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総合研究報告書 1 
 

ミトコンドリア病、レット症候群に関する調査研究 

【ミトコンドリア病】 

 

研究代表者  後藤 雄一  国立精神・神経医療研究センター神経研究所  部長 

 

研究要旨 本研究班ではミトコンドリア病の正確な診断とそれに基づく適切な治療をめ

ざして、診断基準・重症度スケールの改定案提出、診療マニュアル改定版の作成、患者

レジストリー拡充等を実施した。アウトリーチ活動については、AMED実用化班や日本ミ

トコンドリア学会での患者参加行事を援助した。患者レジストリーについては、個人情

報保護法に関連した倫理ガイドライン改正に沿う変更を行うとともに、登録を増加させ

た。診療ガイドラインの作成は、MINDS型の診療ガイドライン策定を断念し、「ベストプ

ラクティス」方式の「診療マニュアル2017」の改定版の作成を目指し、AMED実用化班と

協力して担当者の選定を行い、2023年6月に発刊される。生殖補助医療については、科

学技術・学術審議会での検討が行われ、核置換技術を用いた特定胚を用いた基礎研究が

容認されたものの、臨床的な「核移植治療」は我が国では継続審議となった。疫学研究

においては、過去2年間で、DPCデータを活用することで、都道府県別の患者分布が実

際の登録患者数と相関することを、NDCデータを活用することで、本邦における有病者

数を高い確度で推定できることを見いだし、今後の疫学的課題の抽出を行った。 

 

研究分担者 

(1) 井川正道 福井大学第二内科 

(2) 大竹 明 埼玉医科大学小児科 

(3) 小坂 仁 自治医科大学小児科 

(3) 高島成二 大阪大学大学院医学研究科 

(4) 藤野善久 産業医科大学 産業生体科学研究所 

(5) 松田晋哉 産業医科大学 医学部公衆衛生学 

(6) 三牧正和 帝京大学医学部小児科 

(7) 村山 圭 千葉県こども病院 代謝科 

(8) 山岨達也 東京大学医学部耳鼻咽喉科 

 

研究協力者 

(1) 太田成男 順天堂大学 大学院医学研究科 

(2) 岡崎康司 順天堂大学 難病性疾患診断・治療学 

(3) 古賀靖敏 久留米大学医学部小児科 

(4) 杉本立夏 国立精神・神経医療研究センター  

(5) 砂田芳秀 川崎医科大学神経内科 

(6) 竹下絵里 国立精神・神経医療研究センター 

(7) 田中雅嗣  東京都健康長寿医療センター 

(8) 西野一三 国立精神・神経医療研究センター 

(9) 中川正法  京都府立医科大学付属北部医療 

               センター 

(10) 中村 誠 神戸大学大学院医学系研究科 

        外科系講座眼科学 

(11) 松村達雄   国立病院機構東京医療ｾﾝﾀｰ 

(12) 米田 誠 福井県立大学看護福祉学部 

(13) 秋山奈  々 東京大学医学部附属病院ゲノム診療部 

(14) 味原さや香 埼玉医科大学病院小児科・ 

ゲノム医療科 

(15) 安藤匡宏  鹿児島大学脳神経内科老年病学 

(16) 石井亜紀子 筑波大学医学医療系神経内科学 

(17) 石川 均  北里大学医療衛生学部視覚機能療法 

(18) 石田秀和 大阪大学大学院医学系研究科小児科 

(19) 泉 岳   北海道大学小児科 

(20) 市本景子 千葉県こども病院遺伝診療センター 

代謝科 

(21) 伊藤玲子 国立成育医療研究センター 

総合診療部総合診療科 
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(22) 今澤俊之 国立病院機構千葉東病院 

