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differentiation factor 15 (GDF15) has been reported as a biomarker useful for
not only diagnosing MDs, but also evaluating disease severity and therapeutic

efficacy. To enable the measurement of serum GDF15 concentrations at medi-
Funding information

Japan Agency for Medical Research and ] L
Development, Grant/Award Numbers: say (LTIA) as an automated diagnostic indication test for MDs. We also

cal institutions, we developed a new latex-enhanced turbidimetric immunoas-

JP17ek0109088, JP19ek0109336; Japan examined the equivalency of specificity and sensitivity in measuring serum

Abbreviations: BMI, body mass index; CK, creatine kinase; DM, diabetes mellitus; ELISA, enzyme-linked immunosorbent assay; GDF15, growth
differentiation factor 15; GFRAL, glial cell-derived neurotrophic factor family receptor alpha-like; HF, heart failure; KSS, Kearns-Sayre syndrome; L/P
ratio, lactate/pyruvate ratio; LS, Leigh syndrome; LTIA, latex-enhanced turbidimetric immunoassay; MDs, mitochondrial diseases; MELA,
mitochondrial encephalopathy and lactic acidosis; MELAS, mitochondrial encephalopathy, lactic acidosis, and stroke-like episodes; RF, renal failure;
ROC, receiver-operating characteristic.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided
the original work is properly cited.

© 2020 The Authors. Journal of Inherited Metabolic Disease published by John Wiley & Sons Ltd on behalf of SSIEM.

J Inherit Metab Dis. 2020;1-9. wileyonlinelibrary.com/journal/jimd 1


https://orcid.org/0000-0002-6664-1295
mailto:yasukoga@med.kurume-u.ac.jp
http://creativecommons.org/licenses/by/4.0/
http://wileyonlinelibrary.com/journal/jimd
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fjimd.12317&domain=pdf&date_stamp=2020-10-04

KOGA ET AL.

Society for the Promotion of Science,
Grant/Award Numbers: JP25461571,
JP25461571 (YK)

GDF15 concentrations between a commercially available enzyme-linked
immunosorbent assay (ELISA) kit and a novel LTIA device in patients with
Communicating Editor: John MDs, disease controls, and healthy controls. A clinical performance study used

Christodoulou a newly developed LTIA device and an existing ELISA kit to measure the con-

centrations of GDF15 in 35 MD patients, 111 disease controls, and 86 healthy
controls. The median (first quartile-third quartile) of serum GDF15 concentra-
tions measured with the LTIA device was significantly higher (P < .001) in MD
patients (1389.0 U/mL [869.5-1776.0 U/mL]) than in healthy controls (380.5 U/
mL [330.2-471.8 U/mL]); the interquartile ranges did not overlap between MD
patients and healthy controls. The areas under the curve in disease and healthy
controls were 0.812 (95% confidence interval [CI]: 0.734-0.886) and 0.951 (95%
CIL 0.910-0.992), respectively. The automated, high-throughput technology-
based LTIA device has definite advantages over the ELISA kit in shorter
processing time and lower estimated cost per sample measurement. The LTTIA
device of GDF15 may be a sufficiently reliable, frontline, diagnostic indicator

KEYWORDS

1 | INTRODUCTION
Mitochondrial diseases (MDs) are occasionally difficult to
diagnose because patients with MDs present with a con-
stellation of symptoms (eg, psychomotor developmental
delay, failure to thrive, short stature, convulsive seizures,
muscle weakness, hearing loss, heart failure [HF], renal
failure [RF], and diabetes mellitus [DM])."! To date, sev-
eral conventional biomarkers and markers (eg, lactate,
pyruvate, creatine kinase, and lactate/pyruvate ratio)
have been used to diagnose MDs in combination with
clinicopathologic examinations and genetic testing. How-
ever, their sensitivity and specificity are not enough for
making a definite diagnosis. To minimize a great number
of individuals who are screened for MDs in clinical prac-
tice, therefore, the quick indication of MDs is a very
important challenge for clinicians and diagnostic centers
in terms of cost- and time-efficiency before conducting
genetic analysis.

