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ABSTRACT

Background: To provide a better healthcare system for patients with mitochondrial diseases, it is important to understand the
basic epidemiology of these conditions, including the number of patients affected. However, little information about them has

appeared in Japan to date.

Methods: To gather data of patients with mitochondrial diseases, we estimated the number of patients with mitochondrial
diseases from April 2018 through March 2019 using a national Japanese health care claims database, the National Database
(NDB). Further, we calculated the prevalence of patients, and sex ratio, age class, and geographical distribution.

Results: From April 2018 through March 2019, the number of patients with mitochondrial diseases was 3,629, and the
prevalence was 2.9 (95% confidence interval [CI], 2.8-3.0) per 100,000 general population. The ratio of females and males was
53 to 47, and the most frequent age class was 40—49 years old. Tokyo had the greatest number of patients with mitochondrial
diseases, at 477, whereas Yamanashi had the fewest, at 13. Kagoshima had the highest prevalence of patients with mitochondrial
diseases, 8.4 (95% CI, 7.1-10.0) per 100,000 population, whereas Yamanashi had the lowest, 1.6 (95% CI, 0.8-2.7).

Conclusion: The number of patients with mitochondrial diseases estimated by this study, 3,269, was more than double that
indicated by the Japanese government. This result may imply that about half of all patients are overlooked for reasons such as
low severity of illness, suggesting that the Japanese healthcare system needs to provide additional support for these patients.

Key words: insurance claim review; Japan; medical records; mitochondrial diseases; prevalence

Copyright © 2021 Koki Ibayashi et al. This is an open access article distributed under the terms of Creative Commons Attribution License, which
permits unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

INTRODUCTION

Mitochondrial diseases are caused by nuclear or mitochondrial
DNA mutations, and patients vary in age of onset, sex, race,
affected organ, severity, and prognosis.!> While mitochondrial
diseases were long thought to be rare, recent reports*'® have
suggested that the prevalence of patients in the general population
is higher than originally thought. For example, prevalence is 23
per 100,000 general adult population in the northeast of England®
and 5.7 per 100,000 general adult population in Spain.'> While
there are few reports of mitochondrial diseases in Japan,'”'® a
questionnaire study reported a prevalence of 0.18 per 100,000
general population.!® However, this study was limited to
mitochondrial myopathy, encephalopathy, lactic acidosis, and
stroke-like episodes (MELAS), which comprise only a proportion
of mitochondrial diseases. Thus, the prevalence of overall
mitochondrial diseases in Japan remains unclear.

In Japan, mitochondrial disease was recognized as an
intractable disease under the designation of the Japanese Ministry
of Health, Labor, and Welfare (MHLW) in 2009, which brought

about various improvements in the treatment of these conditions.
However, several studies have identified issues related to the
treatment of mitochondrial diseases.?*?! First, diagnosis requires
a high degree of expertise. Definitive diagnosis requires an
integrated approach comprising imaging, pathology, electro-
physiology, genetics, and biochemical examinations, in addition
to the main clinical manifestation, and the number of well-trained
clinicians and hospitals equipped to perform these tests currently
appears insufficient for patient needs. Second, recent develop-
ments in treatment have increased the survival of patients; in
particular, the establishment of a system for transitional care from
childhood to adulthood is suggested to be a major factor.?! Third,
the prevalence of some DNA mutations that cause mitochondrial
diseases differs by geography.'” This can make it difficult for
patients to gain equal access to medical care, albeit that no reports
of geography-related problems have appeared in Japan to date.
Accordingly, to ensure that policy makers make informed
decisions and patients and their caregivers receive the best
possible care, it is essential to gather basic epidemiological
information on mitochondrial diseases, including the number of
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patients and their distribution by age, sex, and geographic
location.

Here, we used a nationwide Japanese health claims database to
estimate the number and other epidemiological parameters of
patients with mitochondrial diseases.

METHODS

Data source and patient selection

We used the National Database (NDB), run by the Japanese
MHLW,?>23 to extract data on patients with mitochondrial
diseases. The NDB contains information on almost all healthcare
claims made from April 2009 in Japan, including patient sex; age
class; numerical diagnosis code,?* which is compatible with the
International Statistical Classification of Diseases and Related
Health Problems 10th Revision (ICD-10); length of stay; costs;
procedures; and prefecture where the hospital is located, among
others. Data for both in- and outpatients were extracted from
April 2009 through March 2019.

The MHLW permitted our use of the NDB. The study was
approved by the Ethics Committee of Medical Research,
University of Occupational and Environmental Health, Japan
(approval number: H30-124).

Definition of mitochondrial diseases

The following diagnoses were defined as mitochondrial diseases:
Pearson syndrome (compatible ICD-10 code: D640); pyruvate
dehydrogenase complex (PDHC) deficiency (E744); mitochon-
drial disorders (E888); MELAS (E888); myoclonus epilepsy
associated with ragged-red fibers (MERRF) (E888); mitochon-
drial neurogastrointestinal encephalopathy (MNGIE) (E888);

mitochondrial cardiomyopathy (E888); mitochondrial hepatop-
athy (E888); mitochondrial diabetes (E888); Leigh syndrome
(LS) (G318); Alpers’ syndrome (G318); mitochondrial encepha-
lomyopathy (G713); mitochondrial myopathy (G713); Leber’s
hereditary optic neuropathy (LHON) (H472); chronic progressive
external ophthalmoplegia (CPEO) (H494); and Kearns-Sayre
syndrome (KSS) (H498).

These definitions were determined by a well-trained physician
and a researcher specializing in mitochondrial diseases. In
sampling for this study, patients who had primary or other
diagnostic positions were included, while suspected cases were
excluded.

Estimation of the number of patients

The primary outcome of this study was the number of patients
with mitochondrial diseases from April 2018 through March
2019. We identified affected individuals using one of the unique
identifiers generated by the MHLW and assigned to individuals in
NDB. This identifier consists of the health insurance number, date
of birth, and sex.

From this data, we also estimated the prevalence of
mitochondrial diseases. As the severity of mitochondrial diseases
varies widely among patients, and some patients undergo
outpatient examination only, we limited our analysis to patients
who experienced at least one episode of inpatient care as
representative of standard cases requiring clinical intervention
above a certain level.

We calculated the prevalence of mitochondrial diseases in
Japan by dividing the number of patients with mitochondrial
diseases from April 2018 through March 2019 by the total
population of Japan as of October 1, 20182 as follows:

(number of patients from April 2018 to March 2019) x 100,000

prevalence (per 100,000 general population) =

We calculated the prevalence of mitochondrial diseases in each
prefecture in a similar manner. Further, 95% confidence intervals
(CIs) of prevalence were calculated using the Wald method. We
also used the Wald method to calculate the 95% CI of the ratio of
female patients in Japan.

Additionally, we estimated the standardized prevalence ratio
(SPR) of patients in each prefecture using indirect stand-
ardization. SPR is defined as follows:

SPRi = Q x 100
Ei

Oi: Observed number of patients in i prefecture,
Ei: Expected number of patients in i prefecture

_ Z (prevalence of patients in Japan by age class)
- X (population by age class in i prefecture)

The SPR of i prefecture is obtained by dividing Oi, the observed
number of patients, by Ei, the expected number of patients. To
calculate Ei, we used the prevalence in Japan as a reference
population, and adjusted for age categorized into three age classes
(0-14, 15-64, or >65 years old). The 95% CIs of SPRs were
estimated using Fisher’s exact CI. For example, a prefecture with
an SPR of 100 has the same prevalence as Japan overall, while
one with an SPR smaller than 100 has a smaller prevalence than
Japan, and vice versa.

2 | J Epidemiol 2022

general population on October 1, 2018

We also calculated the empirical Bayes estimator of stand-
ardized prevalence ratio (EBSPR) of each prefecture. EBSPR is
defined as follows:

0i +

EBSPRi = x 100

a, . estimator

We estimated the EBSPR using a Poisson-Gamma model.® We
expect that use of EBSPR should smooth out the influence of
different population sizes in each prefecture on SPR.

Data analyses were performed using Stata 16.0 (StataCorp,
College Station, TX, USA) and EB estimator for Poisson-Gamma
model Version 2.1.%

RESULTS

Number of patients and prevalence of mitochondrial
diseases

Within the study period, there were fewer male patients with
mitochondrial diseases than female patients (47 vs 53; 95% CI for
female ratio, 0.51-0.54), and the majority of patients fell within
the age class 0-9 years old (Table 1). A total of 3,629 patients
were diagnosed with mitochondrial diseases from April 2018
through March 2019, at a prevalence of 2.9 (95% CI, 2.8-3.0) per
100,000 general population.
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Table 1. Patients’ background (n = 3,629)?
n %
Sex, male, n (%) 1,712 47
Age class, years, n (%)
04 315 9
5-9 333 9
10-14 233 6
15-19 244 7
20-29 352 10
30-39 432 12
40-49 496 14
50-59 431 12
60-69 371 10
70-79 302 8
80 over 114 3

“This table shows the number of patients with mitochondrial diseases from
April 2018 to March 2019 identified in this study. Median age class was
30-39 years (interquartile range: 15-19, 50-59 years).

Table 2 lists the diagnosis codes and the corresponding
number of patients. The majority of patients had diagnosis codes
for mitochondrial encephalomyopathy and mitochondrial dis-
orders (1,786 and 1,370, respectively).

We also compared the number of patients identified as having
mitochondrial diseases in this study with the number using the
Japanese medical expense subsidy system, as reported by the

government.”® The number of patients identified in this study was
more than two times greater than the number using the medical
expense subsidy system (3,629 vs 1,504).

Number of patients and prevalence of mitochondrial
diseases in each prefecture

Table 3 and Figure 1 show the number of patients and prevalence
of mitochondrial diseases in each prefecture from April 2018
through March 2019 in Japan. The prefecture with the greatest
number of patients with mitochondrial diseases was Tokyo
(n =477/3,629, approx. 13%) while Yamanashi had the fewest
(n=13/3,629, approx. 1%). The prevalence of mitochondrial
diseases was highest in Kagoshima (8.4/100,000) and lowest in
Yamanashi (1.6/100,000).

We also compared the number of patients identified as having
mitochondrial diseases in each prefecture in this study with the
number using the Japanese medical expense subsidy system, as
reported by the government.”® The number of patients identified
in this study was greater than the number using the medical
expense subsidy system in all prefectures in Japan.

SPR and EBSPR of patients with mitochondrial
diseases in each prefecture

Table 4 shows the SPRs and EBSPRs of patients with
mitochondrial diseases in each prefecture. Similar to the
prevalence shown in Table 3, Kagoshima and Okinawa had the
highest SPRs of all prefectures, at 294 and 152.3, respectively. In
contrast, Yamanashi and Saitama had the lowest SPRs of all

Table 2. Number of patients with mitochondrial diseases with each diagnosis®

Total Female
ICD-10 Diagnosis code Diagnosis

n % n %
D640 8846217 Pearson syndrome — — — —
E744 8848412 PDHC deficiency 81 2 56 69
E888 8845613 Mitochondrial disorders 1,370 38 750 55
E888 8846079 MELAS 284 8 159 56
E888 8846080 MERRF 15 1 — —
E888 8846084 MNGIE — — — —
E888 8846224 Mitochondrial cardiomyopathy 174 5 86 49
E888 8846972 Mitochondrial hepatopathy 32 1 15 47
E888 8849469 Mitochondrial diabetes 62 2 39 63
E888 8849470 Mitochondrial diabetes with eye problems — — — —
E888 8849471 Mitochondrial diabetes with ketoacidosis — — — —
E888 8849472 Mitochondrial diabetes with coma — — — —
E888 8849473 Mitochondrial diabetes with neurologic symptom — — — —
E888 8849474 Mitochondrial diabetes with renal complication — — — —
E888 8849475 Mitochondrial diabetes with multiple diabetic complications — — — —
E888 8849476 Mitochondrial diabetes without diabetic complication — — — —
E888 8849477 Mitochondrial diabetes with diabetic complication — — — —
E888 8849478 Mitochondrial diabetes with peripheral circulatory disorder — — — —
G318 8840933 Leigh syndrome 212 6 108 51
G318 8842457 Alpers’ syndrome — — — —
G713 8841409 Mitochondrial myopathy 253 7 124 49
G713 8841410 Mitochondrial encephalomyopathy 1,786 49 932 52
H472 8848684 LHON 71 2 17 24
H494 8846059 CPEO 106 3 50 47
H498 8831018 Kearns-Sayre syndrome 19 1 10 53

CPEO, chronic progressive external ophthalmoplegia; ICD-10, International Statistical Classification of Diseases and Related Health Problems 10th Revision;
LHON, Leber’s hereditary optic neuropathy; MELAS, mitochondrial myopathy, encephalopathy, lactic acidosis, and stroke-like episodes; MERRF, myoclonus
epilepsy associated with ragged-red fibers; MNGIE, mitochondrial neurogastrointestinal encephalopathy; PDHC, pyruvate dehydrogenase complex.

2This table shows the number of patients with mitochondrial diseases with each diagnosis categorized by domestic diagnosis codes for healthcare claims in Japan.
According to the rules for publication of NDB data, we did not show the number of cases in categories with less than 10 patients (indicated by “—" in the table).
The sum of patients is not equal to the total number of patients because some patients are given two or more diagnoses.
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Table 3. Number of patients and prevalence of mitochondrial diseases in each prefecture in Japan from April 2018 to March 20192

NDB Government report
Prefecture n % Prevalence 95% CI n % Prevalence 95% CI
Hokkaido 169 5 32 2.7-3.7 62 4 1.2 0.9-1.5
Aomori 22 1 1.7 1.1-2.6 11 1 0.9 0.4-1.6
Iwate 43 1 3.5 2.5-4.7 18 1 1.5 0.9-2.3
Miyagi 79 2 34 2.7-4.3 29 2 1.3 0.8-1.8
Akita 19 1 1.9 1.2-3 8 1 0.8 0.4-1.6
Yamagata 29 1 2.7 1.8-3.8 13 1 1.2 0.6-2.0
Fukushima 33 1 1.8 1.2-2.5 20 1 1.1 0.7-1.7
Ibaraki 87 2 3.0 2.4-3.7 42 3 1.5 1.1-2.0
Tochigi 56 2 2.9 2.2-3.7 21 1 1.1 0.7-1.7
Gumma 54 1 2.8 2.1-3.6 26 2 1.3 0.9-2.0
Saitama 125 3 1.7 1.4-2 74 5 1.0 0.8-1.3
Chiba 162 4 2.6 2.2-3 64 4 1.0 0.8-1.3
Tokyo 477 13 3.5 3.2-3.8 182 12 1.3 1.1-1.5
Kanagawa 218 6 24 2.1-2.7 102 7 1.1 0.9-1.4
Niigata 56 2 2.5 1.9-3.2 28 2 1.2 0.8-1.8
Toyama 30 1 2.9 1.94.1 14 1 1.3 0.7-2.2
Ishikawa 36 1 3.1 2.2-44 15 1 1.3 0.7-2.2
Fukui 21 1 2.7 1.7-4.2 12 1 1.6 0.8-2.7
Yamanashi 13 1 1.6 0.8-2.7 1 1 0.1 0.1-6.8
Nagano 52 1 2.5 1.9-3.3 22 1 1.1 0.7-1.6
Gifu 44 1 22 1.6-3 16 1 0.8 0.5-1.3
Shizuoka 86 2 24 1.9-2.9 31 2 0.8 0.6-1.2
Aichi 174 5 2.3 2-2.7 52 3 0.7 0.5-0.9
Mie 39 1 2.2 1.6-3 11 1 0.6 0.3-1.1
Shiga 53 1 3.8 2.8-4.9 20 1 14 0.9-2.2
Kyoto 86 2 33 2.7-4.1 36 2 14 1.0-1.9
Osaka 263 7 3.0 2.6-3.4 115 8 1.3 1.1-1.6
Hyogo 162 4 3.0 2.5-3.5 63 4 1.1 0.9-1.5
Nara 44 1 3.3 2.4-44 19 1 1.4 0.9-2.2
Wakayama 29 1 3.1 2.1-4.5 15 1 1.6 0.9-2.7
Tottori 15 1 2.7 1.5-4.4 5 1 0.9 0.3-2.1
Shimane 22 1 3.2 2-4.9 13 1 1.9 1.0-3.3
Okayama 55 2 2.9 22-38 13 1 0.7 04-1.2
Hiroshima 73 2 2.6 2-3.3 34 2 1.2 0.8-1.7
Yamaguchi 24 1 1.8 1.1-2.6 13 1 0.9 0.5-1.6
Tokushima 16 1 2.2 1.2-3.5 7 1 1.0 0.4-2.0
Kagawa 19 1 2.0 1.2-3.1 10 1 1.0 0.5-1.9
Ehime 42 1 3.1 2242 17 1 1.3 0.7-2.0
Kochi 18 1 2.5 1.5-4 3 1 0.4 0.1-1.2
Fukuoka 183 5 3.6 3.1-4.1 58 4 1.1 0.9-1.5
Saga 23 1 2.8 1.8-4.2 12 1 1.5 0.8-2.6
Nagasaki 50 1 3.7 2.8-4.9 26 2 1.9 1.3-2.8
Kumamoto 45 1 2.6 1.9-34 27 2 1.5 1.0-2.2
Oita 39 1 34 2.4-4.7 23 2 2.0 1.3-3.0
Miyazaki 40 1 3.7 2.6-5 17 1 1.6 0.9-2.5
Kagoshima 136 4 8.4 7.1-10 59 4 3.7 2.8-4.7
Okinawa 68 2 4.7 3.7-6 25 2 1.7 1.1-2.6
Japan 3,629 2.9 2.8-3 1,504 1.2 1.1-1.3

CI, confidence interval; NDB, National Database.

“This table shows the number of patients and the prevalence of mitochondrial diseases from April 2018 to March 2019 identified in this study. The same
parameters reported by the government based on the number of patients using the Japanese medical expenses subsidy for intractable diseases including
mitochondrial diseases are shown as a reference. Prefectures are listed according to their geographic location from north-east to south-west. % values do not sum
to 100% because of rounding. Prevalence is prevalence per 100,000 population in each prefecture.

prefectures, at 56 and 59, respectively. Although it is important to
consider the effect of population size in each prefecture, in
Ishikawa and Okinawa, there were large differences in SPR by
sex. The SPRs of female and male patients were 75 and 148.8 in
Ishikawa, and 183.6 and 117.7 in Okinawa, respectively.
EBSPRs in each prefecture provided more conservative results
than normal SPRs, indicating that values were reaching closer to
100. Similar to results for normal SPRs, Kagoshima and Okinawa

4 | J Epidemiol 2022

had the highest EBSPRs of all prefectures, at 247.7 and 139.8,
respectively. In contrast, Saitama and Fukushima had the lowest
EBSPRs of all prefectures, at 61.8 and 71.3, respectively.

DISCUSSION

Using data from the Japanese NDB, we estimated that the number
of patients with mitochondrial diseases from April 2018 through
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Figure 1.

Estimated prevalence of mitochondrial diseases in each prefecture in Japan according to the NDB and government

report. Prefectures in this figure are listed according to their geographic location from north-east to south-west. Black
points represent the prevalence estimated by this study; solid black lines with caps on both ends represent 95%
confidence intervals of the prevalence estimated by this study; grey triangles represent the prevalence indicated by the
Japanese government; grey dashed lines with caps on both ends represent 95% confidence intervals of the

prevalence indicated by the Japanese government.

March 2019 was 3,629, with a prevalence of 2.9 per 100,000
general population. This study is the first to comprehensively
estimate the number of patients with mitochondrial diseases in
Japan, along with the distribution of patients by sex, age, and
geographic characteristics using health care claims data from the
past 10 years.