(23) 岩﨑直子 東京女子医科大学附属 

成人医学センター 

(24) 植松有里佳 東北大学病院小児科 

(25) 内野俊平 東京大学医学部附属病院小児科 

(26) 海老原知博 千葉県こども病院新生児・未熟児科 

(27) 大澤 裕 川崎医科大学脳神経内科 

(28) 岡崎敦子 順天堂大学難治性疾患診断・治療学 

(29) 尾形真規子 東京家政大学栄養学科 

臨床栄養学研究室 

(30) 岡本裕嗣 鹿児島大学医学部保健学科 

基礎理学療法学講座 

(31) 小川えりか 日本大学医学部小児科 

(32) 梶俊策  津山中央病院小児科 

(33) 木村亜紀子 兵庫医科大学眼科学講座 

(34) 久保亨 高知大学医学部老年病・循環器内科学

(35) 齋藤貴志 国立精神・神経医療研究センター 

(36) 志村 優 千葉県こども病院代謝科 

(37) 下澤弘憲 自治医科大学小児科学 

(38) 末岡浩 慶應義塾大学医学部臨床遺伝学 

センター 

(39) 鈴木康夫 手稲渓仁会病院眼科・神経眼科 

センター 

(40) 須藤章 社会福祉法人楡の会こどもクリニック 

(41) 武田充人 北海道大学病院小児科 

(42) 谷川健 公立八女総合病院病理診断科 

(43) 中馬秀樹 宮崎大学医学部眼科 

(44) 鶴岡智子 千葉県こども病院新生児・未熟児科 

(45) 長友太郎 福岡赤十字病院小児科 

(46) 中村誠 神戸大学大学院医学研究科眼科学分野 

(47) 樋口雄二郎 鹿児島大学脳神経内科・老年病学 

(48) 平松有 鹿児島大学脳神経内科・老年病学 

(49) 廣野恵一 富山大学医学部小児科 

(50) 藤岡正人 北里大学医学部分子遺伝学・ 

耳鼻咽喉科 

(51) 増田正次 杏林大学医学部耳鼻咽喉科学教室 

(52) 南修司郎 国立病院機構東京医療センター 

耳鼻咽喉科 

(53) 宮内彰彦 自治医科大学小児科 

(54) 八ツ賀秀一 福岡大学小児科 

(55) 山内敏正 東京大学医学部附属病院 

糖尿病・代謝内科 

(56) 山上明子 井上眼科病院 

(57) 山野邉義晴 慶應義塾大学医学部耳鼻咽喉科学

(58) 湯地美佳 鹿児島大学脳神経内科・老年病学 

(59) 和佐野浩一郎 東海大学医学部耳鼻咽喉科・ 

頭頸部外科 

 