Fibroblast growth factor 21 (FGF21) was identified as
a biomarker of muscle-manifested MDs in 2011.>* Subse-
quently, growth differentiation factor 15 (GDF15) was
discovered in thymidine kinase 2 deficiency patients* and
was confirmed as a biomarker by a number of studies.” ">
GDF15 is a member of the TGF-p family, is expressed in
numerous tissues, and seems to increase in response to
stress signaling and inflammation.'® Furthermore,
GDF15 was found to be increased in MDs' cybrids har-
boring the m.3243A>G, can be elevated in disorders

of individuals with suspected MDs in the general population.

biomarker, diagnostic indication device, GDF15, latex, LTIA, mitochondrial disease

Synopsis
A novel latex-enhanced immunoturbidi-

metric assay device of GDF15 as the rapid
frontline indication of MDs.

other than MDs (eg, cardiovascular disorders), and is
considered to be a good biomarker for MDs.” The objec-
tive of the present clinical performance study was to
examine the equivalency of specificity and sensitivity in
measuring serum GDF15 concentrations between a com-
mercially available enzyme-linked immunosorbent assay
(ELISA) kit and a novel latex-enhanced turbidimetric
immunoassay (LTIA) device used as a frontline indicator
of individuals with suspected MDs in the general
population.

2 | PARTICIPANTS
AND METHODS

21 | Study design

The study protocol was approved by the institutional
review boards of all medical institutions (coordinator:
Kurume University, #16121). Written informed consent

was obtained from all participants and/or their caregivers
prior to enrolment. The study was conducted in
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accordance with the principles of the Declaration of
Helsinki. This clinical performance study collected blood
samples from participants between 2017 and 2020. All
the samples were cryopreserved at —80°C until analysis.

2.2 | Participants

Participants were categorized into either of the following
groups: Group 1 (definitive MD patients) comprising
individuals who met the clinicopathologic and genetic
criteria for the diagnosis of MDs'” and Group 2 (asymp-
tomatic individuals) who showed no symptoms but were
found to have a known point mutation in the mitochon-
drial DNA. As disease controls, we recruited patients
with neurodegenerative disorders who met the diagnostic
criteria of the pertinent disorders, DM, HF, and RF. They
were verified to have normal serum levels of lactate and
pyruvate but did not undergo the genetic analysis of their
mtDNA. We recruited Japanese healthy volunteers who
had a normal body mass index as healthy controls.

2.3 | LTIA device of GDF15

Two mouse monoclonal anti-GDF15 antibodies devel-
oped by Medical & Biological Laboratories Co., Ltd.
(MBL), Nagoya, Japan, were used in an in-house sand-
wich ELISA and were compared with the R&D Systems
GDF15 Quantikine ELISA.'® This verified that the MBL
ELISA was comparable to the Quantikine ELISA (data
not shown) and that the monoclonal antibodies were
suitable for the LTIA device. The LTIA device of GDF15
is a newly developed tool for LTIA comprising latex
microparticles (JSR, Tokyo, Japan) that are coated with
these monoclonal antibodies. Serum GDF15 crosslinks
latex microparticles via the coated antibodies, causing
latex agglutination and a turbidity change. The calibra-
tion curve was obtained using the GDF15 calibrator and
was used to calculate the values of the serum samples. To
determine the kit calibration value, recombinant human
GDF15 (957-GD/CF; R&D systems, Minneapolis, MN)
was used for comparison. GDF15 has no international
standard. Therefore, the LTIA device calibrator's value
was assigned by the R&D ELISA kit, corresponding to
the cutoff value.® These values were traceable to an in-
house standard.