The Japanese government has established a medical expense
subsidy system for patients with intractable diseases, including
mitochondrial diseases. According to government statistics from

2018,%® 1,504 patients with mitochondrial diseases used this
system. This number is less than half the number of patients with
mitochondrial diseases identified in this study (n=3,629).
Similarly, the number and prevalence of patients in each
prefecture identified as having mitochondrial diseases in this
study were also greater than those using the subsidy system.
However, it may not be appropriate to compare the number of
patients identified in the present study with that in the government
report. This is because, while certification for the government
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Table 4. SPRs and EBSPRs of mitochondrial diseases in each prefecture in Japan from April 2018 to March 20192

Total Female Male
Prefecture n SPR 95% CI EBSPR n SPR 95% CI EBSPR n SPR 95% CI EBSPR
Hokkaido 169 114.3 97.7-132.9 113.2 96 119.7 96.9-146.1 116.9 73 107.6 84.3-135.3 106.6
Aomori 22 62.6 39.3-94.8 74.2 — — — — — — — —
Iwate 43 124.1 89.8-167.1 117.4 23 125.1 79.3-187.8 114.7 20 122.8 75-189.6 112.5
Miyagi 79 119 94.3-148.4 1159 43 123.0 89-165.6 116.6 36 114.5 80.2-158.5 110.3
Akita 19 71.4 43-111.5 82.2 — — — — — — — —
Yamagata 29 95 63.6-136.4 97.2 15 92.4 51.7-152.4 96.5 14 97.7 53.4-163.9 100.1
Fukushima 33 62.7 43.2-88.1 71.3 18 66.0 39.1-104.2 78.0 15 59.4 33.3-98 76.1
Ibaraki 87 105.7 84.7-130.4 105.1 39 91.7 65.2-125.3 94.0 48 121.1 89.3-160.5 115.6
Tochigi 56 100.1 75.6-130 100.4 29 100.1 67-143.8 100.4 27 100.3 66.1-145.9 101
Gumma 54 96.9 72.8-126.5 97.9 28 96.6 64.2-139.6 98.1 26 97.6 63.8-143 99.3
Saitama 125 59 49.1-70.3 61.8 67 61.1 47.4-77.6 65.7 58 57 43.3-73.6 63.2
Chiba 162 90.2 76.9-105.3 91.1 76 81.4 64.1-101.8 84.0 86 100.1 80-123.6 100.4
Tokyo 477 119 108.6-130.2 118.4 258 122.7 108.2-138.6 121.3 219 115.1 100.3-131.4 114.1
Kanagawa 218 81.9 71.4-93.5 82.9 115 83.4 68.8-100 85.0 103 80.4 65.7-97.6 82.9
Niigata 56 88.7 67-115.2 91.2 31 93.0 63.2-132 95.4 25 84 54.3-124 90.4
Toyama 30 101.6 68.5-145 101.7 13 83.5 44.5-142.9 91.9 17 121.8 70.9-194.9 111.3
Ishikawa 36 109.8 76.9-152 107.3 13 75.0 39.9-128.2 86.7 23 148.8 94.3-223.3 125
Fukui 21 94.8 58.6-144.8 97.6 11 94.1 47-168.4 97.9 10 95.5 45.8-175.6 99.6
Yamanashi 13 56 29.8-95.8 73.8 — — — — — — — —
Nagano 52 88.8 66.3-116.5 91.4 35 113.7 79.2-158.2 109.8 17 61.3 35.7-98.2 76.4
Gifu 44 76.9 55.9-103.3 82.0 25 82.6 53.4-121.9 88.5 19 70.6 42.5-110.2 82.4
Shizuoka 86 82.1 65.7-101.4 84.5 48 87.8 64.7-116.4 90.5 38 76 53.8-104.3 82.4
Aichi 174 78.6 67.3-91.2 80.0 97 84.8 68.8-103.5 86.6 77 72 56.8-90 76
Mie 39 76.1 54.1-104 81.8 19 70.4 42.4-109.9 81.0 20 82.5 50.4-127.5 90.4
Shiga 53 127.3 95.4-166.5 120.7 28 128.8 85.6-186.1 117.8 25 125.8 81.4-185.7 115.2
Kyoto 86 116.5 93.2-143.9 114.1 40 101.0 72.2-137.5 101.0 46 134.2 98.2-179 124
Osaka 263 103.9 91.7-117.3 103.8 136 100.4 84.2-118.8 100.5 127 107.8 89.9-128.3 107.1
Hyogo 162 102.9 87.7-120 102.8 77 90.9 71.8-113.6 92.4 85 116.6 93.1-144.1 114
Nara 44 116.1 84.4-155.9 112.1 19 92.0 55.4-143.6 95.7 25 144 93.2-212.5 123.9
Wakayama 29 110.6 74.1-158.9 107.5 15 105.6 59.1-174.2 103.4 14 116.3 63.6-195.2 108.2
Tottori 15 94 52.6-155 97.7 — — — — — — — —
Shimane 22 115 72.1-174.1 109.3 10 98.9 47.5-182 100.2 12 133.5 69-233.2 113.4
Okayama 55 101.3 76.3-131.8 101.4 33 114.2 78.6-160.4 109.9 22 86.5 54.2-130.9 92.6
Hiroshima 73 89.9 70.5-113.1 91.7 34 79.2 54.8-110.7 84.6 39 101.9 72.4-139.3 102
Yamaguchi 24 62.7 40.2-93.3 73.5 11 53.4 26.7-95.6 72.9 13 73.2 39-125.1 87
Tokushima 16 71.9 44.6-126.6 87.9 — — — — — — — —
Kagawa 19 69.6 41.9-108.7 80.8 — — — — — — — —
Ehime 42 110.4 79.6-149.2 108.0 23 112.2 71.1-168.3 107.7 19 108.3 65.2-169 105.4
Kochi 18 92.1 54.6-145.6 96.3 — — — — — — — —
Fukuoka 183 123.3 106.1-142.5 1214 99 123.5 100.4-150.4 120.2 84 122.7 97.9-151.9 118.8
Saga 23 96.9 61.4-1454 98.8 12 94.2 48.7-164.5 97.8 11 100.6 50.2-180 101.6
Nagasaki 50 131.2 97.4-172.9 123.0 25 121.2 78.5-179 113.0 25 142.5 92.2-210.3 123.2
Kumamoto 45 89 64.9-119.1 91.9 20 73.2 44.7-113 82.7 25 107.4 69.5-158.5 105.3
Oita 39 120.7 85.8-164.9 114.8 25 143.6 92.9-212 124.5 14 93.6 51.2-157.2 98.1
Miyazaki 40 129.1 92.2-175.8 120.3 19 113.2 68.2-176.8 107.7 21 147.5 91.3-2254 123.4
Kagoshima 136 294 246.6-347.7 247.7 79 314.2 248.8-391.6 237.3 57 268 203-347.3 196.5
Okinawa 68 152.3 118.3-193.1 139.8 43 183.6 132.9-247.3 152.4 25 117.7 76.2-173.8 111
Japan 3,629 100 96.8-103.3 100 1,917 100.0 95.6-104.6 100 1,712 100 95.3-104.9 100

CI, confidence interval of SPR; EBSPR, empirical Bayes estimator of standardized prevalence ratio; SPR, standardized prevalence ratio.
“This table shows SPRs and EBSPRs of patients with mitochondrial diseases in each prefecture from April 2018 to March 2019 identified in this study. SPRs and
EBSPRs were calculated for total, female and male patients. According to the rules for publication of NDB data, we did not show the number of cases in

categories with less than 10 patients (indicated by “—

subsidy system is typically based on Japanese clinical criteria,?
some patients with relatively mild disease severity may not use
this system, whose main purpose is to provide treatment-related
financial support to patients. Therefore, it may be that the
government-reported number of patients will inevitably be an
underestimate compared to that identified in the present study.
A previous study in Japan reported that 233 patients had
MELAS, with a prevalence of 0.18 (95% CI, 0.17-0.19) per

6 | J Epidemiol 2022

” in the table). Values were also concealed when the number of either of males or females was less than 10.

100,000 general population.'® In this study, we identified 284
patients with MELAS, with a prevalence of 0.22 (95% CI,
0.20-0.25) per 100,000 general population. Therefore, the
number of patients and prevalence of MELAS identified in this
study are comparable to those of the previous study. We expect
that this epidemiological information will contribute to improving
the health care system for patients with mitochondrial diseases
in Japan.
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We found that prevalence of mitochondrial diseases differed
among prefectures. While the reasons for this are unclear,
previous studies from other countries suggest that prevalence may
differ by geography.*®!1!1° For example, a study conducted in the
northeast of England reported that patients showing clinical
manifestations had a prevalence of 9.6 per 100,000 adult general
population,® which is about three times higher than that found in
this study (2.9 per 100,000 general population). Moreover, a
study in Finland suggested that geographical and cultural
isolation may cause differences in prevalence.'"'° Furthermore,
a study in Australia showed that the prevalence of mitochondrial
diseases among children whose mothers were born in Lebanon is
much higher than that for mothers born in other countries.'?
However, we were careful when comparing results obtained using
different methods for two main reasons. First, prevalence
estimated by a single expert clinical and laboratory referral
center can be a greater overestimation than that determined by a
study using national health database with large samples. Second,
patients extracted from NDB differ in diagnosis period. This
difference may affect the number of patients between studies
because clinical criteria and the diagnostic methods applied
depend on the diagnosis period.*°

To our knowledge, however, no meaningful report from Asian
countries has appeared to date. Further studies are needed to
examine the prevalence of mitochondrial diseases in Asia and to
compare the results obtained in this study with those in other
Asian countries.

We found differences in the prevalence of mitochondrial
diseases among prefectures, despite the fact that the genetic
background of the Japanese population is thought to be relatively
uniform across the country. In addition to genetic factors, the
variability in prevalence may be related to differences in health
care infrastructure among prefectures in Japan. That is, there may
be a concentration of patients in specific medical facilities that
are well equipped for diagnosis and treatment. For example,
within the Tokyo metropolitan area, the number of patients and
prevalence of mitochondrial diseases in Saitama (125, 1.7/
100,000), a densely populated prefecture with a population of
seven million, was lower than in other large prefectures like
Chiba (162, 2.6/100,000) and Kanagawa (218, 2.4/100,000),
which are also adjacent to Tokyo. We speculate that there are two
main reasons for this. First, there are fewer physicians and
specialists per prefecture population in Saitama than Chiba and
Kanagawa. Additionally, there are few large hospitals with the
ability to provide care for patients with mitochondrial diseases.
Second, residents of Saitama have easy access to large hospitals
in Tokyo. A similar phenomenon is thought to be occurring in
local cities outside the metropolitan area. To improve the
provision of health care for patients with mitochondrial diseases,
we suggest that, in addition to training healthcare workers and
improving clinical guidelines, there is a need to increase the
number of medical facilities with the competency to provide care
for patients with mitochondrial diseases. Additionally, geographic
factors may also be important. We found that patients in
Kagoshima and Okinawa had higher prevalence, SPRs, and
EBSPRs than all other prefectures. While the reason for the
higher values is unclear, these findings suggest that there may be
geographic effects because Kagoshima and Okinawa are located
in the southernmost part of Japan.

This study has several limitations. First, it is possible that some
patients included in this study did not actually have mitochondrial

diseases. While a definitive diagnosis of mitochondrial diseases
requires an integrated approach, including genetic testing, some
of these tests are not covered by the current health insurance
system in Japan, and the number of medical facilities with the
capacity to perform them is limited. Therefore, it is difficult to
determine whether the diagnoses used in this study are definitive
of mitochondrial diseases. However, we expect that few patients
would have been misdiagnosed because, unlike common or
frequent diseases, mitochondrial diseases are carefully and strictly
diagnosed by clinicians. Second, due to the nature of the NDB,
patients can be duplicated if they or their caregivers change their
health insurance scheme due to a job change, unemployment, or
employment, thus leading to a potential overestimation of cases.
A previous study using the NDB examined the effects of
changing health insurance schemes on the estimation of
prevalence.’! Using the method described in this previous
study,?! we calculated the maximum impact of changing health
insurance schemes to be about 6.6% by summing the proportion
of patients who were newly unemployed within a year (1.7%) and
the proportion who underwent a job change (4.9%) in 2018.%?
Therefore, the effect of changing health insurance schemes is
likely relatively small. Third, information on patients who receive
public assistance is not included in the NDB. The proportion of
people who received public assistance in Japan was about 1.65%
in February 2019.3% Thus, this is expected to have caused only a
small underestimation. Despite the above-mentioned limitations,
our study provides a valid estimation of the number of patients
and prevalence of mitochondrial diseases in Japan.
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Abstract: Patients with m.3243A>G mutation of mitochondrial DNA develop bilaterally symmetric
sensorineural hearing loss. However, it is unclear how fast their hearing loss progresses over time,
and whether they experience rapid progression of hearing loss. In the present study, we conducted
a long-term hearing evaluation in patients with MELAS or MIDD who harbored the m.3243A>G
mutation of mitochondrial DNA. A retrospective chart review was performed on 15 patients with this
mutation who underwent pure-tone audiometry at least once a year for more than two years. The
mean follow-up period was 12.8 years. The mean progression rate of hearing loss was 5.5 dB per year.
Hearing loss progressed rapidly to be profoundly deaf in seven patients during the observation period.
Heteroplasmy and age-corrected heteroplasmy levels correlated with the age of onset of hearing loss.
These results indicate that patients with m.3243A>G mutation have a gradual progression of hearing
loss in the early stages and rapid decline in hearing to be profoundly deaf in approximately half of
the patients. Although it is possible to predict the age of onset of hearing loss from heteroplasmy and
age-corrected heteroplasmy levels, it is difficult to predict whether and when the rapid hearing loss
will occur.

Keywords: hearing loss; dizziness; disequilibrium; diabetes; mitochondrial gene mutations

1. Introduction

Sensorineural hearing loss is frequently associated with mitochondrial disease; it
is observed in approximately half of the patients with three main syndromes—chronic
progressive external ophthalmoplegia (CPEO); myoclonus epilepsy associated with ragged-
red fibers (MERRF); mitochondrial encephalomyopathy, lactic acidosis, and stroke-like
episodes (MELAS) [1]. Hearing loss mainly involves the cochlea in mitochondrial diseases,
but it sometimes accompanies central auditory abnormalities [1-5].

Mitochondrial diseases are categorized into two groups: those characterized by ragged-
red fibers (RRF), including MELAS, MERREF, and CPEO, and those caused by mutations in
protein-coding genes, such as pure encephalopathy without RRF. RRF is a characteristic
microscopic appearance of the muscle stained with Gomori trichrome, which is due to
the accumulation of abnormal mitochondria below the plasma membrane of the muscle
fiber. Hearing loss is highly prevalent in the first group but rarely seen in the second
group. Oxidative phosphorylation is impaired in both types of encephalopathy; however,
mitochondrial protein synthesis is impaired only in the first group, suggesting that hearing
loss is caused by impairment of protein synthesis similar to RRF.
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An A-to-g transition mutation at nucleotide pair (np) 3243 in mitochondrial DNA
(mtDNA) has been documented in most patients with MELAS and a few patients with
CPEO. This mutation has been identified in pedigrees with maternal transmission of
diabetes and deafness among families of different racial backgrounds [6—10]. It has been
reported that patients with higher heteroplasmy levels of this point mutation exhibit
MELAS [11,12], while those with low heteroplasmy levels mainly develop hearing loss
and diabetes; those with a low heteroplasmy level have maternally inherited diabetes and
deafness (MIDD) [9].

In patients with MELAS and MIDD, hearing is generally normal at birth, and hearing
loss occurs eventually, appearing as early as in the teens or twenties and as late as the fifties.
Hearing loss, in general, is bilateral and symmetrical; a pure-tone audiogram shows a flat
type or falling type of sensorineural loss bilaterally in most cases [6,9]. Hearing loss mainly
involves the cochlea [6,13,14]; however, when the disease progresses, retro-labyrinthine
and central auditory pathways are also affected [15,16]. In addition to hearing loss, the
vestibular system is also involved, and patients eventually suffer from impairment of
balance and gait [6,17-19].

We previously reported that, when present for several years, patients with np3243
point mutation showed a slightly progressive decline in their hearing; the progression rate
of hearing loss ranged from 1.5 to 7.9 dB per year [7]. However, it is unknown how rapidly
their hearing loss progresses during the long-term period, and whether there is a rapid
progression of hearing loss. Therefore, in the present study, we evaluated their hearing
in the long-term period in patients with MELAS or MIDD who harbored m.3243A>G
mutation of mtDNA. We also investigated the relationship between heteroplasmy and
age-corrected heteroplasmy levels and the age of onset of hearing loss and the progression
rate of hearing loss, as well as the relationship between the age of onset of hearing loss,
diabetes, and balance disorder.

2. Materials and Methods
2.1. Patients

In total, 27 patients with hearing loss and an A-to-g transition at np 3243 in the mtDNA
visited the Department of Otolaryngology and Head and Neck Surgery, at the University
of Tokyo Hospital, between 1989 and 2021. Among them, 15 patients who underwent
audiological examinations for more than two years or until they became completely deaf
were enrolled. The patients consisted of four males and eleven females, and their ages
ranged from 22 to 66 years (mean: 40 years) at their first visit to our clinic. All patients had
hearing loss, with a pure-tone average (PTA) value being greater than 25 dB HL (hearing
level) on the initial audiological examination. They were interviewed regarding the onset of
hearing loss, balance—gait disorder, diabetes mellitus, and the presence of other signs and
symptoms. The presence of diabetes mellitus was confirmed by doctors in the Department
of Nutrition and Metabolism of our hospital or their affiliated hospital, and the blood
glucose and HbAlc levels were periodically measured in all patients. All procedures were
in accordance with the Helsinki declaration and were approved by the University of Tokyo
Human Ethics Committee (No. 2487). All patients gave informed consent for the use of
their clinical data.

2.2. Audiological and Neuro-Otological Evaluation

The patients were evaluated using pure-tone audiometry, in general, every three
months, to assess the longitudinal changes in their hearing thresholds. The pure-tone
average (PTA) values were calculated as the mean air conduction threshold at 0.5, 1, 2,
and 3 kHz. The pure-tone threshold at 3 kHz was obtained from the mean of 2 and 4 kHz,
as it is not routinely measured in Japan. For calculating the PTA values, the hearing
thresholds at the frequencies showing off-scale were calculated as 5 dB over the maximum
sound level generated by an audiometer. The patients were also evaluated using speech
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recognition test, tympanometry, acoustic reflex threshold test, auditory brainstem response,
and distortion-product otoacoustic emissions (DPOAEs), when necessary.

The patients also underwent a battery of neuro-otological evaluations consisting of
a physical examination, neurological examination, and neuro-otological examinations,
including caloric and cervical vestibular evoked myogenic potential ((VEMP) testing.

Caloric testing was performed with 2 mL ice water irrigation of the external auditory
canal for 20 s. This caloric stimulation method is easier to perform than bithermal irrigation
and has high sensitivity and specificity for detecting canal paresis [20]. Electronystagmog-
raphy was used to record the induced nystagmus while the subject lay supine with their
head raised at an angle of 30 degrees. The percentage of canal paresis was calculated as
100 x | (MSEVr — MSEVI)/(MSEVr + MSEV]) |, where MSEVr is the maximum slow-phase
eye velocity of the right side, and MSEVI is that of the left side. A value of canal paresis
>20% was regarded as abnormally reduced on the affected side [21]. When MSEVr and
MSEV1 were <10 degrees/s, it was regarded as a reduced response on both sides [22].

In the role of a stimulus for cVEMP, short tone bursts of 500 Hz (95 dB normal
hearing level; 135 dB SPL (peak value); rise/fall time, 1 ms; plateau time, 2 ms) were
presented through headphones (type DR-531; Elega Acoustic Ltd., Tokyo, Japan). Surface
electromyographic activity was recorded in supine patients from symmetrical sites over
the upper half of each sternocleidomastoid muscle (SCM), with a reference electrode on the
lateral end of the upper sternum. During recording, the patients were instructed to raise
their heads slightly to continuously contract the SCM. Background EMG was monitored
during recording to confirm that subjects maintained SCM activity at a sufficient level
(150 uV). We analyzed the first biphasic wave (p13-n23) from the ipsilateral SCM to the
stimulated side. For the evaluation of amplitude. The percentage of cVEMP asymmetry
ratio (c(VEMP AR) was calculated as 100 | (Ar — Al)/ (Ar + Al)|, where Ar is the amplitude
of p13-n23 on the right side, and Al is the amplitude of the p13-n23 on the left side. On
the basis of results from normal subjects, the upper limit of cVEMP AR was set to 34.0 [23].
We regarded it as an “absent” response when no reproducible p13-n23 was present in two
runs. We regarded it as a “reduced” response when a reproducible p13-n23 was present,
and the AR was greater than the predefined upper limit for normal subjects. We regarded
it as bilaterally abnormal responses when the response was absent on both sides.