Ａ．目的 

 ミトコンドリアはすべての細胞内にあって、エネル

ギーを産生する小器官である。ミトコンドリアに異常

があると、大量のエネルギーを必要とする神経・筋、

循環器、代謝系、腎泌尿器系、血液系、視覚系、内分

泌系、消化器系などに障害が起こる。なかでも、中枢

神経や骨格筋の症状を主体とするミトコンドリア病

が代表的な病型である。 

 国内においてミトコンドリア病の患者数の厳密な

実態調査は行われていない。その理由は患者が多くの

診療科に分散していること、診断基準が明確ではなか

ったことなどが挙げられる。そのもっとも大きな要因

は確定診断に必要な病理、生化学、遺伝子検査の専門

性が高いことにある。平成27 年 1月にミトコンドリ

ア病が指定難病に認定され認定基準を制定したが、難

病行政に対応した診断基準の改訂を必要としている。 

 また英国では，ミトコンドリア病の一部の病型で、

核移植を用いた生殖補助医療の適用が本格的に試み

られ（Nature 465: 82-85, 2010）、少数ながら症例報

告がなされている。そのようなグローバルな研究や医

療の流れに遅れをとらないような本邦での調査研究

が不可欠である。 

 本研究班では、ミトコンドリア病の検査手段（病理

検査、生化学検査、DNA 検査）の標準化と集約的診断

体制の確立、本疾患に関する情報提供手段の整備等を

行い、臨床病型、重症度、合併症、主な治療の内容な

どの標準化をめざす。特に、患者レジストリーを進め、

具体的な治療に関する臨床研究や治験を進めるコー

ディネーター役を担うこと、また主に小児のミトコン

ドリア病を対象としている AMED 難治性疾患実用化研

究事業の村山班と連携して診療ガイドラインを作成

するとともに、市民公開講座や難病情報センター等を

活用し、広報活動を行うことを目的とする。 
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Ｂ．方法  

１）診断治療体制の構築【後藤、大竹、村山】 

 ミトコンドリア病の確定診断におけるミトコンド

リアDNA検査、核遺伝子パネル検査の保険収載を目

指し、令和2年12月に厚労省へ提出した診断基準

において、遺伝学的検査の重要性を明確化した。令

和4年4月に「ミトコンドリア病の遺伝学的検査の

保険収載」がなされ、これまで大学・研究所で行っ

てきた遺伝学的検査が厳格な精度管理を必要とする

臨床検査への急激な変更が必要になった。また、指

定難病と小児慢性特定疾患における病型分類、診断

基準等の考え方に開きがある。この点については、

小児例の成人移行の問題として検討を継続する。医

療イノベーションで計画されている都道府県単位の

「新・難病医療拠点病院及び難病医療地域基幹病院

構想」に沿って「ミトコンドリア病に詳しい医師の

ネットワーク」の構築を目指す。 

２）「患者ケア標準書」の作成【全員】 

  平成28年12月に刊行した「ミトコンドリア病

診療マニュアル2017」においては、現在のミトコ

ンドリア病の診療状況をまとめた。その改訂を見据

えつつ、各診療科のエキスパートの意見をまとめた

「患者ケア標準書」の作成を目指す。循環器、耳鼻

科などのミトコンドリア病で認められる多臓器症状

に関しては、関連学会などに協力を呼びかけなが

ら、本研究班が中心となり作成する。 

３）患者レジストリーの運用拡大 【後藤、大竹、

三牧】 

  すでに成人は国立精神・神経医療研究センター

においてRemudy方式の患者レジストリーシステム

を構築しており、それを拡充させる。小児は、MO

バンクにおいて患者レジストリーを始めており、

Leigh症候群以外は超希少な疾患が多いため、欧米

の患者レジストリーとの連携が有用になる。2つの

レジストリーの特徴を有効に生かし、国内だけでな

く国際的な共同治験等の将来の臨床研究、治験の推

進に役立てる。 

４）ミトコンドリア病に対する生殖補助医療の検討

【後藤】 

  欧米で始まっている胚に対する核移植は、CSTI

（総合科学技術・イノベーション会議）での議論を

経て本邦では時期尚早という判断になった。一方

で、着床前診断や胚を用いた基礎研究への道が開か

れ、これらの技術の科学性、効果や安全性、倫理問

題については本研究班で議論を継続させる。 

５）アウトリーチ活動と国際連携【全員】 

  疾患セミナーの企画・実行や難病情報センター

からの情報発信を行う。今年度も患者会との連携、

市民公開講座を開催する。 

６）疫学研究【後藤、松田、藤野、三牧】 

平成30年度から開始した疫学研究では、DPCデー

タを活用して、全国の医療機関におけるミトコンド

リア病の実態（特に登録患者数）を推測できた。今

年度はNCDデータも活用して、各種臨床指標が抽出

可能かどうかを検討する。 

 

Ｃ．結果と考察 

１）診断治療体制の構築 

平成26年10月に策定した「診断基準」では遺伝学的

検査が必須になっておらず、それによる保険収載の遅

れが明確になった。令和2年度に改訂打診が厚労省難

病対策課からあり、遺伝学的検査のみでも確定診断で

きる基準に変更し、厚生科学審議会疾病対策部会指定

難病検討委員会で令和3年11月から審議が継続してい
る。審議会で示されているスケジュールに依ると、正

式な告示と通知の改正は令和5年になるとされている。 

一方で、乳児期、小児期に発症するミトコンドリア

病は重症例が多く、「代謝病」としての性格が前面に

でる傾向がある。そのため、小児慢性特定疾患の認定

基準は、代謝病として分類を中心とする認定方式をと

っている。小児慢性特定疾患の診断基準との整合性や

臨床試験のためのミトコンドリア肝症やミトコンド

リア心筋症の個別病型の診断基準作成をAMED実用化

班と協議を継続した。 

２）「診療マニュアル」等の改定 

2012年に本研究班が発行した「ミトコンドリア病

パンフレット」は、冊子としても、また、電子媒体

（難病情報センターの疾患紹介サイトからダウンロ

ード可能）としても、広く一般市民に利用された。
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特に治療表の進歩に重点を置いた改訂版を作成した