2.4 | GDF15 measurements

A manager of the study gave sequential numbers to the
sera obtained from the collected blood samples, followed

\, SSEM WI ]_Eyj_3

by blinded and randomized numbering prior to grouping.
Subsequently, one clinical laboratory technician mea-
sured serum GDF15 concentrations in accordance with
the previously reported method on the ELISA kit
(Human GDF-15 Quantikine ELISA Kit; R&D Systems).®
For the LTIA device, sample processing, pipetting, and
measurements were performed with a fully automated
laboratory analyzer, the BioMajesty JCA-BM 8020 system
(JEOL, Tokyo, Japan). Briefly, 10 pL of the sample and
60 pL of reagent 1 (reaction buffer solution) were injected
into the reaction cuvette. After 5 minutes of incubation,
reagent 2 (latex reagent) was added into the cuvette to
start the immunoturbidimetric reaction. Absorbance
changes in the reaction were measured at the wavelength
of 805 nm from about 1 to 5 minutes after the addition of
the latex reagent. Quantitation was performed based on
the reaction rate. Serum GDF15 concentrations were
measured with the LTIA device at MBL. Biospecimens,
in which serum GDF15 concentrations exceeded the
range of detection, were diluted tenfold with the dilution
buffer before conducting the reanalysis.

2.5 | Statistical analysis

The medians of serum GDF15 concentrations were
calculated for the ELISA kit and the LTIA device.
Between-group comparisons were made according to the
Mann-Whitney's U-test. The diagnostic indication test for
MDs using the ELISA kit and the LTIA device was ana-
lyzed with the receiver-operating characteristic (ROC)
curve. The area under the curve (AUC) and its 95% confi-
dence intervals (CIs) were estimated. The cut-off value
was determined using the Youden index method that
derived the sensitivity and specificity of the ELISA kit
and the LTIA device." Spearman's correlation coeffi-
cients were used to examine the associations between
these measurement tools. A two-tailed P value of <.05
was considered statistically significant. All statistical ana-
lyses were conducted with the SAS software package ver-
sion 9.2 (SAS Institute, Cary, North Carolina).

3 | RESULTS
3.1 | Patients’ demographic and clinical
characteristics

The blood samples collected from the following recruited
individuals—48 MD patients, 116 disease controls, and
91 healthy controls—were tested with the ELISA kit and
the LTIA device (Figure 1). Of 48 patients, 13 were
excluded because of not meeting the clinical and genetic
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(A) Mitochondrial disease registry
n = 48 tested

| 13 Excluded

A4

35 Analyzed

"| - 13 Not meeting the inclusion criteria

v v v v v
14 MELAS | | 9 MELA | | 1 Leigh | | 4 KSS | | 1 unclassified | | 6 asymptomatic (mutation carrier)
(B) ©
116 Disease controls (non-mitochondrial) | 91 Healthy controls
5 Excluded
> | - 4 meet exclusion criteria 5 Excluded
v - 1 no LTIA date of GDF15 » -2 Pregnant
-1HbAlc>62%

111 Analyzed

- 1 NT-proBNP > 125 pg/mL
- 1 no LTIA date of GDF15

A A 4
89 Neurodegenerative disorder | | 4 DM | | 9 HF | | 9RF |

| 86 underwent the reference test

FIGURE 1

STARD flow diagram of patients with mitochondrial diseases, disease controls, and healthy controls. A, Forty-eight patients

with mitochondrial diseases, who met the clinicopathologic diagnostic criteria, were enrolled between 2017 and 2020. B, One hundred and

sixteen disease controls who had nonmitochondrial diseases, 89, 4, 9, and 9 of whom had neurodegenerative diseases, DM, HF, and RF,
respectively. C, Ninety-one healthy controls were recruited, 86 of whom underwent the reference test. DM, diabetes mellitus; HF, heart
failure; KSS, Kearns-Sayre syndrome; LS, Leigh syndrome; MELA, mitochondrial encephalopathy and lactic acidosis; MELAS,

mitochondrial encephalopathy, lactic acidosis, and stroke-like episodes; and RF, renal failure