2.3. DNA Studies

The invader assay contract by BML (Tokyo, Japan) was applied for the screening of mi-
tochondrial tRNA (Leu). Briefly, mtDNA isolated from the peripheral leukocytes of patients
and 1.2 pL of primary probe/invader oligonucleotides mixture (containing 0.5 umol/L
wild-type primary probes, 0.5 umol/L mutant primary probes, 0.05 umol/L invader
oligonucleotide, and 10 mmol/L 3-(N-morpholino) propanesulfonic acid) were poured
into each well of the plates. Fluorescent resonance energy transfer (FRET)/Cleavase mix-
ture (Hologic, Marlborough, MA, USA) was added to the probe/invader oligonucleotide-
containing plates. Subsequently, 3 uL of 5-100 mol/L synthetic target oligonucleotides
(positive control), 10 ug/mL yeast tRNA (no target control), and denatured genomic DNA
samples (>15 ng/uL) were added. Next, 6 pL of mineral oil (Sigma, St. Louis, MO, USA)
was overlayed into all reaction wells and incubated at 63 °C for 4 h. After incubation, the
fluorescence was measured using a Cyto Fluor 4000 fluorescent microplate reader. The het-
eroplasmy rate for mitochondrial mutations was quantified by the detection of fluorescently
labeled and digested PCR products through a fluorescence imaging system [24,25]. The
age-corrected heteroplasmy level in leucocytes was calculated using the following formula:
(leucocyte heteroplasmy)/0.977(@8¢*12). This correction was previously published by Grady
et al. [26]. The current paper refers to this value as the age-corrected heteroplasmy level
in leucocytes.
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2.4. Statistical Analysis

The correlation coefficients were calculated to assess the relationship between the
heteroplasmy and age-corrected heteroplasmy levels and the progression rate of hearing
loss and between the heteroplasmy and age-corrected heteroplasmy levels and the onset of
hearing loss, balance or gait disorder, and diabetes mellitus, using JMP 16 (SAS Institute,
Cary, NC, USA). The age of onset of hearing loss, diabetes, and balance disorder was
compared against each other using the Tukey—Kramer test. We performed the Shapiro—
Wilk W test to value the normality of the sample. The relationship between the two
continuous variables was analyzed by single regression analysis. R2 represented the
coefficient of determination, and the significance of the slope indicated the p-value. p < 0.05
was considered statistically significant.

3. Results

The patients” demographic characteristics of the patients are shown in Table 1. The
heteroplasmy levels ranged from 3% to 37%, with the mean being 23.9%. In terms of gender,
4 patients were male, and 11 were female. Most patients had bilaterally symmetric hearing
loss with a horizontal or sloping type of audiogram. The mean age of onset of hearing loss
was 28.6 years, with acquired hearing loss being perceived as early as 10 years of age in the
earliest cases and as late as 56 years of age in the latest cases. At their first visit, 13 patients
had diabetes mellitus, 3 had cerebellar atrophy or stroke on head MRI, and 1 had a cardiac
disease; two patients eventually developed diabetes during the follow-up period. Other
than hearing loss and diabetes mellitus, 11 patients did not show any symptoms or signs
suggestive of MELAS.

The observation period ranged from 2 to 22 years, with a mean of 12.8 years. Hearing
loss progressed in all patients during the observation period (Figures 1 and 2, Supple-
mentary Figures S1 and 52). In seven patients, hearing deteriorated rapidly to complete
deafness from 40 to 63 years of age (mean: 50 years). This episode was not associated with
the worsening of pre-existing signs such as diabetes or other symptoms or signs. Before
the rapid progression of hearing loss, their hearing level ranged from 56 to 80 dB HL. The
rapid progression occurred on both ears almost simultaneously in three patients and at
different times in two patients, with the periods between the ears being 1 and 7 years,
respectively, and only on one ear in two patients (Figure 3 and Supplementary Figure S3).
Although all these patients were treated with oral or systemic steroids, their hearing did
not show any improvement. The heteroplasmy level ranged from 9% to 30% (mean: 20%)
in seven patients, who showed rapid progression of hearing loss, and from 3% to 37%
(mean: 23%) in the remaining eight patients, with no significant difference between them.
The age-corrected heteroplasmy level ranged from 18.4% to 95.7% (mean: 68.6%) in seven
patients, who showed rapid progression of hearing loss, and from 20.2% to 81.6% (mean:
64.4%) in the remaining eight patients, with no significant difference between them.

The mean rate of the progression of hearing loss in all 15 patients was 5.5 dB per year.
In eight patients, who did not show rapid deterioration of hearing, the progression rate of
hearing loss was 3.0 dB per year, while it was 1.9 dB per year before the rapid deterioration
in seven patients. When the progression rate of hearing loss prior to the rapid deterioration
in the latter was added to the calculation, the mean progression rate of hearing loss was
2.5 dB per year in all patients. When the progression rate of hearing loss prior to the
rapid deterioration in the latter was added to the calculation, the mean progression rate of
hearing loss was 2.5 dB per year in all 15 patients and did not differ significantly between
the patients with and without rapid deterioration in hearing.

Caloric and cVEMP tests were performed in 13 out of 15 patients. In the caloric test,
4 (30%) out of 13 patients showed unilaterally decreased response, and 6 (46%) showed
bilaterally decreased response. In cVEMP, 6 (46%) out of 13 patients showed unilateral
abnormalities, and 7 (54%) showed bilateral abnormalities.
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Table 1. Demographic characteristics of the patients.
Age- Right HL Left Progression Rapid Onset of
Heteroplasmy Corrected O:mmwn of at First HL at w.ﬁm.om Decline Balance Caloric O.: set of
Level W_MM“M Gender HMM“MWH_MV Visit First Visit EMMMMW of cl Disorder Test cVEMP U_AMWOm.”mm MIDD/MELAS
Level (dBHL) (dBHL) (dBly) Hearing (y.0.)

37 81.6 F 15 313 58.8 42 NE NE 24 MELAS

36 95.7 M 15 38.8 43.8 2.5 y 31 UNI-H UNI-N.R. 22 MIDD

32 74.0 F 15 40 41.3 2.5 24 NOR UNI-N.R. 22 MIDD

30 93.8 F 32 438 55 48 y y 54 NOR UNI-N.R. 39 MIDD

30 81.6 F 30 53.8 55 1.1 33 UNI-H BI-N.R. 10 MIDD

29 82.6 F 31 33.8 36.3 9.7 y y 31 UNI-H UNI-N.R. 21 MIDD

29 71.9 F 22 62.5 32.5 2.1 13 BI-H BI-N.R. 26 MIDD

25 71.2 F 15 62.5 76.3 6.6 y 30 BI-H BI-N.R. 21 MELAS )
21 81.0 F 45 57.5 50 4 y y 45 BI-H BI-N.R. 45 MIDD M
15 62.0 F 10 80 80 26.5 y y BI-H BI-N.R. 26 MIDD —
14 82.1 M 30 95 86.3 4.5 y 61 UNI-H UNI-N.R. 33 MELAS

14 438 M 37 25 25 23 y NOR BI-N.R. 31 MELAS

9 355 F 30 50 43.8 5 y 47 BI-H BI-N.R. 26 MIDD

5 20.2 M 46 31.3 25 3.25 NE NE 20 MIDD

3 18.4 F 56 66.3 68.8 3.95 BI-H UNI-N.R. 47 MIDD

BI-H: bilateral hyporeflexia; BI-N.R.: bilateral no-response; CI: cochlear implantation; cVEMP: cervical vestibular-evoked myogenic potential; F: female; HL: hearing level; M: male;
MELAS: mitochondrial encephalomyopathy, lactic acidosis, and stroke-like episodes; MIDD: maternally inherited diabetes and deafness; NE: not examined; NOR: normal; UNI-H:

unilateral hyporeflexia; UNI-N.R.: unilateral hyporeflexia; y: yes; y.0.: years old; yr: year.
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Figure 1. Chronological progression of hearing level from the first visit. The different color indicates
the different patient, and the same color indicates the same patient.
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Figure 2. Relationship between patients’ age and progression of their hearing loss. The different color
indicates the different patient, and the same color indicates the same patient.
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left ear. Two patients (light green and blue) only have one ear shown because the rapid decline was
only seen in one ear.
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The mean age of onset of hearing loss, diabetes, and balance disorder was 28.6, 27.5,
and 36.9 years, respectively (Figure 4). Based on the Shapiro-Wilk test, the p-values for the
age of onset of hearing loss, diabetes, and balance disorder were 0.269, 0.400, and 0.189.
The onset of balance disorder was delayed, compared with hearing loss and diabetes, but
the difference was not statistically significant. However, balance disorder did not manifest
in five patients until the end of the observation period; if we assume that the balance
disorder appeared in these five patients one year later than the end of the observation
period, the difference would be statistically significant (p = 0.0092 vs. diabetes; p = 0.0161
vs. hearing loss).

S0 =

30

bo4—{

20

Age of onset of symptom (y.o0.)
8

Diabetes Hearing loss Balance disorder

Figure 4. Age of the onset of diabetes, hearing loss, and balance disorder. Blue upper long bar, upper
whisker; blue upper short bar, upper quartile; blue center short bar, median; blue lower short bar,
lower quartile; blue lower long bar, lower whisker.

Figure 5a shows the relationship between the heteroplasmy level and the ages of onset
of hearing loss, diabetes mellitus, and balance—gait disorder and between the heteroplasmy
levels and the progression rate of hearing loss. The heteroplasmy levels showed a significant
relationship with the onset of hearing loss (p = 0.0095); hearing loss appeared at a younger
age in patients with higher heteroplasmy levels. Such a trend was also observed in the
relationship between the heteroplasmy levels and the onset of balance disorder. The
heteroplasmy levels were not associated with the onset of diabetes or the progression rate
of hearing loss.

Figure 5b shows the relationship between the age-corrected heteroplasmy level and the
ages of onset of hearing loss, diabetes mellitus, and balance—gait disorder, and between the
heteroplasmy level and the progression rate of hearing loss. Age-corrected heteroplasmy
levels showed significant correlations with the onset of hearing loss (p = 0.0291) and the
onset of balance disorder (p = 0.0334); balance disorder appeared at a younger age in
patients with higher age-corrected heteroplasmy. Age-corrected heteroplasmy level was
not associated with the onset of diabetes or the progression rate of hearing loss.
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Figure 5. (a) Relationship between heteroplasmy level and the onset of hearing loss, balance-gait
disorders, and diabetes mellitus and the progression rate of hearing loss; (b) relationship between
age-corrected heteroplasmy level and the onset of hearing loss, balance disorders, and diabetes
mellitus and the progression rate of hearing loss. The red lines: the regression lines.

4. Discussion

The current study evaluated the hearing in 15 patients with m.3243A>G mutation of
mtDNA in the long-term period from 2 to 26 years (mean: 12.8 years) after their first hearing
test. The mean age of onset of hearing loss was 28.6 years; hearing loss occurred between
10 and 56 years old. The age of onset of hearing loss was correlated with the heteroplasmy
and age-corrected heteroplasmy levels. Initially, from the start of their follow-up, their
hearing loss progressed gradually, but the hearing loss progressed rapidly to deafness in
seven patients during the observation period. The hearing level ranged from 56 to 80 dB
HL before the rapid deterioration of hearing. The progression rate of hearing loss before the
rapid deterioration in these patients did not significantly differ from that in the remaining
eight patients who did not show rapid hearing deterioration. All these results indicate that
it is difficult to predict the rapid hearing decline in patients with m.3243A>G mutation of
mtDNA. Oral or systemic steroid treatment was not effective in improving hearing loss.

Unlike m.1555A>G mutation, hearing loss caused by m.3243A>G mutation of mtDNA
is progressive. When we first reported the audiological findings of five patients with this
mutation in 1996, the progression rate of hearing loss ranged from 1.5 to 7.9 dB per year [8].
Since other studies have not reported the progression rate of hearing loss, it has not been
unclear how rapidly the hearing declines in patients with the m.3243A>G mutation. In
the current study, the progression rate of hearing loss ranged from 1.1 to 26.5 dB per year,
with a mean of 5.5 dB per year. The progression rate of hearing loss was 3.0 dB per year in
eight patients without rapid deterioration of hearing and 1.9 dB per year prior to the rapid
deterioration in the remaining seven patients. When only the progression rate of hearing
loss prior to the rapid deterioration in the latter was added in the calculation, the mean
progression rate of hearing loss was 2.5 dB per year in all patients. This progression rate of
hearing loss is more rapid than that seen in elderly subjects with age-related hearing loss.
Therefore, patients with m.3243A>G mutation should be informed that their hearing loss
will progress by an average of 25 dB after 10 years and advised to start wearing hearing
aids at an early stage and structure their future living environment.

In the current study, the rapid progression of hearing loss occurred in 7 out of
15 patients, in both ears almost simultaneously in 3 patients, at different times in 2 pa-
tients, and only on one ear in 2 patients. This finding is quite interesting since such a rapid
decline in hearing has not been reported except in one study. Oshima et al. (1996) reported
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the case of a 35-year-old woman with a complaint of right hearing loss and tinnitus in
whom the pure-tone audiogram demonstrated 40 dB flat-type sensorineural hearing loss
on the left and 85 dB saucer-type sensorineural hearing loss on the right ear [9]. Although
the hearing at middle frequencies on the right ear improved after oral administration of
steroids, it fluctuated and did not respond to oral administration of steroids or glycerol
thereafter. Since hearing did not improve by oral or systemic administration of steroids in
any of our patients, the pathophysiology of the fluctuating hearing in the case reported by
Oshima et al. [9] is likely different from that of rapid hearing progression in our patients.

In our case series, the rapid decline in hearing occurred after the hearing loss exceeded
55 dB HL. Prior to the rapid progression of hearing loss, their hearing level ranged from 56
to 80 dB HL. It is unclear why such a rapid decrease in hearing occurred. Since the rapid
decline in patients” hearing was not associated with worsening of the pre-existing signs and
symptoms or other signs and symptomes, it is unlikely that it was caused by a rapid decline
in systemic mitochondrial function, at least in the four patients who had rapid hearing loss
in both ears at different times or only in one ear. It is possible that the vascular supply to
the cochlea was compromised due to diabetes mellitus or the stroke-like episode seen in
MELAS. It is also possible that the endolymphatic potential was rapidly reduced due to the
acute impairment of energy production in the stria vascularis.

Human temporal bone histopathological studies in patients with MIDD and MELAS
showed that the stria vascularis most severely degenerated [27-29]; in a patient with MIDD,
there was marked degeneration of the stria vascularis and outer hair cells throughout the
cochlea, as well as a reduction in the number of spiral ganglion cells at the base [27]. Severe
degeneration of the stria vascularis and degenerative change in the spiral ganglion cells
were observed in two patients with MELAS, in whom quantitative DNA studies showed
that the proportion of mutant to wild-type mtDNA was similar in both histologically af-
fected and unaffected tissues within the inner ear. Long-term administration of germanium
dioxide causes renal failure, emaciation, and muscle weakness in humans [30,31] and body
weight loss, myopathy, and nephropathy in rats. The skeletal muscles of rats treated with
germanium dioxide showed numerous ragged-red fibers, cytochrome c oxidase-deficient
fibers, and the accumulation of electron-dense material in the mitochondria [30,32,33],
which resembles the pathological findings observed in patients with mitochondrial en-
cephalomyopathy. We previously reported that guinea pigs fed chows containing 0.5%
germanium dioxide for 2 months developed hearing loss, mainly due to the degeneration
of the stria vascularis and cochlear supporting cells, and exhibited decreased cytochrome ¢
oxidase activity in the skeletal muscles and kidney [34]. No apparent pathological changes
were observed in the utricle, semicircular canal, or the cochlear or vestibular nerve fibers,
indicating that germanium dioxide-induced mitochondrial dysfunction mainly affects the
stria vascularis and supporting cells in the cochlea, as in the skeletal muscles and kid-
ney, causing hearing impairment in the guinea pigs. This animal study also supported
the importance of mitochondrial function in the stria vascularis for the maintenance of
hearing function.

In the present study, patients noted balance—gait disorder later, compared with hearing
loss, and five patients were not aware of balance or gait disorder. Balance-gait disorder
tended to appear later, compared with hearing loss and diabetes mellitus. The use of
cVEMP is essential in the diagnosis of saccular dysfunction in patients with moderate-
to-profound sensorineural hearing loss [35]. The low metabolic rate of the vestibular
apparatus, compared with that of the stria vascularis, may make the vestibule more resistant
to mtDNA mutations, leading to a later onset of vestibular dysfunction [21]. However, in
13 patients who underwent caloric and cVEMP tests, 4 (31%) and 6 patients (46%) showed
decreased response unilaterally and bilaterally, respectively, in the caloric test, and 6 (46%)
and 7 patients (54%) showed abnormalities unilaterally and bilaterally, respectively, in the
cVEMP test. The caloric test evaluates the function of the lateral semicircular canal and
the superior vestibular nerve, and the cVEMP evaluates the function of the saccule and
the inferior vestibular nerve. Therefore, the vestibular systems, semicircular canals, and
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otolith organs are also frequently involved in patients with m.3243A>G mutation. Balance
and gait disturbances may not become apparent until the vestibular function is severely
impaired. It is interesting to note that seven patients with m.3243A>G mutation who had
abnormal findings in the caloric and cVEMP tests showed normal responses in the galvanic
VEMP test [18], which indicates that the peripheral vestibular end-organs are primarily
affected similarly to the auditory system.

Human temporal bone histopathological studies on MIDD and MELAS demonstrated
conflicting findings in terms of the degeneration of the vestibular systems. In a patient
with MIDD, the vestibular end-organs, including the utricle and semicircular canals, were
well preserved [6], whereas two patients with MELAS showed degenerative changes in the
vestibular end-organs and Scarpa’s ganglions [29]. In one of these MELAS patients, there
was a pathological collapse of the membranous wall of the saccule and significant hair
cell loss in the saccular macula, utricular maculae, and the cristae of all three semicircular
canals [29]. In another patient with MELAS, the hair cells in both cristae and maculae were
reduced, and the numbers of Scarpa ganglion cells were reduced to approximately 70% of
the mean counts of age-matched control samples [29].

It has been reported that the disease severity and the expression pattern of the im-
pairment across organs and tissues may vary in mitochondrial diseases, depending on the
heteroplasmy levels. In general, patients with a higher heteroplasmy level exhibit more se-
vere phenotypes, although the correlation may be weak [26,36-38]. Since the heteroplasmy
level in the inner ear cannot be assessed clinically, we adopted the heteroplasmy level in
peripheral leucocytes and found that the heteroplasmy level correlated with the onset of
hearing loss; hearing loss developed at a younger age in patients with higher heteroplasmy.
Previous studies also demonstrated that hearing loss developed earlier in patients with
higher heteroplasmy levels [7,11]. The onset of balance-gait disorder correlated weakly
with heteroplasmy level but significantly with age-corrected heteroplasmy level. The het-
eroplasmy level and age-corrected heteroplasmy level did not correlate with the onset
of diabetes mellitus. Iwasaki et al. (2011) reported no correlation between heteroplasmy
and onset of balance or gait disorder in 13 unrelated patients with m.3243A>G muta-
tion [18]. Other studies showed a negative correlation between the onset of diabetes and
heteroplasmy [11,39]. These discrepancies may be due to the small sample sizes, different
phenotypes, and different stages of disease among reports. For example, in the current
study, only patients with complaints of hearing loss were enrolled; therefore, there were
two patients who did not have diabetes mellitus at the time of initial examination. Such bias
in patient selection may have resulted in different correlations between the heteroplasmy
levels and the onset of diabetes mellitus or balance—gait disorder.

It is worthy to note that the heteroplasmy and age-corrected heteroplasmy levels did
not correlate with the progression rate of hearing loss or the presence of a rapid decline in
hearing in our cases. It is unclear whether such a trend is also observed in other organs
or tissues. De Laat et al. [36] scored disease severity using the Newcastle Mitochondrial
Disease Adult Scale (NMDAS), including SF-36 quality of life (QoL) scores, and measured
heteroplasmy levels in urinary epithelial cells, leucocytes, and saliva in 151 carriers of
m.3243A>G mutation of mtDNA; their results indicate a yearly increase in NMDAS score
of 0.47 point in the total group and that heteroplasmy levels in both leucocytes and urinary
epithelial cells were only weakly correlated with disease severity. They also observed
that physical QoL declined with age and that the most important determinants of QoL
decline were hearing loss, speech problems, exercise intolerance, gait instability, psychiatric
problems, and gastrointestinal involvement.