ものの、診断基準の改訂の厚労省における承認が令

和4年度中には間に合わず、その確定を待って改訂

第2版を発行することにしている。 

また、AMED実用化研究班（村山班）と協力し

て、「診療ガイドライン」の改定を行う作業を実施

した。問題はミトコンドリア病にはグローバルな診

断基準が明確にされていないこともあって、エビデ

ンスとして採用できる海外論文等の研究成果が少な

い。結果的に、Minds方式のガイドラインの作成は

断念し、欧米で作成されている「ベストプラクティ

ス」方式の刊行物を目指すこととして、編集内容と

担当者を選定した。そのため多くの執筆者に加わっ

ていただくために、本研究班の協力者になっていた

だいた。 

３）患者レジストリーの運用拡大 

 患者レジストリーについては、AMED難治性疾患実用

化研究班（村山班）と連携して行うこととし、村山班

では主に先天代謝異常症として小児（成人）患者レジ

ストリーを行っており、2023 年 3月で約 120名であ

る。一方、国立精神・神経医療研究センターでは、筋

ジストロフィーの登録事業（Remudy）を敷衍する形態

で、神経症状を中心とする成人（小児）患者レジスト

リーを開始し、2022年3月現在で32名の登録を完了

した。 

４）ミトコンドリア病に対する生殖補助医療の検討 

クが、「核移植治療」でミトコンドリアDNA8993変異を

もち、リー脳症の母から健常な子が産まれたと発表し

た。この方法では、父と母（核ゲノム）に加えて別の

女性（ミトコンドリアゲノム）が関わっており、「3人

の親」がいる子となる。英国内でも、英国外でも倫理

的問題があると議論されてきており、米国では禁止さ

れた行為であった。 

 日本においては、本件に関して、政府の科学技術・

学術会議声明倫理・安全部会特定胚等研究専門委員会

での議論が行われ、研究代表者の後藤が委員として参

加した。 

①ミトコンドリア病研究を目的とし、ヒト受精胚への

核置換技術を用いた基礎的研究を行うことについて

は、一定の要件が確保されることを個別の研究計画に

おいて適切に確認することを前提に、容認することが

適当。 

②ミトコンドリア病研究を目的とする研究用新規作

成胚（配偶子に核置換技術を用い、受精させる場合を

含む。）及びその際の卵子提供に係る倫理的課題につ

いては、生命倫理専門調査会において引き続き検討。 

③ミトコンドリア病の病態解明等のため、ヒト胚核移

植胚の作成を行う基礎的研究は、クローン技術規制法

の目的に直接的に抵触するものではないと考えられ

ることから、「特定胚の取扱いに関する指針」の改正

（令和3年6月 30日）によりヒト胚核移植胚の作成

を可能としつつ、同時に、作成したヒト胚核移植胚の

人又は動物胎内への移植を禁止する等のされてきて

おり、米国では禁止された行為であった。 

核移植の臨床応用は継続審議となる一方、基礎研究

においては核移植を含めた「ヒトは核移植胚研究」が

令和3年6月に容認され、さらに、これまで余剰胚で

のみ認められていた核置換を用いた研究を新規胚に

も適用できるように見直しが検討され、同時に、研究

に必要な対照群胚の作成の容認を含めた最終案が令

和5年5月のCSTI（総合科学技術・イノベーション会

議）で諮られる予定である。 

５）アウトリーチ活動と国際連携 

 AMED 村山班と連携して、患者会活動（WEB 勉強会）

の支援をおこなった。コロナ禍の中で、国際学会等に

おける海外の研究者や患者との交流は困難であった。 

６）疫学研究 

 平成 30 年度から産業医科大学の松田晋哉教授、藤

野善久教授が分担研究者として加わり、DPC データを

活用した全国の医療機関におけるミトコンドリア病

の診断数やその経緯、投与されている薬剤等の調査を

行うことで、ミトコンドリア病の医療の実態を把握す

る研究を開始した。都道府県別の患者分布が実際の登

録患者数と相関することがわかり、本法の有用性が確

認でき、その解析結果を令和2年4月に「厚生の指標」

に報告した。さらにNBDデータを用いた疫学研究を実

施し、本邦における有病者数を高い確度で推定できる

ことを見いだし、令和3 年 4月に英文誌に報告した。 
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令和4年度は、今後の疫学的課題の抽出を行った。 

 

Ｄ．結論 

 本研究班の活動はAMED難治性疾患実用化研究班（村

山班）と連携しながら進めている。全国レベルの診断

体制の整備、診断基準や重症度スケールの改定作業を

進めた。生殖補助医療の情報収集と日本での実現可能

性について議論し、対照群の胚作成を含めた核置換技

術を用いた余剰胚及び新規班を用いた基礎研究が可

能となった。患者レジストリーは、種々の要因で格段

の進歩はないが、グローバルな視点でレジストリーや

バイオバンク（研究試料）との連動を図りながら、着

実に進めてゆく必要がある。 

 