criteria. Finally, this study enrolled the following
35 patients: 14 and 9 who had MELAS and MELA,
respectively—both of which are caused by either the
m.3243A>G, m.13513T>C, or m.3250T>C in mtDNA,
1 had Leigh syndrome (LS) caused by the m.8993T>C
mutation, 4 had Kearns-Sayre Syndrome (KSS) due to the
common 5-kb single deletion, 1 had a defined respiratory
chain enzyme deficiency, underwent genetic analysis that
did not find any genetic alteration, and does not fit to any
clinical type, and 6 were asymptomatic individuals who
carried either a m.3243A>G mutation, a m.3303C>T
mutation, or a m.3250T>C mutation in mtDNA
(Figure 1A). One hundred and eleven disease controls
consisted of adult and pediatric patients who did not
have MDs. Concretely, 89 had neurodegenerative disor-
ders including myasthenia gravis (n = 14), polymyositis
(n = 7), multiple sclerosis (n = 6), Parkinson's disease
(n = 5), Becker type muscular dystrophy (n = 2), limb-
girdle type muscular dystrophy (n = 3), and myotonic
muscular dystrophy (n = 1). Furthermore, 4, 9, and

9 patients had DM, HF, and RF, respectively (Figure 1B).
Patients with HF or RF were diagnosed based on an
ejection fraction of <30%, and an estimated glomerular
filtration rate of <60 mL/min/1.73 m? respectively.
Ninety-one healthy controls, who did not receive any
treatment or ambulatory medical care, were also rec-
ruited from MBL, Japan. However, four volunteers were
excluded as follows: two had pregnancy, one had a hemo-
globin Alc >6.2% who was diagnosed with DM, and one
had an NT-proBNP of >125 pg/mL (Figure 1C). MD
patients, disease controls, and healthy controls are shown
in Table 1. The medians (first quartile-third quartile) of
serum GDF15 concentrations, which were measured by
ELISA and LTIA in healthy controls, MD patients, and
disease controls, were obtained (Table 1). In MD patients,
serum GDF15 concentrations were higher in patients
with MELA, KSS, MELAS, and LS than in healthy con-
trols. There were no significant differences in serum
GDF15 concentrations among patients with MELA, KSS,
or MELAS. Serum GDF15 concentrations did not differ
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TABLE 2 Median differences between serum GDF15 concentrations measured with the ELISA kit and the LTIA device

Median difference in serum GDF15 concentration

P value (subject Pvalue® (subject P value® (ELISA
Subject (n) Category (n) ELISA vs category) LTIA  vs category) vs LTIA)
Healthy control (86) Mitochondrial disease (35) —1170.6 <.001 —1008.5 <.001 271
Group 1 (29) —1486.1 <.001 —1103.5 <.001 .246
Group 2 (6) —-533.8 <.001 —-324.0 .003 .394
Neurodegenerative disease (89) —270.3 <.001 —-129.5 .006 721
Mitochondrial Neurodegenerative disorder (89) 900.3 <.001 879.0 <.001 794

disease (35)

Note: Group 1: definitive mitochondrial disease matched with clinical subtype; Group 2: asymptomatic individuals who have a pathogenic
point mutation of mitochondrial DNA.

Abbreviations: ELISA, enzyme-linked immunosorbent assay; GDF15, growth differentiation factor 15; LTIA, latex-enhanced turbidimetric
immunoassay.