No medication is known to prevent or slow the progression of hearing loss associated
with m.3243A>G mutation of mtDNA. Since the hearing loss involves mainly the cochlea,
hearing aids are effective until the hearing loss becomes severe to profound. When hearing
aids become ineffective for oral communication, cochlear implantation, which directly stim-
ulates the auditory nerve, is recommended [40]. In the present study, six patients received
a cochlear implant at our department, and all patients except one who developed cerebral
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stroke 5 months after the cochlear implant surgery achieved good speech perception. As
mentioned above, temporal bone histopathological studies demonstrated that the spiral
ganglion cells were relatively well preserved in a patient with MIDD and degenerated
in patients with MELAS, whereas the stria vascularis was severely degenerated [26,28].
Since hearing thresholds mainly reflects the functions of the cochlear cells, such as the
hair cells and stria vascularis, it is presumed that the retro-cochlear auditory pathways,
including the spiral ganglion cells, are still relatively well preserved when patients become
profoundly deaf, which explains the high efficacy of cochlear implants. However, during
long-term follow-up in the patients who have cochlear implantation with mitochondrial
gene mutation, some patients who initially showed good speech perception exhibited
deterioration of speech perception [41]. Therefore, patients receiving cochlear implantation
should be carefully monitored over the long term.

5. Conclusions

This study evaluating the hearing in 15 patients with m.3243A>G mutation in mtDNA
in the long-term period demonstrated that hearing loss occurred from 10 to 56 years of age,
that the age of onset of hearing loss was correlated with heteroplasmy and age-corrected
heteroplasmy levels, that the hearing loss progressed gradually initially, and that the rapid
decline in hearing loss to profound deafness occurred in approximately half of the patients
during the observation period. The hearing level prior to the rapid decline ranged from
56 to 80 dB HL, and the progression rate of hearing loss prior to the rapid decline was
not significantly different from that in the remaining patients, who did not experience a
rapid decline in hearing. Heteroplasmy and age-corrected heteroplasmy levels did not
correlate with the presence of rapid progression of hearing loss or with the progression
rate of hearing loss. These results indicate that it is difficult to predict the rapid decline
in hearing in patients with m.3243A>G mutation of mtDNA. Neither oral nor systemic
steroid treatment was effective in improving hearing loss.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/1ife12040543 /s1, Figure S1: Chronological progression of hearing
level from the first visit, Figure 52: Relationship between patients” age and progression of their
hearing loss, Figure S3: Chronological change in hearing level from the first visit in patients who
showed rapid decline in hearing.
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Abstract: Clinical evidence of the effectiveness of cochlear implantation for hearing loss with mi-
tochondrial DNA mutation is limited. Most reports have only described short-term postoperative
speech perception, which may not reflect the limitations of cochlear implantation caused by progres-
sive retrocochlear dysfunction. The present study aimed to investigate long-term speech perception
after cochlear implantation in patients with severe to profound hearing loss associated with mitochon-
drial DNA mutation. A retrospective chart review was performed on patients with mitochondrial
DNA mutation who had undergone cochlear implantation at the Department of Otolaryngology
and Head and Neck Surgery at the University of Tokyo Hospital. We extracted data on causative
mutations, clinical types, clinical course, perioperative complications, and short-term and long-term
postoperative speech perception. Nine patients with mitochondrial DNA mutation underwent
cochlear implantation. The mean observation period was 5.5 + 4.2 years (range, 1-13 years), and
seven patients were followed for more than 3 years. Two of the seven patients who initially showed
good speech perception exhibited deterioration during long-term follow-up. The absence of an
acute progression of cognitive decline in patients, showing a gradual decrease in speech perception,
suggests that the deterioration of speech perception was caused by progressive retrocochlear de-
generation. Although most patients with mitochondrial DNA mutation maintained good speech
perception for more than 3 years after cochlear implantation, retrocochlear degeneration could cause
the deterioration of speech perception during long-term follow-up.

Keywords: cochlear implantation; retrocochlear dysfunction; mitochondrial gene mutations

1. Introduction

Mitochondria play an important role in intracellular adenosine triphosphate produc-
tion by oxidative phosphorylation, an essential energy source in nucleated cells. Muta-
tions in mitochondrial DNA (mtDNA) cause dysfunction, especially in tissues with high
metabolic demands. In patients with mtDNA mutations, organs that rely on aerobic energy
production, such as the visual pathway, heart, central nervous system, and skeletal muscle,
are primarily affected. The auditory pathway, including the cochlea, also has large energy
demand; therefore, the auditory pathway is an organ that can be profoundly affected by
mitochondrial disorders [1-3].
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More than half of the patients with mtDNA mutations are affected by a hearing im-
pairment at some time during the disease course [4—6]. Pathological mutations of the
mtDNA have been commonly found at the transfer RNAs (tRNAs). To date, more than
90 point mutations in 21 of the 22 mitochondrial tRNA genes have been reported [7,8].
Most of these mutations result in a decreased rate of mitochondrial protein synthesis,
causing a deficiency in the energy metabolism of the cell [9]. Approximately 50 muta-
tions of the tRNA genes have been associated with deafness [10]. Associated features of
hearing loss include encephalomyopathy, lactic acidosis and stroke-like episodes (MELAS
syndrome), diabetes (maternally inherited diabetes and deafness, or MIDD, syndrome),
ophthalmoplegia (chronic progressive external ophthalmoplegia, or CPEO, syndrome),
cardiac conduction abnormalities with retinopathy and ophthalmoplegia (Kearns-Sayre
syndrome), myoclonus epilepsy (myoclonus epilepsy associated with ragged-red fiber,
or MERREF, syndrome), ptosis, ophthalmoplegia, gastrointestinal dysmotility, cachexia,
peripheral neuropathy, and leukoencephalopathy (mitochondrial neurogastrointestinal
encephalopathy, or MNGIE, syndrome). Hearing loss is usually gradual at onset, initially
occurs at high frequencies, is predominantly bilaterally symmetrical, and progresses to pro-
found. Hearing loss in patients with mitochondrial diseases is mainly attributed to cochlear
dysfunction [11-15], but mitochondrial disorders can also affect the central nervous system,
including the central auditory pathway, and can cause psychomotor regression [4,16-19].
Roesch et al. [20] conducted a systematic review of knowledge on hearing loss in genet-
ically proven mitochondrial disease in children. A total of 75 patients from 23 studies
were included in the analysis. Retrocochlear hearing loss was found more often (33 out of
75 patients) than expected. Affected genes included OPA1 in 14 patients, FDXR in seven
patients, and MT-TL1 in six patients. The clinical courses of these patients, including the
age of onset and disease severity, showed diverse characteristics. Takahashi et al. [21]
reported histopathological examinations of human temporal bones in MELAS patients and
found severe degeneration of the stria vascularis and the spiral ganglion cells. There was
severe atrophy of the stria vascularis in all turns of the cochlea, and the remaining stria
cells showed vacuole formation and the presence of small, dark-staining, round, and ovoid
cells. Both the outer and inner hair cells were generally present, with scattered losses in the
lower basal turns. In addition to these findings, the total number of spiral ganglion cells
was reduced when compared with the mean values of normal newborn and age-matched
control samples, representing a mild neuronal loss. Many spiral ganglion cells showed
varying degrees of degenerative change, as evidenced by faint staining of the cytoplasm,
loss of cell membrane outline, and loss of nuclear definition. Other histopathological exami-
nations of the human temporal bone also demonstrated that mtDNA A3243G mutation can
involve not only the stria vascularis and hair cells but also the spiral ganglion cells [22,23].

A defect in the inner hair cells, the auditory nerve, the connection between them, or
the connection between the nerve and brain can lead to auditory neuropathy spectrum
disorder (ANSD). ANSD has been reported to be associated with head injury; infections
due to various viruses such as measles, mumps, and cytomegalovirus; and high fever and
is also caused by specific gene mutations, such as OTOF. ANSD is characteristic of relatively
mild hearing impairment with abnormal ABR response and poor speech recognition score,
while distortion product otoacoustic emission (DPOAE) is normal [24,25]. In a report
from Leruez et al. [26], 8 out of 19 patients with OPA1 gene mutation were reported to
have suspected ANSD. Sakai et al. [27] reported a patient with normal DPOAE who had
fluctuation of hearing threshold measured by ABR; because the peak latency of wave I
and wave V and the intervals of waves I-V were markedly delayed, the existence of a
retrocochlear problem was speculated to be a cause of hearing loss.

Cochlear implantation (CI) for patients with severe to profound hearing loss associated
with mtDNA mutations has been reported [19,21-23,28-35]. Howes et al. [36] reported a
case of MIDD with a speech score of 67% at one-month follow-up. Yasumura et al. [37]
reported a case of MELAS with a speech score of 72% at 3-month follow-up. Li et al. [34]
reported a case of MNGIE with a speech score of 56% at 3-month follow-up. All of these
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reports emphasized that CI is generally effective for patients with mtDNA mutations, but
most of them only described speech perception in the short-term postoperative period.
Therefore, it is unclear whether the effectiveness of CI is limited by the progression of
retrocochlear dysfunction and/or cognitive decline associated with mitochondrial disorder.
In fact, a patient has been reported to show poor postoperative speech perception associated
with cognitive problems in relatively long-term follow-up [38].

In the present study, we investigated not only short-term but also long-term speech per-
ception after CI in patients with profound hearing loss associated with mtDNA mutation.

2. Materials and Methods

A retrospective chart review was performed on patients who had undergone CI at the
Department of Otolaryngology and Head and Neck Surgery at the University of Tokyo Hos-
pital from 1991 to 2019. Nine patients were diagnosed with mtDNA mutations via genetic
testing, and the additional information extracted included the causative mutations, clinical
types, clinical course, perioperative complications, and postoperative speech perception.
The Fukuda version of the monosyllabic speech perception test was used to evaluate speech
perception before and after CI. Speech performance in noise was evaluated in four patients,
including two patients examined twice, using a CI-2004 Japanese open-set sentence test.
Tests were performed in quiet, SN20 and SN10. A DPOAE test and a promontory stim-
ulation test were performed to differentiate between retrocochlear and cochlear hearing
loss. Cases with obvious decline in attention, executive function, learning/memory, lan-
guage, perceptual /motor functions, and social cognitive functions during the examination
or as reported by family members were considered to have cognitive deterioration. The
present study was approved by the Regional Ethical Standards Committee of the Faculty
of Medicine at the University of Tokyo (application number 2487) and was conducted in
accordance with the tenets of the Declaration of Helsinki. Written informed consent was
obtained from the patients for publication of this study.

3. Results
3.1. Patient Characteristics

The characteristics of the nine patients with mtDNA mutations who underwent CI
are shown in Table 1. The mean age at CI was 45.0 &= 11.5 years (range, 22-64 years), and
the mean observation period was 5.5 &+ 4.2 years (range, 1-13 years). A3243G mutation
was identified in seven patients and RRM2B mutation and A8296G mutation were each
identified in one patient. Of the seven patients with A3243G mutation, six patients were
diagnosed with MIDD, and one was diagnosed with MELAS. A patient with the RRM2B
mutation was diagnosed with CPEQ, and a patient with the A8296G mutation only had
hearing loss. Among the subjects, there were no suspicious findings of cognitive decline
preoperatively. No patients showed any response in DPOAE tests, indicating that hearing
loss involved the cochlea. All patients except one (patient 7) showed good response in
promontory stimulation tests, which indicates that the retrocochlear auditory pathway was
markedly involved in patient 7 but not in others.
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Table 1. Summary of patients.
. . Causative Age of O.n set Age (?f Age at CI ObserYatlon Associated
Patient Disease Mutations of Hearing Becoming (vears) Period Svmptoms
Loss (years)  Deaf (years) y (years) ymp
1 MIDD A3243G 30 53 53 34 diabetes
2 MIDD A3243G 32 46 46 13 diabetes
3 MIDD A3243G 38 44 44 12.2 diabetes
4 MIDD A3243G 27 64 64 1.2 diabetes
5 MIDD A3243G 10 50 51 6.2 diabetes
6 MIDD A3243G 14 36 37 3.1 diabetes
myopathy, lactic
7 MELAS A3243G 10 44 46 4.0 acidosis, stroke-like
episode
8 - A8296G 7 21 22 45 -
9 CPEO RRM2Bs 5 43 43 2.2 mild external
ophthalmoplegia
Abbreviations: MIDD, maternally inherited diabetes with deafness; MELAS, mitochondrial myopathy, en-
cephalopathy, lactic acidosis, and stroke-like episodes; CPEO, chronic progressive external ophthalmoplegia;
CI, cochlear implantation.
3.2. Surgical Findings
No complications were observed during the surgery in any patient. A CI24M (Cochlear®,
Lane Cove, Australia) electrode was used in patients 1, 2, and 3; a CI24RE (Cochlear®)
electrode in patients 4, 5, 6, 7, and 9; and a CI422 (Cochlear®) electrode in patient 8. As
there were no malformed cochlear cases in this series, we chose the latest electrode at
surgery. All patients received CI only in the unilateral ear. Full insertion of CI electrodes
was achieved in all patients. Electrically evoked compound action potentials were detected
in all electrodes in all patients.
3.3. Postoperative Speech Perception
Postoperative speech perception results within 14 months after CI are shown in
Figure 1. Seven patients achieved scores of >50% in the Fukuda version of the mono-
syllabic speech perception test after CI, whereas two patients achieved scores of <50%
(patients 1 and 3).
A Patient 1 B Patient 2
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Figure 1. Short-term results of postoperative speech perception. Seven patients (B,D-I) achieved
scores > 50% after CI, and two patients (A,C) achieved poorer outcomes. CI, cochlear implantation.

The results of long-term postoperative speech perception are shown in Figure 2. Of the
seven patients who were followed for more than 3 years, three patients (patients 2, 3, and 5)
were followed for more than 5 years. Three patients (patients 2, 3, and 7) showed a decrease
in postoperative speech perception of 20% or more. Patient 2 had no identifiable reasons
for an acute deterioration in the first year and a gradual deterioration during the long-term
follow-up. There was no sign of device failure, such as increasing impedances, an increase
in clinical threshold level, or a reduced number of available electrodes in the course of
deterioration of speech perception. In patient 3, a temporal shift in speech perception
improved after mapping modification, and thereafter, no changes were observed during
the long-term follow-up period. In patient 7, an acute deterioration in the first year was
attributed to high-order brain dysfunction caused by cerebral infarction, but this episode
did not cause the limited usage of the implant or make it difficult to conduct a speech
perception test. After this episode, she showed a progressive decline in speech perception,
despite the absence of an additional central episode or cognitive decline. There was no
sign of device failure, such as increasing impedances, increases in threshold level by NRT,
increases in clinical threshold level, or a reduced number of available electrodes in the
course of deterioration of speech perception.

The results of sentence recognition tests in noise in four patients are shown in Table 2.
Noise significantly influenced speech perception in one patient (patient 4), showing a poor
score even in quiet conditions; this patient showed a progressive decline in the monosyllabic
speech perception test. The other three patients maintained good scores under noise
exposure, and two of them, who were examined twice using a sentence recognition test in
noise, showed stable performance for more than three years; these patients also showed
stable performance in long-term monosyllabic speech perception tests.
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Figure 2. Long-term results of postoperative speech perception. Postoperative speech perception for
seven patients. * Three patients with speech perception reduced by 20% or more.

Table 2. Results of speech in noise test.

Patient Tested Year (Years after CI) In Quiet (%) S/N20 (%) S/N10 (%)
4 5.2 45 20 -
5 1.3 95 95 58
3.9 100 95 78
6 1.5 98 97 73
8 1.5 98 100 57
3 100 92 -

A CI 2004 speech test was conducted in four patients at some point after CI. CI, cochlear implantation.

4. Discussion

In the present study, we investigated the short-term and long-term postoperative
speech perception in nine patients who underwent CI for profound hearing loss with
mtDNA mutation. Seven patients exhibited a good score of >50% in the Fukuda version of
the monosyllabic speech perception test during the first postoperative year, but two of the
seven patients showed deterioration during the long-term follow-up period. The short-term
results in the current study agree with those in previous reports. Sinnathuray et al. [6] com-
pared the results of postoperative speech perception in 12 patients with mtDNA mutations
from 1997 to 2002 and reported good results irrespective of disease type, severity, and
duration of hearing loss. Nawal et al. [39] conducted a systematic review of cochlear im-
plantation outcomes in patients with mitochondrial hearing loss. In that study, 13 patients
from 11 studies performed speech perception tests, and 10 out of 11 patients scored more
than 50% in either speech, word, or phoneme recognition tests.

Deafness associated with mtDNA abnormalities is mainly attributed to dysfunction
of the inner ear [11-15], but the retrocochlear auditory pathway may also be
involved [4,16,17,21-23]. Short-term improvements in speech perception after CI may
wane during long-term follow-up due to the degeneration of the spiral ganglion cells
or cognitive decline due to progressive mitochondrial disorder. In a recently reported
retrospective case series of five patients with mitochondrial diseases, including MELAS and
MIDD, speech perception was preserved during the long-term follow-up period in four
patients, but one patient could only use implants for several hours per day and could not
conduct the speech perception test within 2 years of surgery [38]. In that report, the authors
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speculated that cognitive decline from the disease made the patient unable to recognize the
importance of using the implant for the establishment of speech perception.

In the current study, two patients who initially achieved good speech perception ex-
hibited a decrease in speech perception during the long-term follow-up period. In patient 2,
neither cognitive decline nor deterioration of the device itself, such as a decrease in the
number of available electrodes or an increase in the impedance of electrodes, were observed;
therefore, progressive retrocochlear dysfunction was considered as the cause of the dete-
rioration in speech perception. In another patient (patient 7), the initial decline in speech
perception was associated with cerebral infarction, but the absence of additional central
episodes, cognitive decline, or deterioration of the device itself thereafter suggests that the
decline in speech perception during the long-term follow-up after cerebral infarction may
be associated with progressive retrocochlear impairment associated with mtDNA mutation.

Previous studies [22-37,40,41] and short-term observations in the present study indi-
cate that patients with mtDNA mutations are good candidates for CI. Notably, however,
the long-term observations in the present study also suggest that retrocochlear dysfunction
may be responsible for the long-term deterioration of speech perception after CI in pa-
tients with mtDNA mutations. Several reports [42-44] have investigated long-term speech
performance in patients receiving CI and have observed no decline in speech perception
performance. For example, Hilly et al. [42] examined 87 cochlear implant recipients, includ-
ing 22 patients over 70 years of age, with a mean follow-up of 6.8 years, and found that
most patients had a stable outcome during the follow-up period. Even in patients who are
older, 13.6 percent improved and none had a reduction in score of more than 20 percent.
Dillon et al. [43] followed 14 cochlear implant recipients aged 65 years and older for at least
10 years and found that consonant-nucleus—consonant word scores were stable between
6 months and 1 year of listening experience, improved significantly between 1 year and
5 years, and were stable between 5 years and 10 years. Hearing in Noise Test sentence
scores in quiet and in noise showed a similar pattern, with stability in performance between
the 6-month to 1-year and 5-year to 10-year follow-up intervals, and significantly improved
performance between the 1-year and 5-year follow-up intervals. Therefore, diagnosis of
mitochondrial diseases will have an impact on long-term performance of CI as well as
future progression of hearing loss. Although CI has the potential to improve the quality
of life in these patients, surgeons need to provide information about the possibility of
gradual deterioration of speech perception in the long term after CI, so that patients and
their families can prepare their future living environments and support. At our institution,
we evaluate for mitochondrial genetic abnormalities at the time of initial consultation in
patients with symptoms and signs suggestive of maternal inheritance.

