.org/10.1016/j.jchromb.2012.12.005
https://doi.org/10.1289/ehp.1308015
https://doi.org/10.1002/oby.20530
https://doi.org/10.1089/thy.2017.0218
https://doi.org/10.1111/cen.13946
https://doi.org/10.4158/EP-2019-0162
https://doi.org/10.1089/thy.2016.0229
https://doi.org/10.1515/jpem-2020-0158
https://doi.org/10.1016/j.jep.2018.03.026
https://doi.org/10.1002/bmb.2005.494033010419
https://doi.org/10.1097/MCO.0b013e3282f2a592
https://doi.org/10.1097/MCO.0b013e3282f2a592
https://doi.org/10.1016/B978-008055232-3.61060-8
https://doi.org/10.1042/bj2810081
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles

Xia et al.

Metabolomics Study of Pediatric GD

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Centanni M, Canettieri G, Viceconti N, Sibilla R, Bei A, Andreoli M. Effect of
Tryptophan on the Early Tri-Iodothyronine Uptake in Mouse Thymocytes.
Eur ] Endocrinol (2000) 143:119-23. doi: 10.1530/eje.0.1430119

Palego L, Betti L, Rossi A, Giannaccini G. Tryptophan Biochemistry:
Structural, Nutritional, Metabolic, and Medical Aspects in Humans.
] Amino Acids (2016) 2016:8952520. doi: 10.1155/2016/8952520

Shibata K, Toda S. Effects of Thyroxine on the Conversion Ratio of
Tryptophan to Nicotinamide in Rats. Biosci Biotechnol Biochem (1994)
58:1757-62. doi: 10.1271/bbb.58.1757

Bauer M, Heinz A, Whybrow PC. Thyroid Hormones, Serotonin and Mood:
Of Synergy and Significance in the Adult Brain. Mol Psychiatry (2002) 7:140—
56. doi: 10.1038/sj.mp.4000963

Spiegel S, Milstien S. The Outs and the Ins of Sphingosine-1-Phosphate in
Immunity. Nat Rev Immunol (2011) 11(6):403-15. doi: 10.1038/nri2974
Tsai HC, Han MH. Sphingosine-1-Phosphate (SIP) and SI1P Signaling
Pathway: Therapeutic Targets in Autoimmunity and Inflammation. Drugs
(2016) 76(11):1067-79. doi: 10.1007/s40265-016-0603-2

Chaudhry BZ, Cohen JA, Conway. Sphingosine 1-Phosphate Receptor
Modulators for the Treatment of Multiple Sclerosis. Neurotherapeutics
(2017) 14(4):859-73. doi: 10.1007/s13311-017-0565-4

Bagdanoff JT, Donoviel MS, Nouraldeen A, Carlsen M, Jessop TC, Tarver J,
et al. Inhibition of Sphingosine 1-Phosphate Lyase for the Treatment of
Rheumatoid Arthritis. ] Med Chem (2010) 53(24):8650-62. doi: 10.1021/
jm101183p

Han C, He X, Xia X, Guo J, Liu A, Liu X, et al. Sphk1_S1P_S1PR1 Signaling is
Involved in the Development of Autoimmune Thyroiditis in Patients and
NOD.H-2h4 Mice. Thyroid (2019) 29(5):700-13. doi: 10.1089/thy.2018.0065
Tagawa N, Takano T, Fukata S, Kuma K, Tada H, Izumi Y, et al. Serum
Concentration of Androstenediol and Androstenediol Sulfate in Patients With

Hyperthyroidism and Hypothyroidism. Endocr J (2001) 48(3):345-54. doi:
10.1507/endocrj.48.345

33. Harteneck C. Pregnenolone Sulfate: From Steroid Metabolite to TRP Channel
Ligand. Molecules (2013) 18:12012-28. doi: 10.3390/molecules181012012

34. Minder EI, Karlaganis G, Paumgartner G. Radioimmunological
Determination of Serum 3 Beta-Hydroxy-5-Cholenoic Acid in Normal
Subjects and Patients With Liver Disease. ] Lipid Res (1979) 20:986-93. doi:
10.1016/S0022-2275(20)40000-8

35. Vithian K, Samat A, Jones MK. Acute Intermittent Porphyria Associated With
Hyperthyroidism. Ann Clin Biochem (2006) 43:414-5. doi: 10.1258/
000456306778520061

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Xia, Qian, Chen, Chen, Xie, Zhang, Wu, Sun, Wang, Liu and Chen.
This is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums is
permitted, provided the original author(s) and the copyright owner(s) are credited and
that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.

Frontiers in Endocrinology | www.frontiersin.org

November 2021 | Volume 12 | Article 752496


https://doi.org/10.1530/eje.0.1430119
https://doi.org/10.1155/2016/8952520
https://doi.org/10.1271/bbb.58.1757
https://doi.org/10.1038/sj.mp.4000963
https://doi.org/10.1038/nri2974
https://doi.org/10.1007/s40265-016-0603-2
https://doi.org/10.1007/s13311-017-0565-4
https://doi.org/10.1021/jm101183p
https://doi.org/10.1021/jm101183p
https://doi.org/10.1089/thy.2018.0065
https://doi.org/10.1507/endocrj.48.345
https://doi.org/10.3390/molecules181012012
https://doi.org/10.1016/S0022-2275(20)40000-8
https://doi.org/10.1258/000456306778520061
https://doi.org/10.1258/000456306778520061
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles

	Comprehensive Metabolomics Study in Children With Graves’ Disease
	Introduction
	Materials and Methods
	Study Design and Participants
	Sample Collection
	Untargeted Metabolomics Analyzed by UHPLC-QTOF/MS
	Statistical Analysis

	Results
	Demographics of the Study Population
	Differential Metabolites Between the GD and Control Groups
	Differential Pathways Between the GD and Control Groups
	Relationship Between Thyroid Indices and Metabolites in GD Children

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