#According to Mann-Whitney U test.
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FIGURE 2 The box-and-whisker plots of serum GDF15 concentrations measured with the LTIA device in analyzed individuals.
Patients with mitochondrial diseases included patients with MELAS, MELA, LS, or KSS, a patient with genetically unclassified MD, as well
as asymptomatic individuals. Disease controls included patients with neurodegenerative disorders, DM, HF, or RF. HF, heart failure; KSS,
Kearns-Sayre syndrome; LS, Leigh syndrome; LTIA, latex-enhanced turbidimetric immunoassay; MELA, mitochondrial encephalopathy and
lactic acidosis; MELAS, mitochondrial encephalopathy, lactic acidosis, and stroke-like episodes; RF: renal failure. The horizontal bold line,
the box length, and the dotted line represent the median, the interquartile range, and the whiskers, respectively. The least and greatest
values, as well as the outliers are also expressed. LTIA, latex-enhanced turbidimetric immunoassay

0.91, and 0.67, respectively. These results indicate the 4 | DISCUSSION
comparable diagnostic indication performance between

the existing and novel devices for MDs. Serum GDF15 4.1 | Usefulness of GDF15
concentrations measured with the ELISA kit and the
LTIA device were positively correlated (r = .836, Several previous studies have reported the usefulness of

P < .001; Figure 3C). GDF15 for the diagnostic indication of MDs. Koene et al.
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FIGURE 3 ROC analyses of serum GDF15 concentrations measured with the ELISA kit and the LTIA device in patients with MDs
versus neurodegenerative controls and healthy controls. A, ROC curve of serum GDF15 concentrations measured with the ELISA kit. B,
ROC curve of serum GDF15 concentrations measured with the LTIA device. C, Correlation of GDF15 concentrations between ELISA kit and
the LTIA device. The solid line and dotted line in (A) and (B) show the ROC curve based on 35 patients with MDs versus neurodegenerative
disorders and 35 patients with MDs versus healthy controls, respectively. Circles and crosses on (A) and (B) indicate points corresponding to
cutoffs of Youden index based on the analysis of patients with MDs versus neurodegenerative controls and patients with MDs versus healthy
controls, respectively. Youden index for patients with MDs versus neurodegenerative controls and patients with MDs versus healthy controls
were 927.0 pg/mL and 476.0 pg/mL by ELISA, and 689.5 U/mL and 693.5 U/mL by LTIA, respectively. The solid line in (C) represents the
correlation cure, and the dotted lines the 95% confidence interval. ELISA, enzyme-linked immunosorbent assay; MD, mitochondrial disease;

LTIA, latex-enhanced turbidimetric immunoassay

reported that serum GDF15 concentrations moderately
correlate with MD severity and myocardial strain, but not
with disease progression, in adult m.3243A>G carriers."
Serum GDF15 concentrations are elevated in sorts of
disorders—DM, cardiomyopathy, renal impairment, and
cancer.”>** Montero et al. reported that GDF15 is a sensi-
tive and specific biomarker to guide the diagnosis of MDs
in children.'"* Serum GDF15 concentrations increased
extensively in patients with MDs who had renal, cardiac,
and/or CNS disorders concurrently. Normal serum
GDF15 concentrations have been found in some patients
with MDs. The reason for the finding is unclear and
requires further investigation. However, the fact that the
mutation load differs among patients’ organs—which is
translated into the clinical heterogeneity of MDs—may
be a plausible causation. It would be of diagnostic indica-
tion help to measure the residual activity of the respira-
tory chain complex or the corresponding enzyme's
activity in these patients. According to our data, elevated
GDF15 concentrations were detected not only in the
serum, but also in the cerebrospinal fluids of patients
with MDs affecting the CNS (data not shown). This is a
great diagnostic indication advantage of GDF15® as com-
pared with FGF21.> MDs involving neurological presen-
tation are also detectable by measuring serum GDF15
concentrations. Although the functional link between

GDF15 and mitochondrial dysfunction remains to be def-
initely elucidated by future studies, we believe that serum
GDF15 concentrations in patients with MDs may reflect
mitochondrial dysfunction in various somatic cells of the
human body.