Because no objective assessment data were available to confirm the progression of
retrocochlear dysfunction, there were no clear predictors of the deterioration of speech
perception during the long-term follow-up period. Preoperative diagnosis of retrocochlear
involvement may have some impact on long-term performance of CI. All patients in our
case series showed an absence of DPOAE response, indicating cochlear involvement. Ab-
sent or poor response in promontory stimulation tests indicates retrocochlear dysfunction.
In the present study, two patients showed deterioration of speech performance during
follow-up; one of them (patient 7) showed poor response in the promontory stimulation
test, but the other (patient 2) showed good response. Therefore, it is unclear if preoperative
retrocochlear involvement can predict the decline in speech perception in the long-term
period. Breneman et al. [45] reported a long-term outcome of cochlear implantation in
patients with auditory neuropathy spectrum disorder (ANSD). In that study, 35 patients
with a follow-up period of more than six years on average showed as good a response as
children with non-ANSD SNHL, which suggests that diagnosis of retrocochlear disease is
not sufficient to predict the long-term benefit of CI. Superficial hemosiderosis is also known
to present retrocochlear deafness. In a systematic review by Chaudhry et al. [46], 31 out
of 44 patients showed improved hearing outcomes following CI, and 22 implants had
sustained benefit at the last follow-up. They concluded that longevity of benefit was diffi-
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cult to predict because of the progressive nature of the disease and a lack of preoperative
prognosticators. Pijl et al. [41] used electrically evoked auditory brainstem response (EABR)
and middle latency response (MLR) data derived from two patients with Kearns—Sayre
syndrome and found that EABR and MLR were useful for distinguishing between cochlear
and retrocochlear hearing loss and for predicting outcomes after CI. Rosenthal et al. [40]
reported EABR and MLR data derived from a patient with MELAS syndrome who had sig-
nificant central nervous system deficits, and proposed prioritizing MLR testing rather than
EABR to evaluate the integrity of the auditory pathway. Introduction of these examinations
may be useful for the prediction of future performance.

There have been several reports that older adult cochlear implant users have poorer
performance of speech in noise compared to younger adults. This may be due to the fact
that listening in noise is more susceptible to retrocochlear auditory pathway damage [47,48].
Although the present study could not provide sufficient data, it may be possible to predict
the deterioration of speech performance with progression of retrocochlear dysfunction by
repeated evaluation under noise conditions.

Generally, central nervous system symptoms, such as stroke-like episodes in MELAS
patients, progress slowly [49,50]. Therefore, retrocochlear dysfunction after Cl is also likely
to progress slowly. Long-term observation may reveal deterioration of speech perception
in our patients followed for less than 5 years.

It should be noted that heterogeneity of the presented samples may affect the inter-
pretation of the results because of the relatively small number of cases. Although the time
from deafness to surgery was around one year in most cases, there was diversity in the
onset of hearing loss and the age of surgery. Heteroplasmy is also known to affect disease
severity and the expression pattern of the impairment across organs and tissues [51,52], but
was not analyzed in this study.

5. Conclusions

We retrospectively reviewed short-term and long-term speech perception after CI
in nine patients with deafness associated with mtDNA mutations. Two of the seven
patients who initially achieved good speech perception scores exhibited a deterioration in
speech perception during the long-term follow-up. The absence of acute progression of
cognitive decline in conjunction with the gradual decline in speech perception suggests
that retrocochlear dysfunction associated with mitochondrial disorder could be responsible
for the deterioration of speech perception.
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Abstract

Purpose: To investigate walking ability in Japanese patients with Rett syndrome (RTT).

Methods: Walking ability was assessed in 100 female Japanese patients with RTT using univariate and multivariate analysis in all
age groups, and in patients over 10 years of age. We analyzed walking ability and confounding factors including prenatal-perinatal
histories, developmental milestones, somatic and head growth, anthropometric data, body mass index, age of loss of purposeful
hand use, age at onset of stereotypic hand movement, history of autistic behavior, age at regression, presence or absence of seizures,
and the results of MECP2 genetic examination from the Japanese Rett syndrome database.

Results: Univariate analysis revealed that acquisition of walking in all age groups was significantly correlated with the acquisi-
tion of meaningful words, microcephaly, and crawling (P < 0.0001, P = 0.005, P < 0.0001, respectively). Univariate analysis revealed
that walking ability over 10 years of age was significantly correlated with acquisition of meaningful words, microcephaly, and body
mass index (P < 0,0001, P = 0.005, P = 0.0018, respectively). MECP2 mutations R306C, R133C, and R294X were significantly asso-
ciated with different acquisition of crawling (P = 0.004) and walking (P = 0.01). Multivariate analysis revealed that only acquisition
of meaningful words was significantly correlated with walking ability over 10 years of age. This trend excluded the genetic effects of
R306C, R133C, and R294X.

Conclusions: Meaningful word acquisition was robustly associated with walking ability over 10 years. Prognosis of walking abil-
ity may be predicted by the acquisition of meaningful words. This information is potentially useful for early intervention and the
planning of comprehensive treatment for young children with RTT.
© 2020 The Japanese Society of Child Neurology. Published by Elsevier B.V. All rights reserved.
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1. Introduction

Rett syndrome (RTT) (OMIM #312750) is a neu-
rodevelopmental disorder primarily affecting females.
Most cases of RTT are caused by de novo mutations
in the gene encoding methyl-CpG binding protein 2
(MECP2) [1]. Approximately 90%-95% of typical RTT
cases exhibit loss-of-function mutations in the MECP2
gene of the X-chromosome [2].

Clinical manifestations include microcephaly, loss of
psychomotor abilities, intellectual disability (ID), autis-
tic behaviors, and hand stereotypies. Recent large
cross-sectional studies revealed substantial clinical vari-
ability in MECP2 mutations [2]. It has been reported
that girls and women with the mutations p.Arg270*
(R270X) or p.Arg255* (R255X) present with more sev-
ere motor disability, whereas those with mutations p.
Arg306Cys*, p.Argl33Cys*, and p.Arg294* (R306C,
R133C, R294X, respectively), and C-terminal deletions
exhibit a milder phenotype, and, in most cases, acquire
the ability to walk [3-7]. However, it is difficult to esti-
mate genotype-phenotype correlations because of the
role of X inactivation. In the present study, we utilized
the Japanese Rett syndrome database (JRSD), which
was established in October 2012 and contains clinical
data from over 102 RTT patients. Walking ability is
important for family counselling and planning for the
provision of care for young children with RTT. In the
current study, we investigated factors related to ambula-
tion ability in young children over 10 years of age with
or without genetic effects, based on the JRSD.

2. Patients and methods
2.1. Japanese Rett syndrome database and subjects

The JRSD is operated by management officers con-
sisting of child neurologists and RTT family associa-
tions, and is supported by the Japanese government.
The registration document is completed with a combina-
tion of parents’ questionnaire responses and doctor’s
examination data after children’s diagnosis with RTT
with clinical criteria and/or genetic abnormality [2]. A
total of 102 female patients with RTT were registered
from October 2012 to December 2015. For the current
study, we obtained informed consent from all RTT par-
ents and ethical approval from each institution. The
JRSD registration document contains prenatal/perinatal
history, developmental milestones, somatic and head
growth, anthropometric data, growth status (body mass

index [BMI]), age at regression, age at development of
stereotypic hand movement, loss of purposeful hand
function, history and age of onset of autistic behavior,
eating and swallowing ability, vocalization/verbaliza-
tion, periodic breathing, hand and foot temperature,
dystonia, tremor, seizures, scoliosis, muscle tonus, den-
tal and oral problems, and genetic examinations.

2.2. Gene testing

Total genomic DNA was prepared from peripheral
blood leukocytes according to standard procedures. Par-
ticipants in this study underwent complete MECP2
mutation analysis, including exon 1 and evaluation for
large DNA rearrangement, by Southern blotting or by
multiple ligation-dependent  probe amplification
(MLPA) analysis. Whole exome sequencing (WES)
was performed in some patients, as previously described

(8.
2.3. Sentinel surveillance and statistical analyses

The Kaplan—Meier method was used to estimate sur-
vival curves and the log-rank test was used to compare
estimated survival curves. In addition, univariate and
multivariate logistic regression models were employed
to test the relationships between walking ability over
10 years of age and other factors. All variables were
visually inspected to assess their distribution. When
variables were judged to be skewed and the normality
assumption was not tenable, non-parametric tests,
Spearman’s rank correlations and Mann-Whitney U-
tests were employed. x> test and Fisher’s exact test were
used to examine the relationships between categorical
variables. P-values less than 0.05 were considered to
indicate significant differences. JMP Pro 13 (SAS insti-
tute, Cary, NC, USA) was used to perform all data anal-
yses. The research protocol was approved by the Ethics
Committees of National Center of Neurology and Psy-
chiatry, and the Ethics Committees of each participating
institution.

3. Results

Two patients were excluded from the study because
of incomplete data for RTT diagnosis, according to
recent clinical diagnostic criteria [2]. We analyzed regis-
tered data from 86 typical and 14 atypical RTT patients.
All patients were female, and ages ranged from 1 year to
43 years of age (mean + SD; 14.5 4+ 11.2 years of age;
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Table 1
Clinical distribution in Japanese Rett Syndrome Database.

707

Symptoms Age at registration
1-5 yrs 6-10yrs 11-15yrs 16-20yrs >21yrs Total
Number of patients 19 25 18 6 32 100
Main criteria
Partial/complete loss of acquired purposeful hand skills 19(100) 23 (92.0) 14 (77.8) 5(83.3) 25 (78.1) 86 (86)
Partial/complete loss of acquired spoken language 10 (52.6) 13 (52.0) 12 (66.7) 4 (66.7) 21 (68.8) 60 (60)
Gait abnormalities 17 (89.4) 22 (88.0) 17 (94.4) 6 (100) 30 (93.8) 92 (92)
Stereotypic hand movements 19 (100) 24 (96.0) 18 (100) 6 (100) 32 (100) 99 (99)
Supportive criteria
Breathing disturbances when awake 11 (57.8) 17 (68.0) 13 (72.2) 6 (100) 18 (56.3) 65 (65)
Bruxism when awake 14 (73.6) 20 (80.0) 13 (72.2) 5(83.3) 18 (56.3) 70 (70)
Impaired sleep pattern 11 (57.8) 14 (56.0) 8 (44.4) 6 (100) 22 (68.8) 61 (61)
Abnormal muscle tone 19 (100) 19 (76.0) 15(83.3) 6 (100) 29 (90.6) 88 (88)
Peripheral vasomotor disturbances 18 (94.7) 24 (96.0) 18 (100) 6 (100) 28 (87.5) 94 (94)
Scoliosis/kyphosis 3 (15.7) 12 (48.0) 14 (77.8) 6 (100) 29 (90.6) 64 (64)
Inappropriate laughing/screaming spells 18 (94.7) 20 (80.0) 15 (83.3) 6 (100) 20 (62.5) 79 (79)
Autistic behavior with intense eye communication 16 (84.2) 16 (64.0) 13 (72.2) 6 (100) 24 (75.0) 75 (75)
Epilepsy 7 (36.8) 16 (64.0) 13 (83.3) 6 (100) 26 (81.3) 68 (68)

N = number of patients; yrs = years.

Table 2
Distribution of MECP2 mutations in Japanese Rett Syndrome
Database.

Number of patients per total

92/102 (90.2%)
88/92 (95%)

MECP2 mutation examination
MECP2 mutations, identified

Typical 86/102 (84%)
Genotype N(%)
R168X 11 (11.8)
T158M 8 (8.6)
R255X 8 (6.4)
R270X 5(5.4)
R294X 5(5.4)
R133C 5(5.4)
R306C 4(4.3)
R306W 3(3.2)

median; 11.4 years of age). Table 1 shows the age distri-
bution and frequency of symptoms and signs. Of 100
RTT patients, 92 (92%) underwent genetic examination
by Southern blotting, MLPA, or WES.

Of these patients, 88 (95%) exhibited various MECP2
mutations (Table 2). MECP2 mutations included
R168X (11 patients) (12.5%), T158M (eight patients)
(9%) and R255X (six patients) (6.8%) (Table 2). All
patients developed head control (median; 4 months of
age). Ninety-seven patients acquired the ability to roll
over (median; 6 months), while three were never able
to roll over (3%). Seventy-nine patients were able to sit
unassisted (median; 8 months) (79%). Fifty-six patients
acquired the ability to crawl (median; 11 months)
(56%). Forty-nine patients did not acquire the ability
to walk without support (median; 18 months) (49%).
The age of acquisition of walking ranged from
11 months to 72 months (median: 18 months). Forty

patients did not develop the ability to produce meaning-
ful words (40%). Among the other patients, the age of
first meaningful words ranged from 10 months to
72 months of age. Fifty-eight patients exhibited a
severely small head circumference (56%).

3.1. Correlation of acquisition of walking ability,
meaningful words and microcephaly

We hypothesized that walking ability over 10 years of
age may be related to a range of factors highlighted in
previous studies, as follows: acquisition of meaningful
words, presence or absence of microcephaly, dystonia,
abnormal muscle tone, breathing abnormalities, age of
onset of stereotypic hand movement, age of regression
of hand function, and presence or absence of scoliosis
[9-12].

First, we analyzed all data related to motor function,
then examined acquisition of walking ability in all age
groups. The Kaplan—Meier method was used to assess
the relationships between acquisition of head control,
sitting alone, crawling, meaningful words, microcephaly
and acquisition of walking. Fig. 1 shows the estimated
mean proportion of patients who acquired walking at
all ages, for 100 patients. The proportion of patients
who acquired the ability to walk increased until
100 months, then tended to flatten. Patients who
acquired meaningful words showed a significantly
greater rate of acquiring walking than those who did
not acquire meaningful words, for all age groups
(P < 0.001). Patients with absence of microcephaly
exhibited a significantly greater rate of acquiring of
walking than those with microcephaly (P = 0.005).
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Fig. 1. Relationship between walking ability, acquisition of meaningful speech and microcephaly Walking ability was significantly different between
patients who acquired meaningful words and those who did not acquire meaningful words, P < 0.001 (A). Walking ability was significantly different
between patients with and without microcephaly, P = 0.005 (B), Kaplan-Meier method.

3.2. Acquisition of walking and effect of MECP2
mutation type (R306C, RI33C, R294X)

Genotype MECP2 mutation severity was categorized
into mild (R306C, R133C, R294X) and other, based on
previous reports [13]. To assess acquisition of walking,
we also excluded R306C, R133C, R294X gene muta-
tions, because an increasing number of patients with
RTT did not undergo MECP2 gene testing in recent
years. Fig. 2 shows an analysis of the acquisition of
crawling (Fig. 2A) and walking (Fig. 2B) in relation to
gene mutations, including R306C, R133C, R294X and
other mutations. The rate of acquisition of crawling

increased with age, until 30 months (Fig. 2A), and the
number of patients that acquired walking increased until
40 months of age, then tended to flatten (Fig. 2B).
Patients with mild phenotype mutations (R306C,
R133C, R294X) exhibited significantly higher rates of
acquiring crawling and walking (P = 0.004, P = 0.01,
respectively).

3.3. Analysis of walking ability over 10 years of age
Age distribution was observed and analyzed in two

age categories: over 10 years old, and all ages [12,13].
According to previous studies of motor symptoms

Fig. 2. Crawling and walking ability were significantly different between patients with MECP2 mutations of R306C, R133C, R294X and other
mutations Crawling ability and walking ability were significantly different between patients with MECP2 mutations of R306C, R133C, R294X and
other mutations. P = 0.004 (A), and P = 0.01 (B), respectively, Kaplan—-Meier method.
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including walking, we divided patients into four groups,
as follows: those currently able to walk, those who were
previously able to walk then lost walking ability, those
unable to walk at over 10 years of age, and those with
unknown walking status (Fig. 3). Of 56 patients over
10 years old, 31 were currently able to walk, 17 patients
never learned to walk, six patients had lost the ability to
walk, and two patients had unknown walking status. We
divided participants into two groups depending on
walking prognosis, as follows: participants who were
still walking after 10 years of age, and a group of partic-
ipants who were able to walk previously then lost the
ability to walk, or who had never walked (Figs. 3, 4).
The Kaplan—Meier method was used to assess the rela-
tionships between acquisition of crawling, acquisition
of meaningful words, and walking ability over 10 years
of age. The results shown in the figures indicate that
walking ability was related to the acquisition of crawling
(Fig. 4A), and the acquisition of meaningful words
(Fig. 4B) over 10 years of age. As shown in Fig. 4, the
proportion of patients with the ability to walk over
10 years of age was significantly related to the acquisi-
tion of crawling, and the acquisition of meaningful
words (P < 0.001, P < 0.001, respectively).

Univariate analysis and multivariate analysis were
used to assess the relationships between walking ability
and early clinical signs. Univariate analysis revealed that
walking ability was significantly correlated with mean-
ingful word acquisition, microcephaly and BMI
(P <0.0001, P=0.005, P =0.0018, respectively). Lower
BMI was negatively correlated with walking ability
(Table 3). Walking ability was not related to dystonia,
abnormal muscle tone, presence of breathing abnormal-
ities, stereotypic hand movement, regression of hand
function, or scoliosis. Multivariate analysis revealed that
walking ability was only significantly correlated with

meaningful words (P = 0.0003; odds ratio = 15.872).
Even when we excluded gene effects, acquisition of
meaningful words was the only robustly significant fac-
tor associated with walking ability over 10 years of age.
Microcephaly, BMI, dystonia, scoliosis, and crawling
were not correlated with walking ability over 10 years
of age (Table 4).

4. Discussion

RTT, a neurodevelopmental disorder predominantly
affecting females, has been characterized by apparently
normal initial development followed by frank regression
of fine motor and communication skills, typically
between 6 and 18 months of age [13]. Our univariate
analysis revealed that walking ability was correlated
with crawling, meaningful word acquisition, micro-
cephaly, MECP2 mutation type, and BMI. Multivariate
analysis revealed that only meaningful word acquisition
was robustly related to walking ability when patients
were over 10 years old. A previous study reported that
walking was delayed in 30/38 RTT patients (79%); of
these, 18 patients could not crawl until 4 years of age
[14]. Furthermore, 55% of patients began to walk with-
out having acquired the ability to crawl [14]. Another
study reported that patients that had obtained meaning-
ful words began crawling and walking significantly ear-
lier than those without meaningful word acquisition,
using univariate analysis [15]. Never acquiring the abil-
ity to walk is reported to be related to the early loss of
language [11]. The abnormal acquisition of early skills
is reported to be in accord with a marked decrease in
head size beginning in early postnatal life [16], and the
current data support these previous findings. In the cur-
rent study, acquisition of meaningful words was a
robust factor related to various symptoms or functions,

m still walking = never walking = previous walking = unknown

Fig. 3. Division of patients into four groups based on acquired and sustained walking abilities over 10 years of age We divided patients into four
groups based on acquired and sustained walking abilities over 10 years of age: currently able to walk, previously able to walk but cannot walk at
present, never able to walk, and unknown. Of 56 patients over 10 years old, 31 were currently able to walk, 17 patients never learned to walk, six
patients had lost the ability to walk, and two patients had unknown walking status.

68Y



710 T. Saikusa et al. | Brain & Development 42 (2020) 705-712

Fig. 4. Relationships between walking ability, crawling ability, and acquisition of meaningful words over 10 years of age For patients over 10 years
old, walking ability was significantly different between those who acquired crawling and those who did not acquire crawling (P <0.001) (A). Walking
ability was significantly different between patients who acquired meaningful words and those who did not acquire meaningful words (P < 0.001) (B),
Kaplan—Meier method. We divided participants into two groups depending on walking prognosis, as follows: participants who were still walking
after 10 years of age, and participants who were either able to walk then lost walking ability or who were never able to walk (Fig. 3).

Table 3

Univariate analysis of walking ability and other factors over 10 years of age.

Factors All patients with RTT Excluding the patients with R306C, R133C, R294X variants
Odds ratio P-value Odds ratio P-value

Meaningful words 7.125 <0.0001 7.959 0.0001

Microcephaly 0.265 0.005 0.261 0.0071

Dystonia 0.833 0.7357 0.831 0.7617

Scoliosis 0.778 0.6572 0.786 0.6905

BMI 1.279 0.0018 1.372 0.0019

Walking ability was significantly correlated with the acquisition of meaningful words, microcephaly and BMI; P < 0.0001, P = 0005, P = 0.0018,
respectively. Lower BMI was negatively correlated with walking ability. BMI: Body Mass Index

Table 4

Multivariate analysis of walking ability and other factors over 10 years of age.