Ｅ．健康危険情報 

なし 

Ｆ．研究発表 

１．論文発表 

著書、総説 

後藤雄一：バリアント (variant) と疾患. CLINICAL 

NEUROSCIENCE 38(3): 288-290, 2020 Mar 

 

後藤雄一：ミトコンドリア遺伝子. 内科 125(4): 

591, 2020 Apr 

後藤雄一：ミトコンドリア病. 新薬と臨床 69(7): 

889-892, 2020 Jul 

 

後藤雄一：ミトコンドリア病．生体の科学 71(5): 414-

415, 2020 Sep 

 

後藤雄一：核ゲノムに存在するミトコンドリアでは

たらく遺伝子. ヒトゲノム事典（編集：斎藤成也

他）,一色出版, 東京,202-204. 2021 Nov 

 

後藤雄一：ミトコンドリア病, Ⅴ453頁-Ⅴ457頁（内科学、

第12版、朝倉書店、東京）2022 Mar 

 
井川正道, 他. ミトコンドリア脳筋症・乳酸アシドー

シス・脳卒中様発作症候群（MELAS）. 救急医学

45:461-467, 2021 
 

後藤雄一：ミトコンドリア病, 小児科診療ガイドラ

インー最新の治療―(編集：加藤元博), 総合医学社, 

東京, pp.385-389, 2023 

 
三牧正和：ミトコンドリア病の診断フローから外れた

ときの考え方(生化学～遺伝子診断）, 小児内科. 
54(4):550-553, 4月, 2022 
 

原著論文 

居林興輝、藤本賢治、松田晋哉、伏見清秀、三牧正

和、後藤雄一、藤野善久：DPCデータを用いたミトコ

ンドリア病の記述的研究. 厚生の指標 67(4):30-35, 

2020 Apr 

 

Yokota Y, Hara M, Akimoto T, Mizoguchi T, Goto 

Y, Nishino I, Kamei S, Nakajima H. Late-onset 

MELAS syndrome with mtDNA 14453G→A mutation 

masquerading as an acute encephalitis: a case 

report BMC Neurol 20:247, 2020 

 

Sato-Shirai, I., E. Ogawa, A. Arisaka, H. 

Osaka, K. Murayama, M. Kuwajima, M. Watanabe, 

K. Ichimoto, A. Ohtake and S. Kumada. Valine-

restricted diet for patients with ECHS1 

deficiency: Divergent clinical outcomes in two 

Japanese siblings. Brain Dev 43: 308-313, 2020 

 

Toki T, Shimizu-Motohashi Y, Komaki H, 

Takeshita E, Ishiyama A, Saito T, Mori-

Yoshimura M, Sumitomo N, Hirasawa-Inoue A, 

Nakagawa E, Nishino I, Goto Y, Sasaki M. 

Hyperglycemic crisis in patients with 

mitochondrial encephalopathy, lactic acidosis, 

and stroke-lke episodes (MELAS). Pediat Neurol 
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114: 1-4, 2021 

 

Yamada, Y., K. Somiya, A. Miyauchi, H. Osaka 

and H. Harashima. Validation of a mitochondrial 

RNA therapeutic strategy using fibroblasts from 

a Leigh syndrome patient with a mutation in the 

mitochondrial ND3 gene, Sci Rep 10(1): 7511, 

2020 

 

Ibayashi K, Fujino Y, Mimaki M, Fujimoto K, 

Matsuda S, Goto Y. Estimation of the number of 

patients with mitochondrial diseases: A 

descriptive study using a nationwide database 

in Japan. Journal of Epidermiology doi: 

10.2188/jea.JE20200577 Epub 2021 May 

 