Glial cell-derived neurotrophic factor family receptor
alpha-like (GFRAL)—a distant relative of the receptors
for a distinct class of the TGF-p superfamily ligands that
were found in 2017 to be located in the CNS of mice and
to be most enriched in the hindbrain®*—is very impor-
tant for food intake control and body weight regulation
in mice and humans.** Blocking the interactions between
GDF15 and GFRAL with a monoclonal antibody
prevented the metabolic effects of GDF15 in rats.”®> The
existence of the GDF15 receptors in the brain may be one
of the reasons why GDF15, but not FGF21, is elevated in
the cerebrospinal fluid of patients with MDs. GDF15 is
expected to be a candidate drug for the treatment of met-
abolic syndrome in the future.

GDF15 measured with the LTIA device for automated
inspection is a biomarker very useful for diagnosing MDs
because of the following rationales: first, the specificity and
sensitivity of the LTIA device are good enough for the front-
line indication of individuals with suspected MDs. This
device does not require specialists or technicians because the
assay can be run on a number of different high-throughput
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clinical biochemistry analyzer platforms (eg, Hitachi
Labospect and Beckman Coulter DxC series). Moreover, the
estimated cost per sample measurement is <25 USD for the
LTIA assay against >75 USD for the Quantikine ELISA.
Namely, our novel LTIA device was demonstrated to be clin-
ically useful for discerning asymptomatic patients from
patients with definite MDs, and to be applicable to the diag-
nostic indication test before conducting genetic analysis in
the diagnostic algorithm of MDs."

The biomarker-based discernment of patients with
suspected MDs, who are covered by the national
healthcare and/or a social health supporting system, from
healthy individuals is critically important in the clinical
settings. The measurement of serum GDF15 concentra-
tions by means of the LTIA device is very useful to iden-
tify patients with a known genetic aberration and to
assess MD severity as reported previously.>'" Of high clin-
ical relevance is the diagnostic indication of individuals
who meet the clinicopathologic, radiological, and/or bio-
chemical criteria for the diagnosis of MDs even when
genetic confirmation is pending. We will file for the regu-
latory approval to manufacture the LTIA device of GDF15
in Japan, with an indication for the diagnosis of MDs.

4.2 | Strengths and limitations

The LTIA device has definite advantages over the ELISA kit
because of (a) shorter sample processing time—10 minutes,
(b) requiring only 10 pL of serum for a reaction, (c) better
operability owing to high-throughput technology by means
of the fully automated analyzer, and (d) lower estimated
cost per sample measurement: <25 USD. This study has
several limitations. Since MDs are very heterogeneous in
clinical presentation, a relatively small group size and a
wide spectrum of clinical presentations in the group of MD
patients resulted in the higher intragroup variations and in
reduced statistical power. Nevertheless, the group size of
patients with MDs—very rare conditions that caused func-
tional limitations and could hinder them from participating
in research—was larger than previous studies. This study
neither included patients with MDs of nuclear DNA origin
nor considered patients with MDs of a greater spectrum of
etiologies who are encountered in the clinical settings.
Therefore, further research will be necessary to determine
the clinical performance of the LTIA assay.

5 | CONCLUSION

The present clinical performance study revealed that LTIA
is highly accurate in discerning patients with MDs from
healthy individuals and patients with neurodegenerative

disorders. LTIA, which was slightly inferior to ELISA in
measurement performance, is of clinical relevance in
affording the simpler, more economical, less burdensome,
quicker, and more convenient measurement of serum
GDF15 concentrations than ELISA. Therefore, the LTIA
device may be used as a sufficiently reliable, frontline, diag-
nostic indicator of individuals with suspected MDs in the
general population. We also anticipate further improve-
ments in the accuracy of LTIA.

AKNOWLEDGMENTS

The authors thank to Shuichi Yatsuga, MD, PhD, Miyuki
Kitamura, MD, Miss China Ohinata, and Mrs. Kaori
Murakami for the management of collecting specimens.
The authors are grateful to Satoshi Sakima, MD, for the
linguistical review of the manuscript. This research was
supported by Grant #JP25461571 and #JP18K(07892
(Yasutoshi Koga) from the Japan Society for the Promo-
tion of Science, by grants #JP17ek0109088 and
#JP19ek0109336 (Yasutoshi Koga) from the Japan
Agency for Medical Research and Development (AMED).