Factor All patients with RTT Excluding the patients with R306C, R133C, R294X variants
Odds ratio P-value Odds ratio P-value

Meaningful words 15.872 0.0003 16.506 0.0015

Microcephaly 1.366 0.7132 1.706 0.5877

Dystonia 0.526 0.4024 0.685 0.6623

Scoliosis 0.758 0.7357 0918 0.921

BMI 1.192 0.1186 1.257 0.1452

Walking ability was significantly correlated with the acquisition of meaningful words (P = 0.0003; odds ratio = 15.872). Although we excluded the
effects of genes, meaningful word acquisition was significantly correlated with walking ability.

including cortical ability (microcephaly), growth/nutri-
tion (BMI), motor ability (crawling), and genotype.
Witt-Engerstrom et al. reported that, on the basis of
acquired and sustained walking ability, patients with
RTT aged 22-44 years could be divided into three
groups: currently walking, previously walking, and
never able to walk [12]. Dystonic signs were most com-
mon among patients who were previously able to walk
then became unable to walk. Early progression of scol-
iosis and weakness were most prevalent among patients
who were never able to walk [12]. Extrapyramidal signs,

including stereotypic hand movements, gait disturbance,
bruxism, bradykinesia, hypomimia, scoliosis, rigidity
and dystonia, have been observed in almost all patients
with RTT, affecting the daily lives and walking ability of
patients [17,18]. We divided patients over 10 years of age
into four groups (Fig. 3). Walking ability was related to
meaningful words, but dystonic signs and scoliosis were
not related to walking ability. The discrepancy between
the current findings and the previous report may have
arisen because the diagnosis of dystonia was not
reported in our study [12]. Data regarding dystonia were
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collected in 67 of 100 cases (67%). Among these 67 cases,
the presence of dystonia in patients with RTT was
reported in 20 cases (29.9%). Over 10 years, data regard-
ing dystonia were collected in 42 of 56 cases (75%).
Among these 42 cases, dystonia was reported in 14 cases
(33.3%). It is possible that the diagnosis of dystonia is
difficult in some cases, and our database did not include
the detail of the neurological examination of extrapyra-
midal signs. Unfortunately, we also did not evaluate the
severity of scoliosis in the current study.

Our study confirmed the importance of genotypes
associated with severe and mild phenotypes [3-5]. Tar-
quine et al. reported that typical RTT was associated
with more severely affected growth (height, weight, head
circumference, and BMI) than atypical RTT. Decreased
growth, including body weight, height and micro-
cephaly, was associated with more impaired develop-
ment, higher disease severity, and specific MECP2
mutations (pre-C-terminal truncation, large deletion,
T158M, R168X, R255X, and R270X) [16]. In previous
reports, the mutations T158M, R255X and R168X,
and R270X have generally been associated with more
severe phenotypes, while R306C, R133C, R294X and
3’ truncations have been associated with less severe dis-
ease [3-5]. Patients with R306C, R133C, R294X and 3’
truncations are reported to acquire more gross motor
skills and lose fewer skills, particularly in fine motor
and expressive language abilities [6,7]. However specific
mutations may not be the only determinant of severity
within specific individuals due to the existence of other
factors, such as X-chromosome inactivation, genetic
background (the interplay of other genetic variations),
and distribution of abnormal genes in specific brain
regions [3,5,19.20]. Mutation type has some effect on
the phenotypic manifestation of RTT, and the pattern
of X inactivation is thought to determine phenotypic
severity [21]. MECP2 interacts with a wide variety of
cofactors. The intrinsically disordered nature of MECP2
permits a high degree of structural flexibility, allowing
MECP?2 to interact with many diverse protein partners.
MECP2 utilizes a variety of mechanisms to regulate
gene expression, which is dependent on the proteins with
which it interacts at any given time. The clinical variabil-
ity of these mutation suggests that it plays a major role
in the function of MECP2 protein [22].

The database used in this study included information
provided by parents and caregivers of RTT patients,
with confirmation by a pediatric neurologist. Further-
more, 92 of 100 (92%) RTT participants underwent gene
testing. Using a Japanese database, our results revealed
that acquisition of meaningful words was the only factor
that was robustly and significantly correlated with walk-
ing ability over 10 years. However, microcephaly, dysto-
nia, scoliosis and BMI were not correlated with walking
abilities in the multivariate analysis.

203

711
5. Limitations of this study

Several limitations of this study may should be con-
sidered in interpreting the results. The principal limita-
tion was the relatively small sample size of the study,
limiting the generalizability of the results. Our study also
used a cross-sectional design. However, our study also
had several unique features, including collaborative
study of parents or caregivers, and direct examination
by a pediatric neurologist. In most previous studies,
data were derived from questionnaires without direct
assessment of participants by clinicians experienced in
the diagnosis of RTT. In addition, we performed multi-
variate analysis, because many factors may be tightly
linked with other factors.

In conclusion, our findings may be useful for inform-
ing the development of early intervention methods, and
the planning of comprehensive treatment for young
infants with RTT. The acquisition of meaningful words
was only significantly correlated with walking ability
over 10 years of age among patients with RTT.
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Abstract

Background: Rett syndrome (RTT) is a neurodevelopmental disorder that predomi-
nantly affects girls. Its causative gene is the X-linked MECP2 encoding the methyl-
CpG-binding protein 2 (MeCP2). The gene comprises four exons and generates two
isoforms, namely MECP2_el and MECP2_e2. However, it remains unclear whether
both MeCP2 isoforms have similar function in the brain.

Methods: We report a case of a boy with typical RTT. Male cases with MECP2 vari-
ants have been considered inviable, but somatic mosaicism of the variants can cause
RTT in males. Whole-exome sequencing was performed to search for the genetic
background.

Results: A novel nonsense and mosaic variant was identified in exon 1 of MECP2,
and the variant allele fraction (VAF) was 28%. Our patient had the same level of
VAF as that in reported male cases with mosaic variants in MECP2 exon 3 or 4, but
manifested RTT symptoms that were milder in severity compared to those in these
patients.

Conclusion: This is probably because the variants in MECP2 exon 3 or 4 disrupt
both isoforms of MeCP2, whereas the variant in exon 1, as presented in this study,
disrupts only MeCP2_el but not MeCP2_e2. Therefore, our findings indicate that
MeCP2_e2 may partially compensate for a deficiency in MeCP2_el.

KEYWORDS

male with Rett syndrome, MeCP2 isoform, MeCP2_e1, MeCP2_e2, somatic mosaicism

X-chromosome inactivation (XCI), approximately 50% of the
cells express the variant MECP2 and the other half express

Rett syndrome (RTT) is a neurodevelopmental disorder
primarily occurring in girls. It is caused by a loss-of-func-
tion variant in one copy of the X-linked gene MECP2
(OMIM #300005) that encodes methyl-CpG-binding pro-
tein 2 (MeCP2). In females with typical RTT due to random

the wild-type MECP2. Males manifesting the symptoms of
typical RTT also have an MECP2 variant that is found in
females with typical RTT. These males have either an extra
X-chromosome (Klinefelter syndrome) or somatic mosaicism
of the variant (Kleefstra et al., 2004; Schonewolf-Greulich

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any medium,

provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
© 2019 The Authors. Molecular Genetics & Genomic Medicine published by Wiley Periodicals, Inc.

Mol Genet Genomic Med. 2020;8:¢1088.
https://doi.org/10.1002/mgg3.1088

07295

wileyonlinelibrary.com/journal/mgg3 1of5


www.wileyonlinelibrary.com/journal/mgg3
mailto:﻿
https://orcid.org/0000-0001-5063-8625
https://orcid.org/0000-0002-4707-4010
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:takeguchi5p@asahikawa-med.ac.jp

TAKEGUCHI ET AL.

2 Of S . . . .
Molecular Genetics & Genomic Medicine

et al., 2019; Schwartzman, Bernardino, Nishimura, Gomes,
& Zatz, 2001; Topcu et al., 2002; Villard, 2007; Zhang et
al., 2019). Evidence can be obtained from male RTT patients
with somatic mosaicism of the MECP2 variant to better un-
derstand the relationship between variant allele fractions
(VAFs) and the clinical severity of RTT, because the effect
of XCI on the phenotype does not need to be considered in
male cases.

MECP2 comprises four exons and generates two iso-
forms: MECP2_el and MECP2_e?2 as a result of the alterna-
tive splicing of exon 2. MeCP2_el is translated from a start
site in exon 1, and exon 2 is skipped through alternative splic-
ing, whereas MeCP2_e2 is translated from a start site in exon
2 (Mnatzakanian et al., 2004). In this study, we sought to in-
vestigate the case of a male RTT patient mosaic for nonsense
variant in exon 1 of MECP2 that disrupts only MeCP2_el
but not MeCP2_e2. To examine whether MeCP2_e2 can
ameliorate some neurological symptoms due to the affected
MeCP2_el functions, we compared the clinical severity of
the present case with those of other reported male cases car-
rying the mosaic variants that affect both MeCP2_el and
MeCP2_e2.

2 | MATERIALS AND METHODS
2.1 | Patient background and informed
consent

The patient was a young boy with typical RTT phenotype
who fulfilled the diagnostic criteria for the disorder (Neul
et al., 2010). He and his parents gave informed consent to
participate in this study. The experimental protocols were
approved by the Committee for Ethical issues at Asahikawa
Medical University.

2.2 | Mutation analysis of the MECP2

For Sanger sequencing, their DNA was used as the template
for polymerase chain reaction (PCR). Appropriate prim-
ers were used to yield DNA fragments spanning the en-
tire MECP2 coding region and the intron—exon boundaries
(Takahashi et al., 2008). The PCR fragments were analyzed
using automated sequencing. Whole-exome sequencing
of the DNA was performed on a HiSeq2000 sequencer
(Illumina) with 101 bp paired end reads and 6 bp index reads.
Exome data processing, variant calling, and variant anno-
tation were performed as previously described (Itoh et al.,
2018). To confirm the variant identified in the Sanger and
whole-exome sequencing, the DNA fragment encompass-
ing the variation site was amplified by PCR using the prim-
ers 5'-CATCACAGCCAATGACGGGC-3" (forward) and

5’-CATCCGCCAGCCGTGTCGTC-3’ (reverse), and it was
subsequently digested with restriction endonuclease Dde 1.
The reaction products were then visualized through ethidium
bromide staining after electrophoresis on a 2% agarose gel.

2.3 | RNA isolation and RT-PCR

To examine the expression levels of MECP2_el and MECP2_
e2 isoforms, total RNA was extracted from the peripheral
blood cells using the PAXgene Blood RNA Kit (QIAGEN
GmbH). Reverse transcription (RT) was performed using
the SuperScript First-Strand Synthesis System (Invitrogen
Corporation) for generation of cDNA using 1 pg of total
RNA in a 20 pl reaction. Primers were designed for simul-
taneous amplification of both isoforms: a forward primer in
exon 1 (exonlF, 5-GAGAGGGCTGTGGTAAAAGC-3")
and a reverse primer in exon 3  (exon3R,
5’-GATGGAGCGCCGCTGTTTGG-3’), which generated
a 328-bp product for MECP2_el and a 452-bp product for
MECP2_e2. As an internal control, glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH) was used as described (Itoh
et al., 2012). The PCR products were visualized by ethidium
bromide staining, following electrophoresis on 2% agarose
gels. The optical densities of the bands were quantified using
an image analysis system and Image] software (National
Institutes of Health; Bethesda, MD). The obtained PCR prod-
ucts were purified from an agarose gel and directly sequenced
on an ABI 3130 Genetic Analyzer (Applied Biosystems).

3 | RESULTS

3.1 | Casereport

The 9-year-old male patient was born after 39 weeks of un-
eventful pregnancy without asphyxia. His birth weight and
head circumference were 2,865 g (—0.7 SD) and 33.0 cm
(—0.4 SD), respectively. He acquired head control at 3 months
of age, walked alone and spoke meaningful words at 9 months,
and had no apparent developmental delay until he was about
2 years old. Thereafter, his development stagnated, and it was
followed by a period of regression. He became less interested
in his toys and hardly had any speech. At 3 years and 6 months,
he was diagnosed with autism spectrum disorder and intellec-
tual disability. At 4 years, his purposeful hand skills began to
regress, and stereotypic movements such as hand wringing
appeared. At 6 years, he lost his minimal spoken language,
his gait became unsteady and wide based, and his head cir-
cumference was only 47.8 cm (—2.2 SD), making his postnatal
microcephaly more evident. He developed epilepsy at 7 years,
but his seizures were eventually controlled following treat-
ment with carbamazepine and topiramate. The chromosomal
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analysis revealed normal 46,XY karyotype. No abnormal find-
ings were observed in brain MRI and various tests related to
congenital metabolic disorders.

3.2 | Molecular studies

We performed the Sanger sequencing of MECP?2 for genetic di-
agnosis, but the initial analysis failed to identify the pathogenic
variant of this gene. Subsequently, we performed whole-exome
sequencing and identified a novel nonsense and mosaic vari-
ant in exon 1 of MECP2, NM_001110792.1: ¢.31G>T;
p-(Gly11%¥). Deep sequencing confirmed the presence of the T
allele uniquely in the patient sample at a ratio of 25 mutant T
allele reads to 63 G allele reads, a VAF of 28%. The reexamina-
tion of the MECP?2 variant using Sanger sequencing confirmed
the wild-type sequence, with only a small amount of the vari-
ant allele, suggesting somatic mosaicism (Figure 1a). This non-
sense variant created a new Dde I restriction site. Consequently,
PCR-restriction digestion analysis of the DNA obtained from
the patient and his parents revealed novel fragments in addition
to the estimated wild-type fragment only in the patient sample,
further confirming that the mosaic variant occurred de novo
(Figure 1b). RT-PCR results revealed that the variant did not

FIGURE 1

Open Access,

affect the expression levels of both MECP2_el and MECP2_e2
(Figure 2a). Analysis of cDNA showed the presence of an ab-
normal transcript with the nonsense variant of exon 1 in a mo-
saic state (Figure 2b).

3.3 | Compensatory role of MeCP2_e2 for
lack of MeCP2_el

The nonsense variant identified in the present case affected the
coding sequence of MECP2_el but not of MECP2_e2. Based
on this finding, we further examined whether MeCP2_e2 is
able to ameliorate the affected MeCP2_el function by compar-
ing the clinical severity of the present case with those of six
previously reported RTT males carrying MECP2 mosaic vari-
ants that affect both MeCP2_el and MeCP2_e2 (Table 1). This
comparison revealed that the median VAFs and the age at onset
of regression of the reported male patients were 25% (range
9-36) and 13 months (range 8—18), respectively, whereas in the
present case with 28% VAF, the developmental problems were
not noticed until the patient was 2 years old. At 9 years, he was
already able to walk independently, although his balance was
poor. Among the six previously reported cases, only three were
able to walk with or without support.

A novel mosaic variant of MECP2 in a male patient with typical Rett syndrome. Electropherogram shows the nonsense variant in

exon 1 of MECP2 [NM_001110792.1: ¢.31G>T: p.(Gly11%)] in mosaicism (a). Dde I digestion of the PCR product encompassing the variation site
shows additional fragments (143 and 215 bp), which resulted from the G-to-T transition creating a new Dde I restriction site in the patient but not in

his parents (b). These additional fragments are observed together with the 358 bp wild-type fragment, confirming the mosaic variant in the patient

FIGURE 2 Equal amounts of
MECP2_el and MECP2_e2 mRNA and
abnormal transcript with the nonsense
variant in a mosaic state. RT-PCR results
reveal that both MECP2_el and MECP2_e2
mRNA amounts are unaffected in the
patient. Glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) was used as an
internal control (a). Sequencing analysis
of the obtained PCR products shows the
presence of abnormal transcript with the
nonsense variant in a mosaic state (b)



TAKEGUCHI ET AL.

40f5 . . -
Molecular Genetics & Genomic Medicine
Wl LEY—

TABLE 1 Relationship between variant allele fractions and the clinical severity in males with typical Rett syndrome associated with mosaic
MECP?2 variants
Variants
Age at evaluation Nucleotide Predicted effect on Onset of Hand
(Authors) change protein sequence VAFs* regression skills Language  Gait Stereotypy
9 years (Present case) c31G>T p-(Glyl11%) 28% 24 months Poor Lost Poor Present
12 years (Topcu et al.,  ¢.808C>T p-(Arg270%) 36% 11 months Lost Never Never Present
2002)
11 years (Kleefstraet ~ ¢c.473G>T p.(Thr158Met) 25% 13 months Lost Lost Lost Present
al., 2004)
2 years (Zhang et al., c.316C>T p.(Argl06Trp) 26% 18 months Never Never Never Present
2019)
2 years (Zhang et al., ¢.353G>A p.(Gly118Val) 20% 13 months Poor Lost Poor Present
2019)
8 years (Schonewolf- c.1308dupT  p.(Glnd37Serfs*50) 9% (15%) 18 months Poor Lost Poor Present
Greulich et al., 2019)
9 years (Schonewolf- c.808C>T p-(Arg270%) 36% (45%) 8 months Lost Never Poor Present

Greulich et al., 2019)

*V AFs, variant allele fractions in blood lymphocytes (in fibroblasts).

4 | DISCUSSION
We present clinical and molecular findings in a male RTT
mosaic for a novel nonsense variant of MECP2. Deep se-
quencing with a next-generation sequencing method revealed
the small amount of the variant allele ¢.31G>T; p.(Gly11%)
with 28% VAF, which the initial Sanger sequencing failed
to identify. The PCR-restriction digestion analysis fur-
ther confirmed the somatic mosaicism of the variant. RT-
PCR results revealed that both MECP2 el and MECP2 _e2
mRNA amounts were unaffected in the patient, suggesting
that the nonsense variant in exon 1 of MECP?2 likely escapes
nonsense-mediated mRNA decay (NMD) and does not af-
fect transcription of MECP2_e2. The level of sensitivity of
a premature-termination codon (PTC) - containing mRNA
to NMD is multifactorial. It has been shown that mRNAs
carrying PTCs in close proximity to the translation initia-
tion AUG codon escape NMD, called the “AUG-proximity
effect” (Silva, Ribeiro, Inacio, Liebhaber, & Romao, 2008).
Consequently, this variant may lead to translational reinitia-
tion at a downstream AUG codon producing an N-terminally
truncated protein functionally distinct from wild-type
MeCP2_el, but does not affect the translation of MECP2_e2.
The majority of the RTT-associated MECP2 variants are
located in exons 3 and 4, which simultaneously disrupt both
the MeCP2_el and MeCP2_e2 isoforms. RTT associated
with exon 1 variants of MECP?2 is rare, and its detection rate
is 8.1% in patients with typical or atypical RTT (Saunders,
Minassian, Chow, Zhao, & Vincent, 2009). However, exon
2 variants that exclusively affect MeCP2_e2 have never been
identified in RTT, suggesting that MeCP2_e2 does not have

an essential function in the brain. Supporting this notion,
a mouse model with a deletion in MECP2 exon 2 failed to
recapitulate the neurologic symptoms characteristic of RTT
(Itoh et al., 2012). In this study, we presented the nonsense
variant in exon 1 of MECP2 that disrupted MeCP2_el but
not MeCP2_e2. Notably, however, we examined the variant
using DNA extracted from peripheral blood leukocytes, so
that it is uncertain whether the VAF in brain will be equiv-
alent to that observed in the present study. Nonetheless, this
study demonstrated that a male carrying an MECP2 exon 1
mosaic variant and expressing 28% less MeCP2_el in blood
than normal individuals exhibited the typical RTT pheno-
type, indicating that even a mild reduction of MeCP2_el is
sufficient to cause RTT.