Bonora E, Chakrabarty S, Kellaris S, Tsutsumi M, 

Bianco F, Bergamini C, Ullah F, Isidori F, Liparulo 

I, Diquigiovanni C, Masin L, Rizzardi N, Cratere MG, 

oschetti E, Papa V, Maresca A, Cenacchi G, Casadio R, 

Martelli P, Matera I, Ceccherin I, Fato R, Raiola1 G, 

Arrigo S, Signa S, Sementa AR, Severino M, Striano P, 

Fiorillo C, Goto T, Uchino S, Oyazato Y, Nakamura H, 

Mishra SK, Yeh Y-S, Kato T, Nozu K, Tanboon J, 

Morioka I, Nishino I, Toda T, Goto Y, Ohtake A, 

Kosaki K, Yamaguchi Y, Nonaka I, Iijima K, Mimaki M, 

Kurahashi H, Raams A, MacInnes A, Alders M, Engelen 

M, Linthorst G, de Koning T, den Dunnen W, Dijkstra 

G, van Spaendonck K, van Gent DC, Aronica EM, Picco 

P, Carelli V, Seri M, Katsanis N, Duijkers FAM, 

Taniguchi-Ikeda M and De Giorgio R: Biallelic 

variants in LIG3 cause a novel mitochondrial 

neurogastrointestinal encephalomyopathy. Brain 144 

(5): 1451-1466, 2021 Apr. 

 

Ikawa M, et al. Molecular imaging for 

mitochondrial metabolism and oxidative stress 

in mitochondrial diseases and neurodegenerative 

disorders. Biochim Biophys Acta Gen 

Subj.1865:129832, 2021  

 

Kanemoto K, Kashio A, Ogata E, Akamatsu Y, 

Koyama H, Uranaka T, Hoshi Y, Iwasaki S, 

Yamasoba T. Cochlear Implantation in Patients 

with Mitochondrial Gene Mutation: Decline in 

Speech Perception in Retrospective Long-Term 

Follow-Up Study. Life 12(4):482, 2022 

 

Sakata A, Kashio A, Koyama H, Uranaka T, 

Iwasaki S, Fujimoto C, Kinoshita M, Yamasoba T. 

Long-Term Progression and Rapid Decline in 

Hearing Loss in Patients with a Point Mutation 

at Nucleotide 3243 of the Mitochondrial DNA. 

Life 12(4) 543, 2022 

 

Shimozawa, H., T. Sato, H. Osaka, A. Takeda, A. 

Miyauchi, N. Omika, Y. Yada, Y. Kono, K. 

Murayama, Y. Okazaki, Y. Kishita and T. 

Yamagata (2022). "A Case of Infantile 

Mitochondrial Cardiomyopathy Treated with a 

Combination of Low-Dose Propranolol and 

Cibenzoline for Left Ventricular Outflow Tract 

Stenosis." Int Heart J 63(5): 970-977. 

 

Watanabe, C., H. Osaka, M. Watanabe, A. 

Miyauchi, E. F. Jimbo, T. Tokuyama, H. Uosaki, 

Y. Kishita, Y. Okazaki, T. Onuki, T. Ebihara, 

K. Aizawa, K. Murayama, A. Ohtake and T. 

Yamagata (2023). "Total and reduced/oxidized 

forms of coenzyme Q(10) in fibroblasts of 

patients with mitochondrial disease." 

 Mol Genet Metab Rep 34: 100951. 

 

Nishida Y, Yanagisawa S, Morita R, Shigematsu 

H, Shinzawa-Itoh K, Yuki H, Ogasawara S, 
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Shimuta K, Iwamoto T, Nakabayashi C, Matsumura 

W, Kato H, Gopalasingam C, Nagao T, Qaqorh T, 

Takahashi Y, Yamazaki S, Kamiya K, Harada R, 

Mizuno N, Takahashi H, Akeda Y, Ohnishi M, 

Ishii Y, Kumasaka T, Murata T, Muramoto K, 

Tosha T, Shiro Y, Honma T, Shigeta Y, Kubo M, 

Takashima S, Shintani Y.  

Identifying antibiotics based on structural 

differences in the conserved allostery from 

mitochondrial heme-copper oxidases.  

Nat Commun. 2022 Dec 8;13(1):7591 

 

Ebihara T, Nagatomo T, Sugiyama Y, Tsuruoka T, 

Osone Y, Shimura M, Tajika M, Matsuhashi T, 

Ichimoto K, Matsunaga A, Akiyama N, Ogawa-

Tominaga M, Yatsuka Y, Nitta KR, Kishita Y, 

Fushimi T, Imai-Okazaki A, Ohtake A, Okazaki Y, 

Murayama K. Neonatal-onset mitochondrial 

disease: clinical features, molecular diagnosis 

and prognosis. Arch Dis Child Fetal Neonatal  

2022 May;107(3):329-334. doi: 

10.1136/archdischild-2021-321633. 