CONFLICT OF INTEREST
No potential conflict of interest relevant to this article
were reported.

ETHICS STATEMENT

Details of approval: The study protocol was approved by the
institutional review boards of all medical institutions (coordi-
nator: Kurume University, #16121). Written informed con-
sent was obtained from all participants prior to enrolment.

Patient consent statement: All patients with MDs, dis-
ease controls, and healthy controls received adequate
information on this study prior to the study onset. The
study was conducted in accordance with the principles of
the Declaration of Helsinki.

Patent: Yasutoshi Koga has a patent as “GDF15: a new
diagnostic biomarker for mitochondrial diseases” which
has been registered as application No. PCT/JP2015/050833
on January 14, 2015 and was certificated for patent #
6711966 by Japan Patent Office on June 2, 2020 issued. Pat-
ent rights are assigned to the Tokyo Metropolitan Institute
of Gerontology and Kurume University. Licensee is MBL.

ORCID

Yasutoshi Koga ‘® https://orcid.org/0000-0002-6664-1295

REFERENCES

1. Munnich A, Rétig A, Chretien D, et al. Clinical presentation of
mitochondrial disorders in childhood. J Inherit Metab Dis.
1996;19:521-527.


https://orcid.org/0000-0002-6664-1295
https://orcid.org/0000-0002-6664-1295

KOGA ET AL.

10.

11.

12.

13.

14.

15.

. Davis RL, Liang C, Edema-Hildebrand F, et al. Fibroblast

growth factor 21 is a sensitive biomarker of mitochondrial dis-
ease. Neurology. 2013;81:1819-1826.

. Suomalainen A, Elo JM, Pietildinen KH, et al. FGF-21 as a bio-

marker for muscle-manifesting mitochondrial respiratory chain
deficiencies: a diagnostic study. Lancet Neurol. 2011;10:
806-818.

. Kalko SG, Paco S, Jou C, et al. Transcriptomic profiling of

13 deficient human skeletal muscle suggests a role for the p53
signaling pathway and identifies growth and differentiation
factor-15 as a potential novel biomarker for mitochondrial
myopathies. BMC Genomics. 2014;15:91.

. Fujita Y, Ito M, Kojima T, et al. GDF15 is a novel biomarker to

evaluate efficacy of pyruvate therapy for mitochondrial dis-
eases. Mitochondrion. 2015;20:34-42.

. Wallentin L, Zethelius B, Berglund L, et al. GDF15 for prognos-

tication of cardiovascular and cancer morbidity and mortality
in men. Plos One. 2013;8:€78797.

. Fujita Y, Taniguchi Y, Shinkai S, et al. Secreted growth differ-

entiation factor 15 as a potential biomarker for mitochondrial
dysfunctions in aging and age-related disorders. Geriatr
Gerontol Int. 2016;16(Suppl. 1):17-29.

. Yatsuga S, Fujita Y, Ishii A, et al. Growth differentiation factor

15 as a useful biomarker for mitochondrial disorders. Ann Neu-
rol. 2015;78:814-823.

. Davis RL, Liang C, Sue CM. A comparison of current serum

biomarkers as diagnostic indicators of mitochondrial diseases.
Neurology. 2016;86:2010-2015.

Gorman GS, Chinnery PF, DiMauro S, et al. Mitochondrial dis-
eases. Nat Rev Dis Primers. 2016;2:16080.

Koga Y, Povalko N, Inoue E, et al. Biomarkers and clinical rat-
ing scales for sodium pyruvate therapy in patients with mito-
chondrial disease. Mitochondrion. 2019;48:11-15.

Ji X, Zhao L, Ji K, et al. Growth differentiation factor 15 is a
novel diagnostic biomarker of mitochondrial diseases. Mol
Neurobiol. 2017;54:8110-8116.