In a previous study using the isoform-specific knockout
mice in which Mecp2_el was lacking while the expression
of Mecp2_e2 was preserved, the neurologic deficits of RTT
were recapitulated (Yasui et al., 2014). The study implied that
an RTT phenotype may occur even in the presence of MeCP2_
e2, which is unable to compensate for the lack of MeCP2_el.
Nevertheless, recent animal studies have revealed the partial
rescue of Rett-like symptoms in Mecp2-null mice through the
reexpression of Mecp2_e2 (Jugloff et al., 2008; Kerr et al.,
2012). However, there had been no clinical evidence whether
MeCP2_e2 is able to ameliorate some neurological symp-
toms due to the affected MeCP2_el functions. Genotype—
phenotype correlations are difficult to make in female RTT
patients because of the differences in XCI. Examination of
male RTT patients with somatic mosaicism of the MECP2
variant allowed us to assess the relationship between VAFs
and clinical severity. Comparison of the clinical severity of
the present case involving the MECP2_el-specific variant
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with those of other reported male cases with mosaic variants
that affect both MeCP2_el and MeCP2_e2 revealed that the
present case had a milder phenotype even though the VAFs
were almost the same (Table 1). In conclusion, this study
is the first to present clinical and molecular evidence that
MeCP2_e2 may partially compensate for the deficiency of
MeCP2_el, although further functional studies are needed.
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Mitochondrial dysfunction has been implicated in numerous common diseases as well as aging and plays
an important role in the pathogenesis of sensorineural hearing loss (SNHL). In the current study, we
showed that supplementation with germanium dioxide (GeO,) in CBA/]J mice resulted in SNHL due to the
degeneration of the stria vascularis and spiral ganglion, which were associated with down-regulation of
mitochondrial respiratory chain associated genes and up-regulation in apoptosis associated genes in the
cochlea. Supplementation with taurine, coenzyme Q10, or hydrogen-rich water, attenuated the cochlear
degeneration and associated SNHL induced by GeO,. These results suggest that daily supplements or con-
sumption of antioxidants, such as taurine, coenzyme Q10, and hydrogen-rich water, may be a promising
intervention to slow SNHL associated with mitochondrial dysfunction.

© 2022 Elsevier B.V. All rights reserved.

1. Introduction

Mitochondria are the primary organ generating cellular adeno-
sine triphosphate (ATP) and play a central role in a variety of cel-
lular processes, including calcium signaling, reactive oxygen spices
(ROS) generation, and apoptosis (Yamasoba et al., 2007). Based
on these important roles, impairment of mitochondrial function
has been implicated in numerous common diseases and condi-
tions, such as cardiovascular disease, neurodegenerative diseases,
metabolic disorders, and even in normal aging (Wang et al., 2016).

Mitochondrial dysfunction is typically associated with sen-
sorineural hearing loss (SNHL). For example, in humans, several
mutations and deletion in mitochondrial DNA (mtDNA) have been
reported to cause both syndromic and non-syndromic forms of
SNHL. Further, patients with age-related hearing loss (ARHL) have
a significant load of acquired mtDNA mutations in their auditory
tissues (Gopinath et al., 2009). In animal models, accumulation
of mtDNA mutations by the mutator allele of the mitochondrial

* This article is part of the Special Issue Mitochondrial Function and Dysfunction
in the Inner Ear Edited by Shinichi Someya, Anna Lysakowski, Katie Kindt, and David
Raible. So, Dr. Lysakowski serve as a Guest Editor of this Special Issue.
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E-mail address: tyamasoba-tky@umin.ac.jp (T. Yamasoba).

https://doi.org/10.1016/j.heares.2022.108678
0378-5955/© 2022 Elsevier B.V. All rights reserved.

Polg DNA polymerase has shown ARHL acceleration (Kujoth et al.,
2005). Even in acute SNHL, such as noise- and aminoglycoside-
induced hearing loss, impairment of mitochondrial function has
been shown to play an important role (Bottger and Schacht, 2013;
Fujimoto and Yamasoba, 2019). Considering these findings, estab-
lishing a good animal model presenting mitochondrial dysfunction
with hearing loss and discovering the methods for preventing the
symptoms occurring in these animals seems to play an important
role in overcoming many SNHL diseases as well as many other sys-
temic diseases.

It has been demonstrated that chronic intake of germanium
dioxide (GeO,) both in humans and animal models causes symp-
toms and pathological findings similar to those in patients with
mitochondrial encephalomyopathy, which is known as mtDNA
mutation disease (Higuchi et al, 1989; Takeuchi et al, 1992;
Asaka et al., 1995; Kim et al., 1998; Higuchi et al., 1991; Sanai et al.,
1990; Wu et al.,, 1992; Li et al., 2001; Lin et al., 2006). For example,
the skeletal muscles from rats treated with GeO, for 23 weeks
contained numerous ragged-red fibers and cytochrome-c oxidase
(COX)-deficient fibers and showed reduced enzyme activities in
the mitochondrial respiratory chain, such as rotenone-sensitive
NADH-cytochrome-c reductase and COX (Higuchi et al, 1991).
These results suggest that GeO, administration can reproduce
several pathological conditions caused by mitochondrial dysfunc-
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tion, which may be useful in elucidating diseases associated with
mitochondrial dysfunction and their treatment.

Moreover, we have previously reported that diet supplemented
with 0.5% GeO, caused profound SNHL associated with degener-
ation of the stria vascularis and supporting cells in guinea pigs
(Yamasoba et al., 2006). This result indicated that GeO, applica-
tion would be also used to create SNHL animal with mitochon-
drial dysfunction. Although we speculated that cochlear degener-
ation caused by GeO, intake was associated with mitochondrial
damage, mitochondrial function was not investigated in this pre-
vious study.

ROS are known to be closely related to mitochondrial dys-
function. ROS are continuously produced via normal metabolism
by the electron transport chain in mitochondria. In normal sta-
tus, cells effectively remove ROS by their innate ROS defense
systems, such as superoxide dismutase (SOD), catalase, and glu-
tathione (Finkel and Holbrook, 2000; Raha and Robinson, 2000;
Derekdy et al., 2004). However, uncontrolled leakage of ROS by ir-
regular respiratory chain and/or decrease in the defense systems
can lead to cellular dysfunction. It has been shown that the lack
of SOD1 or glutathione peroxidase resulted in severe hearing loss
or higher susceptibility to noise exposure, which causes excessive
ROS production and induces damage to the outer and inner hair
cells (Ohlemiller et al., 2000). These reports suggest that daily di-
etary intake of ROS scavengers may augment the defense system
against ROS and thereby prevent cellular damage caused by mito-
chondrial damage or dysfunction.

In the current study, we investigated whether chronic intake of
GeO, results in cochlear mitochondrial impairment and associated
SNHL in CBA/] mice. Next, we investigated the effects of ROS
scavengers, taurine, coenzyme Q10 (CoQ10), or hydrogen-rich
water (Huxtable, 1992; Erdem et al., 2000; Qiao et al., 2015;
Koh et al., 2014; Das et al.,, 2009; Manna et al.,, 2009; Alam and
Hafiz, 2011; Roy and Sil, 2012; M Sikorska et al., 2014; M Sikorska
et al., 2014; Sohet et al., 2009; Someya et al., 2009; Yamada et al.,
2015; Ohsawa et al., 2008; Sato et al., 2008; Ohsawa et al., 2007;
Hayashida et al., 2008; Yoshida et al., 2012; Fukuda et al., 2007;
Nakashima-Kamimura et al., 2009; Lin et al., 2011; Fransson et al.,
2021), on cochlear degeneration and SNHL induced by GeO,.

2. Material and methods

Female CBA/] mice were purchased from CLEA Japan (Tokyo,
Japan). The experimental protocol was approved by the Commit-
tee for the Use and Care of Animals at the University of Tokyo and
conformed to the NIH Guidelines for the Care and Use of Labora-
tory Animals.

2.1. Experimental protocols

2.1.1. Experiment 1: development and analysis of mouse model of
progressive hearing loss by chronic oral intake of GeO,

Ten 2-month-old CBA/] mice were used. Five of them were
given chow containing 0.15% GeO, for 4 months. The amount of
GeO, was determined from a previous report using rats (Wu et al.,
1992). The remaining five animals were given the normal chow
serving as control. In the preliminary experiment, auditory brain-
stem response (ABR) thresholds were measured at 0, 2, 3 and
4 months at 2, 4, 8, and 16 kHz (Supplemental Figure 1). Ani-
mals given GeO, showed increase of ABR thresholds and became
profoundly deaf at 4 months. Therefore, histological changes and
gene expression were evaluated 4 months after the start of ger-
manium administration. The left cochlea, muscle, and kidney was
fixed with 2% PFA and 2.5% glutaraldehyde, the cochlea was addi-
tionally decalcified, and embedded in epoxy resin. Ultrathin sec-
tions were examined under transmission electron microscope. The
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right cochleae were used for gene transcriptional analysis of the
cochlea by DNA micro array.

Another 10 two-month-old CBA/] mice were used to confirm
gene expression by quantitative reverse transcription-polymerase
chain reaction (qRT-PCR). Five animals were given chow containing
0.15% GeO, and the remaining Five animals were given the nor-
mal chow for 4 months. The cochleae were dissected and RNA was
extracted.

2.1.2. Experiment 2: prevention of GeO, —induced cochlear damage
by oral intake of ROS scavengers

Two-month-old CBA/] mice that showed auditory brainstem
response thresholds within the normal laboratory range were
used. Forty animals were given chow containing 0.15% GeO, for
3 months and assigned to one of the four groups (n = 10 each)
according to the content of their drinking water: 1) water without
antioxidant; 2) water containing 0.3% taurine (Wako Inc., Osaka,
Japan); 3) water containing 150 pM water-soluble CoQ10 (Aqua
Q10L10, Nisshin Pharma Inc., Tokyo, Japan); and 4) hydrogen water
(Blue Mercury, Tokyo, Japan). The hydrogen water was placed in a
closed glass vessel and changed every other day, which minimized
the leakage of hydrogen from the water and maintained the con-
centration to be greater than 0.4 mM 1 day later (Ohsawa et al.,
2007), and the remaining 10 animals were fed with normal chow
and water as a control. Amounts of chow that each group ate
were measured to confirm that there was no difference of the
eating amounts among groups. Body weight of each animal was
also measured before they were euthanized.

The 3-month ABR measurement took longer than usual to ob-
tain the ABR threshold, and several animals died during the ABR
measurement due to additional anesthesia. As a result, the final
numbers analyzed were 10, 7, 9, 6, and 7 animals for the control,
GeO,+normal water, GeO,+taurine, GeO,+hydrogen, and GeO,=+
CoQ10 groups, respectively. In this experiment, the significant pro-
tective effect of the ROS scavenger on GeO, was confirmed by
3 months, so we decided to euthanize the animals at 3 months
instead of 4 months to avoid further discomfort to the animals,
to prevent further sample loss, and to reduce the expense of the
agents.

2.2. Assessment of hearing function

Detailed protocols for ABR measurements have been described
elsewhere (Kinoshita et al., 2013). Briefly, two examiners who were
blinded to the experiment and measured ABRs with a tone burst
stimulus (2, 4, 8, 16, and 32 kHz) using an ABR recording system
(Neuropack ¥ MEB5504, Nihon Kohden, Tokyo, Japan). Mice were
anesthetized with a mixture of xylazine hydrochloride (10 mg/kg,
i.m.) and ketamine hydrochloride (40 mg/kg, i.m.). Needle elec-
trodes were placed subcutaneously at the vertex (active electrode),
beneath the left pinna (reference electrode), and beneath the right
ear (ground). The sound stimulus consisted of a 15-ms tone burst,
with a rise-fall time of 1 ms at frequencies of 2, 4, 8, 16, and
32 kHz. The sound intensity varied in 5-dB intervals near thresh-
old. To obtain a waveform, 1024 tone presentations given at the
rate of 17/s were averaged with the Neuropack MEB-2208 evoked
potential measuring system (Nihon Kohden, Tokyo, Japan). The
threshold was defined as the lowest intensity level at which a clear
reproducible wave V could be observed in the trace. When an ABR
waveform could not be evoked, the threshold was determined to
be 110dB SPL (5 dB greater than the maximum intensity (105 dB
SPL) produced by the system). ABR thresholds were measured at 2
and 6 months of age in experiment 1 and 2 and 5 months of age
in experiment 2.
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2.3. Transmission electron microscopic observation of the cochlea,
kidneys, and soleus muscles in animals given GeO,

In experiment 1, animals were euthanized at the age of
6 months after the last ABR measurements. The left cochlea,
muscle, and kidney were fixed with 2% paraformaldehyde and
2.5% glutaraldehyde, cochlea was additionally decalcified, and
embedded in epoxy resin. Ultrathin sections were examined under
transmission electron microscope.

2.4. Histological analysis of the cochlea under light microscope

In experiment 2, the cochlear pathology was examined under
light microscope. Detailed preparation and examination proto-
cols for determining cochlear pathology have been described
previously (Lin et al, 2006; Kinoshita et al., 2013). Briefly, all
animals were euthanized under deep anesthesia with xylazine
hydrochloride and ketamine hydrochloride at the age of 5 months.
The left cochlea was immersed in 4% paraformaldehyde in 0.1 M
phosphate-buffered saline overnight at 4 °C and decalcified in
10% ethylenediaminetetraacetic acid solution. The specimens were
then dehydrated through a graded alcohol series and embedded
in paraffin. The embedded tissues were cut into 5-pm thick
sections parallel to the modiolus, and two sequential sections
were mounted on glass slides and deparaffinized. Five sections
at an interval of three slides (i.e., at an interval of approximately
30-um) were stained with hematoxylin and eosin and observed
under a light microscope (Nikon Eclipse EBOOM, Tokyo, Japan, 40 x
objective) to evaluate spiral ganglion cell (SGC) densities and stria
vascularis degeneration in the lower-basal turn.

The number of SGCs and the area of Rosenthal’s canal of the
lower-basal turn were measured using Photoshop CS4 software,
and SGC density (SGC number/mm?) was calculated, as previously
reported (S Someya et al.,, 2007). In brief, the number of SGCs in
each profile were counted with computer monitors. The area of the
Rosenthal’s canal profile was determined in each photomicrograph
by outlining the margin of bony canal using ‘Select’ tool. The num-
ber of the pixel of the Rosenthal’s canal was measured using ‘His-
togram’ tool. The pixels were then converted to the area by calcu-
lating the number of pixels per unit area. The density of SGC was
calculated for each profile of the ganglion as the number of SGCs
divided by the area of Rosenthal’s canal (mm?).

The area of the stria vascularis of the lower-basal turns was
measured in digital photomicrographs using Photoshop CS4 soft-
ware. The proportions of affected areas were also measured in dig-
ital photomicrographs. From these data, degeneration rate was cal-
culated by the vacuolar degenerated area divided by the total area
of stria vascularis.

2.5. Gene transcriptional analysis of the cochlea by DNA micro array

Detailed protocols for gene expression profiling analysis
using Affymetrix microarray analysis have been described
(Affymetrix 2004; Lee et al., 1999). Briefly, the right cochleae
of the animals were used in this study. The cochleae were placed
in a micro centrifuge tube, flash frozen in liquid nitrogen, and
stored at —80 °C. Total RNA was extracted from the frozen cochleae
by using the TRIzol reagent (Life Technologies, Grand Island, NY).
We hybridized each sample to a single Affymetrix MOE 430A Gene
Chip (Affymetrix, Santa Clara, CA). Signals in each image were
normalized to minimize an overall variability in hybridization in-
tensities by a global scaling method using the Affymetrix software
as described in the previous report (S Someya et al., 2007). A gene
was considered “expressed” if it displayed a “present” call in at
least one GeneChip based on the Affymetrix “present/absent call”
algorithms. All genes considered “not expressed” were eliminated
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from our analysis. To identify genes whose expression was signifi-
cantly altered by GeO,, each control sample (n = 5) was compared
to each GeO, sample (n = 5), generating a total of 25 pairwise
comparisons. Gene expression change was considered significant
when the P value was <0.05 and the fold change was >1.2. We
then used Database for Annotation, Visualization, and Integrated
Discovery (DAVID) (Dennis et al., 2003) and Expression Analysis
Systematic Explorer (EASE) (Hosack et al., 2003) to assign identi-
fied genes to “GO (Gene Ontology): Biological Process” categories
of Gene Ontology Consortium (www.geneontology.org). We also
used EASE to determine the total number of identified genes that
were assigned to each Biological Process category and the total
number of genes on the array in each Biological Process category
and to identify “GO: Biological Process” categories statistically
associated with AHL-correlated genes by performing Fisher exact
tests. The Fisher exact score represents the probability that an
overrepresentation of germanium-induced hearing loss-correlated
genes in a certain GO: Biological Process category occurs by chance
(Hosack et al., 2003). When the Fisher Exact score is < 0.05 for a
given GO: Biological Process category, this gene list is considered
to be specifically associated (enriched) in the Biological Process
category. Gene probe sets were considered “genes” if they had
been assigned a “gene symbol” annotation by DAVID.

2.6. Quantitative RT-PCR

We used the same mRNA pools for both microarray and quanti-
tative RT-PCR analyses. Detection of mRNA was performed with an
Applied Biosystems Prism 7000 Sequence Detection System (Ap-
plied Biosystems, Foster City, CA). Duplicate reactions for each
primer set were run simultaneously in a 96-well plate using the
TagMan EZ RT-PCR kit. B-Actin was used as an internal standard.
Oligonucleotide primers and MGB fluorescent probes (TagMan
Gene Expression Assays) were purchased from Applied Biosystems.
Detailed protocols for analysis by qRT-PCR have been described
(Someya et al., 2008). All data were reported as mean + SEM.

2.7. Statistical analysis

Sigma Stat statistical software was used and all data were
expressed as mean + SD. ABR thresholds, HC survival rates, SGC
densities, and SV thicknesses were compared among groups by
one-way analysis of variance, and then pairwise comparisons were
performed by using Bonferroni’s test.

3. Results
3.1. Auditory and histopathological findings of animals given GeO,

In experiment 1, CBA/J] mice were orally given GeO,-containing
chows for 4 months from the age of 2 months. The ABRs examined
at 2 months of age before experiments were within the normal
laboratory range in all 10 animals and did not differ between ani-
mals given chows with and without GeO,. At the age of 6 months,
ABRs showed that animals given GeO,-containing chows developed
profound hearing loss at all frequencies examined, while those
given normal chows maintained normal ABR thresholds (Fig. 1).

The histopathological examination showed that animals given
Ge0O,-containing chows exhibited marked degeneration of the stria
vascularis in almost all cochlear turns, more markedly in the lower
turn (Fig. 2). Animals given normal chows did not develop any of
such pathologies (data not shown).

Transmission electron microscope examination revealed marked
vacuolar degeneration in the stria vascularis, where almost all mi-
tochondria contained electron-dense inclusions. Similarly, the dis-
tal tubular epithelium of the kidney and the sole muscles showed
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Fig. 1. Threshold after 4 months of GeO, treatment in CBA mice
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CBA/] mice treated GeO,-containing chows for 4 months showed profound hearing loss in all frequency (triangle), while CBA mice with normal diet showed normal hearing

(circle).

Fig. 2. Representative light micrographs of the cochlea after administration of GeO, for 4 months. Enlarged image of stria vascularis for captured area (B). Degeneration of
the stria vascularis indicated with white arrow is seen in almost all cochlear turns, more markedly in the lower turn (A). Severe vacuolar degeneration of the stria vascularis

is found in the lower basal turn (B). Bar = 100 pm in (A), 50 pm in (B).

many electron-dense deposits inside the degenerated mitochondria
(Fig. 3).

3.2. Overview of microarray analysis

To identify genes and Biological Process categories associated
with GeO,-induced hearing loss, we conducted genome-wide gene
expression analysis using RNA samples isolated from the cochlear
tissues of 6-month-old CBA mice (n = 5). Using Affymetrix Gene
Chip, we found that 3827 gene probe sets were significantly
down-regulated, and 3327 gene probe sets were significantly up-
regulated in the cochlear tissues of 6-month-old mice treated with

GeO, compared to 6-month-old controls given normal chow. These
significantly altered gene probe sets were further assigned to “GO:
Biological Process” categories using Database for Annotation, Visu-
alization, and Integrated Discovery (Huang da et al., 2009), which
assigned a classification to 3827 of the downregulated and 3327
of the upregulated genes. A summary of the “Gene Ontology (GO):
Biological Process” categories associated with germanium-induced
hearing loss is shown in Table 1. The complete set of microarray
data has been submitted to the GEO (Gene Expression Omnibus)
repository (http://www.ncbi.nlm.nih.gov/geo/) with GEO Accession
number GSE84735. The EASE analysis revealed that 16 Go: Biolog-
ical Process categories, including “mitochondrion,” “mitochondrial
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A 1 B =

A: Stria vascularis of GeO, treated mouse

B: Kidney of GeO, treated mouse

C: Soleus muscle of GeO, treated mouse
—— Dt Stria vascularis of non-treated mouse

Fig. 3. Ultrastructural findings of the intermediate cells of stria vascularis (A), kidney (B), soleus muscle(C) of GeO2 treated mice. Transmission electron microscope showed
vacuolar degeneration of the stria vascularis (A). The arrow head indicates degenerated mitochondria containing electron-dense inclusion. The distal tubular epithelium of the
kidney (B) and soleus muscles (C) showed many electron-dense deposits inside the degenerated mitochondria. Ultrastructural findings from a stria vascularis of non-treated
mice (D).Inset: high-power view of mitochondria. andBar = 1um.