 

Okazawa H, Ikawa M, et al. Cerebral Oxidative 

Stress in Early Alzheimer's Disease Evaluated 

by 64Cu-ATSM PET/MRI: A Preliminary Study. 

Antioxidants (Basel). 2022;11:1022. 

 

Kitazaki Y, Ikawa M, et al. Regional cortical hypop

erfusion and atrophy correlate with striatal dopami

nergic loss in Parkinson's disease: a study using a

rterial spin labeling MR perfusion.  

Neuroradiology. 2023;65:569-577. 

 

２．学会発表 

国際学会 なし 

国内学会 

後藤雄一：ヒト胚の取扱いに関する基本的考え方の

見直しとミトコンドリア病. ART Forum’20, 第38

回日本受精着床学会, 福岡, 10.1-10.23 (オンライ

ン), 2020 

 

杉本立夏，小松有希子，後藤雄一：ミトコンドリア病

の情報ツール（ミトコンドリア病ハンドブック）改訂

の取り組み．日本人類遺伝学会第65回大会，オンライ

ン開催，11.18-21, 2020  

 

三牧正和: 小児科医が知っておきたいミトコンドリ

ア病の基礎と臨床. 日本小児科学会岩手地方会、特別

講演, 岩手医科大学附属病院オンライン会場, 6.6, 

2020 

 

居林興輝、藤野善久、藤本賢治、松田晋哉、伏見清

秀、三牧正和、後藤雄一: DPCデータを用いたミトコ

ンドリア病患者の記述疫学研究, 第30回日本疫学会学

術総会, 京都, 2.22, 2020 

 

Chika Watanabe, Hitoshi Osaka, Miyuki Watanabe, 

Akihiko Miyauchi, Eriko F. Jimbo, Yoshihito 

Kishita, Yasushi Okazaki, Kei Murayama, Akira 

Ohtake6, Takanori Yamagata. The 63rd Annual 

Meeting of the Japanese Society for Inherited 

Metabolic Diseases November 24th,2022, 熊本 

 

上田菜穂子, 内野俊平, 楠木理子, 三牧正和, 西野

一三, 後藤雄一：MT-CO2遺伝子の新規バイリアントが

同定された下肢筋力低下の 5例. 第21回日本ミトコ

ンドリア学会年米, 東京 (帝京大学板橋キャンパス), 

2023.3.17 (3.16-3.18) 

 

Ｇ．知的財産権の出願・登録状況（予定を含む） 

１. 特許取得 

 なし 

２. 実用新案登録 

 なし 

３. その他 

なし
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厚生労働科学研究費補助金（難治性疾患等政策研究事業（難治性疾患等政策研究事業）） 

総合研究報告書 2 
 

ミトコンドリア病、レット症候群に関する調査研究 

【レット症候群】 

 

研究分担者 伊藤雅之 国立精神・神経医療研究センター 研究員 

 

研究要旨 

本研究では、レット症候群（RTT）の臨床調査研究と診療支援を行なった。また、RTT の患者デ

ータベースの 5年毎の追跡調査を行ない、自然暦調査を行った。 

 RTT の睡眠障害は日常生活に支障をきたすだけでなく、家族や介護者の生活の質にも影響す

る。そこで、睡眠障害の状況調査を行なった。その結果、睡眠障害は約 65%にみられた。このう

ち、80%以上で 1 日の睡眠時間は 8 時間以上保たれていたが、夜間の睡眠は短い傾向にあった。

夜間覚醒、夜驚、不規則な睡眠が多くを占めていた。これに対して、薬剤の効果は限定的であっ

た。また、RTT の主症状として、てんかん、便秘、心電図異常についてまとめた。 

遺伝子検査では、MECP2 変異 15 例、CDKL5 変異 1例、FOXG1 変異 1例であり、これらの患者は

データベースへ登録された。患者データベースに登録されている MECP2 変異を有する患者の協

力を得て、MRI 検査によって脳内の構造的・機能的ネットワークについての検討を行い、本症に

特徴的な２つのネットワーク異常を同定した。 

臨床診断には必須ではないが、遺伝学的検査は極めて有用である。RTT の遺伝学的検査適用を

視野に入れ、類縁疾患の遺伝学的検査について検討した。遺伝学的検査の保険適用、次世代シー

ケンス解析でのバリアント解釈、マイクロアレイ染色体検査の活用が、これらの疾患群で重要

であることが明らかにした。 

 引き続き、公開シンポジウム等を開催し、患者及び患者家族だけでなく一般社会に向けて情

報発信する。 

 