Li G, Li Y, Tan XQ, et al. Plasma growth differentiation Factor-
15 is a potential biomarker for pediatric pulmonary arterial
hypertension associated with congenital heart disease. Pediatr
Cardiol. 2017;38:1620-1626.

Montero R, Yubero D, Villarroya J, et al. GDF-15 is elevated in
children with mitochondrial diseases and is induced by mito-
chondrial dysfunction. PLoS One. 2016;11:¢0148709.

Koene S, de Laat P, van Tienoven DH, et al. Serum GDF15
levels correlate to mitochondrial disease severity and

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

\, SSEM WI ]_Eyj_9

myocardial strain, but not to disease progression in adult
m.3243A>G carriers. J Inherit Metab Dis Rep. 2015;24:69-81.
Luan HH, Wang A, Hilliard BK, et al. GDF15 is an
inflammation-induced central mediator of tissue tolerance.
Cell. 2019;178:1231-1244.

Morava E, van den Heuvel L, Hol F, et al. Mitochondrial dis-
ease criteria: diagnostic applications in children. Neurology.
2006;67:1823-1826.

Kohler G, Milstein C. Continuous cultures of fused cells secret-
ing antibody of predefined specificity. Nature. 1975;256:495-497.
DeLong ER, DeLong DM, Clarke-Pearson DL. Comparing the
area under two or more correlated receiver operating charac-
teristic curves: a non-parametric approach. Biometrics. 1988;44:
837-845.

Dostalova I, Roubicek T, Bartlova M, et al. Increased serum
concentrations of macrophage inhibitory cytokine-1 in patients
with obesity and type 2 diabetes mellitus: the influence of very
low calorie diet. Eur J Endocrinol. 2009;161:397-404.

Kempf T, Horn-Wichmann R, Brabant G, et al. Circulating
concentrations of growth differentiation factor 15 in apparently
healthy elderly individuals and patients with chronic heart fail-
ure as assessed by a new immunoradiometric sandwich assay.
Clin Chem. 2007;53:284-291.

Welsh JB, Sapinoso LM, Kern SG, et al. Large-scale delineation
of secreted protein biomarkers overexpressed in cancer tissue
and serum. Proc Natl Acad Sci U S A. 2003;100:3410-3415.
Yang L, Chang CC, Sun Z, et al. GFRAL is the receptor for
GDF15 and is required for the anti-obesity effects of the ligand.
Nature Med. 2017;23:1158-1166.

Mullican SE, Lin-Schmidt X, Chin CN, et al. GFRAL is the
receptor for GDF15 and the ligand promotes weight loss in
mice and nonhuman primates. Nature Med. 2017;23:1150-1157.
Emmerson PJ, Wang F, Du Y, et al. The metabolic effects of
GDF15 are mediated by the orphan receptor GFRAL. Nature
Med. 2017;23:1215-1219.

How to cite this article: Koga Y, Povalko N,
Inoue E, et al. A new diagnostic indication device
of a biomarker growth differentiation factor 15 for
mitochondrial diseases: From laboratory to
automated inspection. J Inherit Metab Dis. 2020;
1-9. https://doi.org/10.1002/jimd.12317



https://doi.org/10.1002/jimd.12317

	A new diagnostic indication device of a biomarker growth differentiation factor 15 for mitochondrial diseases: From laborat...
	1  INTRODUCTION
	2  PARTICIPANTS AND METHODS
	2.1  Study design
	2.2  Participants
	2.3  LTIA device of GDF15
	2.4  GDF15 measurements
	2.5  Statistical analysis

	3  RESULTS
	3.1  Patients' demographic and clinical characteristics
	3.2  Correlations of serum GDF15 concentrations measured with the ELISA kit and the LTIA device

	4  DISCUSSION
	4.1  Usefulness of GDF15
	4.2  Strengths and limitations

	5  CONCLUSION
	  AKNOWLEDGMENTS

	  CONFLICT OF INTEREST
	  ETHICS STATEMENT
	REFERENCES