Table 1
Summary of the “GO: Biological Process” categories associated with germanium-induced
hearing loss.

Biological Process Categories N TN EASE

Down-regulated (3827 classified genes)
Mitochondrion 225 679 0.000
Mitochondrial membrane 81 226 0.000
Mitochondrial envelope 85 242 0.000
Mitochondrial inner membrane 76 209 0.000
Mitochondrial electron transport chain 14 27 0.000
Mitochondrial ribosome 17 39 0.000
Mitochondrial matrix 21 57 0.001
Mitochondrial lumen 21 57 0.001
NADH dehydrogenase activity 15 35 0.001
NADH dehydrogenase (Quinone) activity 15 35 0.001
NADH dehydrogenase (Ubiquinone) activity 15 35 0.001
Tricarboxylic acid cycle 10 20 0.004
Acetyl-CoA catabolism 10 21 0.005
Oxidative phosphorylation 17 51 0.010
Acetyl-CoA metabolism 12 31 0.012
ATP binding 184 99 0.049

Up-regulated (3327 classified genes)
Transcription, DNA-dependent 289 1418 0.000
Regulation of transcription, DNA-dependent 283 1397 0.000
Ligase activity 71 293 0.001
Endocytosis 35 1540 0.002
Apoptosis 88 433 0.018
Programmed cell death 88 439 0.025

Column titles: N, the number of identified genes in the category; FC, fold change; TN, the
total number of genes in the category on the Gene Chip; EASE, EASE test score.
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Fig. 4. The qRT-PCR validation of microarray data. The data represent the fold change in gene expression of 6-month-old mice treated with GeO, compared to 6-month-old
controls given normal chow. The qRT-PCR analyses for Atp5al, Atp5e, Cox5a, Sdhb, and Sdhc. The qRT-PCR results were in agreement with the microarray findings (light gray
bar) that the expression of these mitochondrial function-associated genes was significantly decreased in the cochleae of germanium-treated mice (dark gray bar).
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inner membrane,” “mitochondrial electron transport chain,” “ox-
idative phosphorylation,” and tricarboxylic acid cycle, were signifi-
cantly associated with germanium-induced mitochondrial dysfunc-
tion genes (Fisher exact score p < 0.05), and 818 out of 1863 genes
in these categories on the Gene Chip were significantly downregu-
lated in the cochleae of germanium-applied animals (Table 1).

3.3. Downregulation of genes associated with germanium-induced
mitochondrial dysfunction

Table 2 shows a list of down-regulated genes encoding com-
ponents of the mitochondrial respiratory chain in the cochlea.
Twenty-eight genes encoding components of the mitochondrial
respiratory chain were found to be significantly down-regulated
(P value < 0.05) (Table 2). Of these, three genes encode for compo-
nents of the “respiratory chain complex I” (NADH dehydrogenase
complex), including Ndufs2, Ndufs7, and Ndufv2; two genes encode
for components of the “respiratory chain complex II” (succinate
dehydrogenase complex), including Sdhb and Sdhc genes; two
genes encode for components of the “respiratory chain complex
III”, including Cycl and Cycs; one gene encode for components
of the “respiratory chain complex IV” (cytochrome c oxidase
subunits), including Cox5a; and 11 genes encode for components
of the “respiratory chain complex V” (ATP synthase subunits),
including Atp5k, Atp5e, and Atp5al. The analyses of qRT-PCR were
conducted for Atp5al, Atp5e, Cox5a, Sdhb, and Sdhc, to validate the
microarray results. The qRT-PCR results were in good agreement
with the microarray findings that expression of these mitochon-
drial function-associated genes were significantly decreased in the
cochleae of GeO,-treated mice (Fig. 4). These results provide the
evidence that GeO,-induced hearing loss is associated with the
down-regulation of genes involved in the mitochondrial respiratory
chain complexes in the cochlea of CBA/] mice.

3.4. Effect of antioxidants on ABR threshold shifts induced by GeO,

The total amount of weekly dietary intake and final body
weights for each group is shown in supplementary Table 1.

Animals given normal chow and water almost maintained ABR
thresholds until 5 months of age, whereas animals given GeO,-
containing chow and normal water from 2 months of age for 3
months showed approximately 30 to 50 dB threshold shifts. The
difference of the threshold shifts was significantly different be-
tween controls and animals given GeO,+normal water at all fre-
quencies (Fig. 5).

ROS scavengers all provided preventive effect against GeO,-
induced hearing loss, with taurine showing the strongest effect.
Animal given GeO,+taurine developed only slight threshold
shifts at all frequencies. The threshold shifts in animals given
GeO,-+taurine were significantly different (p<0.01) at all frequen-
cies compared with those given GeO,+normal water and were not
significantly different at any frequencies compared with controls.
CoQ10 prevented GeO,-induced threshold shifts predominantly
at lower frequencies, with substantial threshold shifts at higher
frequencies. Threshold shifts in animals given GeO,+CoQ10 were
significantly smaller at 2, 4, and 8 kHz (p<0.01 in 2 kHz, p<0.05 in
4 and 8 kHz) compared to animals given GeO,+normal water. Hy-
drogen water also provided some preventive effect, but the effect
was smallest among the three ROS scavengers. The threshold shifts
in animals given GeO, and hydrogen water showed approximately
20-30 threshold shifts at all frequencies, which were significantly
different from those in animals given GeO,+normal water only
at 32 kHz (p<0.05). When compared among animals given GeO,
and ROS scavengers, threshold shifts in animals given taurine were
significantly smaller at 2, 4, and 32 kHz (p<0.01) compared to
those given hydrogen water and significantly smaller at 16 and
32 kHz (p<0.01) compared with animals given CoQ10. Threshold
shifts in animals given CoQ10 were significantly smaller only at
4 kHz (p<0.05) compared to animals given hydrogen water. These
data indicated that taurine has the strongest preventive effect,
followed by CoQ10 and then hydrogen water.

3.5. Effect of antioxidants on degeneration of the spiral ganglion and
stria vascularis induced by GeO,

The average of total area of stria vascularis at the lower basal
turn for all groups are shown in Supplemental Figure 2. There
were no significant differences in the average of total areas of stria
vascularis among groups. Mice that did not take GeO, showed
nearly normal appearance of the stria vascularis and SGCs at the
age of 5 months (data not shown), whereas mice administered
GeO,+normal water for 3 months showed vacuolar degeneration
of stria vascularis and severe degeneration of the SGCs mainly in
the lower-basal and upper-basal turns in the cochlea.

The extent of degeneration in the stria vascularis and SGCs
were significantly ameliorated (p<0.01) in animals given GeO,
and one of the antioxidants when compared to those given
GeO, + normal water (Figs. 6 and 7), indicative that all the antiox-
idants protected from GeO,-induced cochlear degeneration. The
protective effect was most significant in taurine supplementation;
there was no significant difference in the extent of degeneration
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The control group showed almost no threshold shifts in all frequency. Animals given GeO, and water without antioxidant showed significant threshold shift in all frequency
from 2 to 32 kHz. The taurine supplemented group prevented the threshold shift in all frequency in the level that was nearly the same as the control group. CoQ10 group
prevented a threshold shift in most of the frequency but there was a substantial threshold shift in higher frequencies compared to control animals. Hydrogen water group
had a substantial threshold shift in all frequency compared to the control group but showed some protective effect in limited frequencies compared to animals given

GeO, +normal water.

either in the stria vascularis or SGCs between animals given
GeO,+taurine and controls without GeO, intake. The extent of
degeneration in the stria vascularis and SGCs in animals given
GeO,+hydrogen water or CoQ10 was significantly smaller (p<0.01)
compared to those given GeO,-+normal water, but significantly
greater (p<0.01) compared to controls without GeO, intake. When
compared among animals given GeO, and one of three antioxi-
dants, animals given taurine showed significant protective effect
against the degeneration of the stria vascularis and the SGCs when
compared to those given hydrogen water or CoQ10 (p<0.001).
There was no significant difference in the degeneration of either
stria vascularis or the SGCs between animals given GeO,+CoQ10
and those given GeO,-+hydrogen water.

4. Discussion

The current study demonstrated that oral intake of 0.15% GeO,
for 4 months caused profound hearing loss associated with severe
degeneration of the stria vascularis and SGCs in CBA mice. Trans-
mission electron microscopic examination revealed electron-dense
inclusions in degenerated mitochondria not only in the cochlea
but in the kidney and muscle. Microarray gene expression analysis
of the cochlea revealed down-regulation of 16 categories, includ-
ing the “mitochondrion,” “mitochondrial inner membrane,” “mito-
chondrial electron transport chain,” and “oxidative phosphoryla-
tion.” qRT-PCR confirmed the down-regulation of five representa-
tive genes associated with mitochondrial respiratory chain in the
cochlea. These findings indicate that dietary oral administration of
0.15% GeO, in CBA mice is a promising animal model to investigate
SNHL associated with mitochondrial dysfunction. We also observed
that GeO,-induced SNHL and cochlear degeneration could be ame-
liorated by dietary intake of water containing taurine, CoQ10, or
hydrogen, with taurine providing the strongest protection. These
findings suggest that dietary intake of these antioxidants could be
used to slow or treat SNHL and other phenotypes associated with

” o«

mitochondrial dysfunction such as mitochondrial encephalomyopa-
thy.

As mentioned above, we have shown that dietary intake of
GeO, induces SNHL in CBA mice, which could be a good model to
study SNHL associated with impairment of mitochondrial function.
It has been reported that topical application of mitochondrial toxin,
3-nitropropionic acid (3-NP) on the round window of the cochlea
can cause acute SNHL; both permanent and temporary threshold
shifts were observed in this model depending on the amount of
3-NP used (Hoya et al., 2004; Okamoto et al., 2005). In the per-
manent threshold shift model, marked degeneration was observed
in type 2 fibrocytes in the spiral prominence, type 4 fibrocytes in
the spiral ligament, marginal cells, and intermediate cells in the
stria vascularis 3 h after 3-NP administration, indicative that SNHL
caused by topical application of 3-NP is primarily mediated by cel-
lular degeneration in the lateral wall of the cochlea. Compared to
this animal model, in our mouse model, the degeneration was ob-
served not only in the stria vascularis but the SGCs. The difference
of the affected sites may be due to the different methods of drug
application. 3-NP was applied acutely and topically, whereas GeO,
was applied chronically and systemically.

The current study revealed previously unrecognized pathways
associated with GeO,-induced SNHL, such as the down-regulation
of genes involved in the mitochondrial respiratory chain. The
DNA microarray analysis revealed that chronic application of GeO,
down-regulated 27 genes in the respiratory chain complexes I, I,
III, IV and V. Someya et al. (S Someya et al., 2007) reported changes
of gene expression in the cochlea of DBA/2 ] mice, which show
severe progressive age-related hearing loss. In their study, gene
analysis revealed that the aged DBA/2 ] mice showed significant
down-regulation of genes encoding components of the mitochon-
drial respiratory chain complexes I, I, III, IV, and V. Deficiency of
complex IV is reported to be associated with SNHL (Horvath et al.,
2005; Lamperti et al., 2012) in other reports. Gutiérrez Cortés et al.
(Gutiérrez Cortés et al., 2012) also suggested that mutations of
genes in complex I, I, and IV could be the cause of maternally
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List of down-regulated genes encoding components of the mitochondrial respiratory

chain in the cochlea.

Gene Gene ID Affy ID P Value FC

Oxidative Phosphorylation
Atp5al C78762 1,420,037_at 0.011 —2.028
Atp5d BC008273 1,423,716_s_at  0.033 -1.571
Atp5e NM_025983 1,416,567_s_at  0.000 -1.835
Atp5g1 NM_007506 1,416,020_a_at  0.000 —1.567
Atp5g2 NM_026468 1,415,980_at 0.002 -1.727
Atp5j NM_016755 1,416,143_at 0.008 -1.191
Atp5k AV216686 1,434,053_x_at  0.004 -1.727
Atp5l NM_013795 1,448,203_at 0.009 -1.593
Atp50 NM_138,597 1,416,278_a_at  0.000 -1.563
Atp50 [/ LOC432676  AV066932 1,437,164_x_at  0.005 —1.558
Atp6ap1 AI316502 1,449,622_s_at  0.000 -1.795
Cox5a NM_007747 1,448,153_at 0.025 —1.345
Cycl NM_025567 1,416,604_at 0.005 —1.266
Cycs NM_007808 1,422,483_a_at  0.007 -1.235
Ndufc2 NM_024220 1,416,366_at 0.000 -2.120
Ndufs7 BC013503 1,451,312_at 0.001 —1.458
Ndufv2 AV046532 1,438,159_x_at  0.003 —1.259

Tricarboxylic acid cycle
Acol BB504570 1,456,728_x_at  0.003 -1.360
Aco2 AU019938 1,436,934_s_at  0.047 —1.345
Cs AB056479 1,450,667_a_at  0.022 —1.248
Dist BC006702 1,423,710_at 0.005 -1.616
Idh3b NM_130,884  1,418,886_s_at  0.001 -1.316
Idh3g NM_008323 1,416,789_at 0.000 -1.736
Mdh2 NM_008617 1,416,478_a_at  0.000 -1.342
Polr3h AK019868 1,424,227 _at 0.000 -1.181
Sdhb BC013509 1,418,005_at 0.000 -1.387
Sdhc NM_025321 1,448,630_a_at  0.012 -1.537

Column titles: Gene, gene symbol; Gene ID, representative public gene ID.
Affy ID, Affymetrix probe set ID; FC, fold change.
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Fig. 6. Representative light micrographs of the stria vascularis in animals given germanium and water (A), taurine (B), hydrogen water (C), and CoQ10 (D). The extent of the
degeneration is significantly attenuated in animals given one of the antioxidants compared to those given water without antioxidant. Taurine provides the strongest effect,
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inherited non-syndromic hearing loss. These results are in line
with our findings that the dysfunction of mitochondrial respiratory
chain complexes was closely related to SNHL. Moreover, the defi-
ciencies of mitochondrial respiratory chain complexes have been
reported to be closely related to neural degeneration. For exam-
ple, Atp5al deficiency has been reported to cause severe neona-
tal encephalopathy, and Atp5e causes early onset lactic acidosis, 3-
methylglutaconic aciduria, mild mental retardation, and severe pe-
ripheral neuropathy development. Both genes were confirmed to
be down-regulated in the current study. Complex V deficiency me-
diated by other genes also has been observed in neurodegenerative
diseases (Kantrow et al., 1997). Complex II deficiency also has been
reported to cause neurodegenerative disorders (EA. Shoubridge,
2001; EA. Shoubridge, 2001). Although there has been no report
examining the degeneration of SGCs, one of the peripheral neu-
rons, in these deficiencies, it is speculated that mitochondrial dys-
function caused by the down-regulation of genes in complex I, III,
and IV may be related to the degeneration of the SGCs.

In the current study, the up-regulation of genes involved in
apoptosis was also observed. It has been reported that the defect
of the respiratory chain system is associated with the induction of
apoptosis (Kantrow et al., 1997). An in vivo study using Neuro-2A
cells showed that treatment of GeO, to the neuron A2 cell induced
the release of cytochrome c from mitochondria, loss of mitochon-
drial membrane potential, and translocation of the Bax, resulting
in apoptosis by the mitochondrial-dependent pathway (Lin et al.,
2006). Interestingly, such phenomena have also been reported by
applying similar semiconductor elements, such as arsenic, indium,
and gallium (Bustamante et al., 1997; Chang et al., 2003; Hu et al,,
2003; Milton et al., 2004). Studies investigating the mechanism for
arsenic-induced apoptosis have revealed that the apoptosis is trig-
gered by inhibition of mitochondrial respiratory function, resulting
in the induction of ROS. ROS inactivate enzymes and damage

DNA molecules by the direct chemical attack on their structure
(Pelicano et al., 2003; Shen et al., 2003). Considering these, it can
be assumed that the accumulation of germanium in the mito-
chondria would affect mitochondrial respiratory function, thereby
resulting in ROS generation and induced mitochondria-mediated
apoptosis of the stria vascularis and SGCs.

Taken together, these reports suggest that GeO, accumulation
causes mitochondrial dysfunction, leading to the degeneration of
the cochlea and subsequent progressive hearing loss via apoptotic
pathway. However, the current study does not directly demon-
strate a causal relationship between mitochondrial dysfunction
and cochlear degeneration, which should be evaluated by future
studies.

In the current study, we observed that antioxidants, such as
taurine, CoQ10, and hydrogen water, attenuated GeO,-induced
SNHL and degeneration of the stria vascularis and SGCs, which
implies that ROS play a key role in GeO,-mediated damage in
the cochlea. Those antioxidants have been proven to have pow-
erful antioxidant effects in various fields. For example, taurine
has been exhibited to protect various organs from oxidative stress
caused by alminium (Qiao et al, 2015), diabetes (Koh et al.,
2014), and various drugs (Das et al., 2009; Manna et al., 2009;
Alam and Hafiz, 2011; Roy and Sil, 2012). It has also been re-
ported that adminisitration of taurine induces a significant reduc-
tion of intracelular ROS level and recovery of mitochondria mem-
brane potential caused by arsenic in mouse neuroblastoma N2a
cells. (Chou et al., Apr). CoQ10 has been shown to protect neuronal
cells from UVB- and ROS-induced damage (M Sikorska et al., 2014),
brain ischemia/reperfusion, gentamicin-induced cochlear damage
and hearing loss, and hepatic oxidative stress and inflamma-
tion (M Sikorska et al., 2014). In addition, supplementation of
CoQ10 has been reported to show a therapeutic effect in patients
with mitrochonrial respiratory chain disorders (Hargreaves, 2014).
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Hydrogen gas has shown protective effects from ischemia/
reperfusion injuries in cerebral (Sato et al., 2008) and myocar-
dial infarction (Hayashida et al., 2008; Yoshida et al., 2012), hep-
atic injury (Fukuda et al., 2007), cisplatin-induced nephrotoxic-
ity (Nakashima-Kamimura et al., 2009), and noise-induced hearing
loss (Lin et al., 2011; Fransson et al., 2021). Although these an-
tioxidants showed protective effect in the current study, hydrogen
showed weakest effect compared to other supplements. This may
be explained by the limited concentration of hydrogen when given
in water. The solubility of the hydrogen is limited and easily leaked
from water. Although the glass bottle used minimized the leakage
of hydrogen from water and the water was changed every other
day to keep the hydrogen concentration above 0.4 mM, the dose
may be not sufficient to achieve satisfactory effects. Another rea-
son may be the unique mechanism of scavenging system of hydro-
gen, which selectively scavenges free hydroxyl radicals (¢OH) (Sato
et al., 2008; Ohsawa et al., 2007). Other types of free radicals may
be more relevant to GeO,-induced damage, and as a result, the ef-
fects of hydrogen may be limited.

5. Conclusion

Chronic dietary intake of GeO, in CBA mice could induce SNHL
due to the degeneration of stria vascularis and the SGCs, which
was associated with down-regulation of mitochondrial respiratory
chain associated genes and up-regulation of apoptosis-associated
genes. Antioxidant supplements, such as taurine, CoQ10, and hy-
drogen water, could attenuate cochlear damage and SNHL induced
by GeO, intake. SNHL induced by oral intake of GeO, can be a
promising animal model to investigate SNHL associated with mi-
tochondrial dysfunction. Daily supplements of antioxidants may be
one of the solutions to prevent or slow SNHL associated with mi-
tochondrial dysfunction.
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