 

Ａ．研究目的 

本研究では、レット症候群（RTT）患者データベー

スの運用、および臨床研究を行なった。  

RTT の追跡調査を行い、その結果から自然暦、臨床

実態を明らかにし、診断基準を検証した。 

睡眠の実態についてアンケート調査を行った。ま

た、診断基準に挙がる症状以外に、医学的な管理・観

察の必要な症状は複数あり、それらの特徴の中から、

てんかん、便秘、心電図異常について、臨床的特徴に

ついて後方視的にまとめた。 

RTT の遺伝子診断を行なった。さらに、遺伝学的検

査の位置づけを検討した。また、遺伝学的検査として、

エクソーム解析の実用化とマイクロアレイ染色体検

査の有用性について検討した。 

RTT の病態理解を深めるために脳内ネットワーク

異常について検討した。 

関連学会発表および公開シンポジウム開催し、RTT

の普及と啓発を行った。 

 

Ｂ．研究方法 

①RTTの臨床研究：RTT患者データベース登録されてい

る30名の登録患者の追跡調査を行った。同一患者での

症状の変化を経年的に解析し、自然暦を調べた。日本

小児科学会、日本小児神経学会、重症心身障害学会の

協力の協力で、患者の有無と診療状況について調査を

行い、レットの臨床評価、重症度分類を検討した。カ

ルテより後方視的に、レット症候群患者の症状につい

て検討した。 

②RTT の患者データベースの運用：本年度も患者家族

会の協力を得て、新規患者登録を行った。遺伝子診断

は、当該施設の倫理委員会の承認を得て、患者あるい

は保護者への十分な説明と同意を得て行った。 

③睡眠実態調査：レット症候群支援機構が運営する

インターネット情報サイト「レッコミ」を通じて、ア

ンケート調査を行った。 

④特徴的な症状の調査：便秘と心電図異常について、

後方視的にカルテ等の情報を抽出して調査した。 

⑤遺伝子検査：遺伝子診断用の DNAは、末梢血白血球

より抽出した。レット症候群の遺伝子診断は、MECP2, 
CDKL5, FOXG1 遺伝子について、サンガー法あるいは

MLPA 法にて行った。 

⑥変異スクリーニング体制とマイクロアレイ染色体

検査の検証：次世代シーケンサーを用いた変異スク

リーニング体制を確立した。分析は、メンデル遺伝病



 10 

疾患パネル解析 TruSight One Sequence Panel

（Illumina）を用いて卓上型次世代シーケンサー

MiSeq（Illumina）で解析を進めた。マイクロアレイ

染色体検査は Agilent 社製マイクロアレイシステム

を用いた。さらに、FISH 解析を加えた。検出された

copy number variations （CNV）の意義を検討した。 

⑦脳内機能解剖学的ネットワーク解析：9例の RTT 患

者について、定量的 MRI画像、拡散テンソル画像、安

静時機能的 MRI 画像検査を行い、臨床症状の重症度

（clinical severity score）との関連について検討

した。 

（倫理面への配慮） 

すべての本研究および調査は、当該施設の倫理問題

等検討委員会等の承認のもと行った。 

 

Ｃ．結果 

①RTT の臨床研究：疫学調査とその解析： RTT 患者

データベースに登録されている 186 例の登録者のう

ち５年を経過した登録患者について、現況調査とし

て再度登録用紙の提供を依頼し、回収、解析を行なっ

た。 

②RTT の患者データベースの運用：研究期間中に 35

名の登録を更新した。臨床遺伝学的解析では、レット

症候群の臨床診断を受けた患者について遺伝子診断

を行った。 

③睡眠実態調査：MECP2 遺伝子異常を有するレット症

候群患者 120名から回答を得た。睡眠障害は約 65%に

みられた。このうち、80%以上で 1 日の睡眠時間は 8

時間以上保たれていたが、夜間の睡眠は短い傾向に

あった。夜間覚醒、夜驚、不規則な睡眠が多くを占め

ていた。これに対して、薬剤の効果は限定的であった。 

④特徴的な症状の調査：便秘情報がある患者18名中、

便秘を有する患者が13名(72%)であった。 

心電図情報のある患者は14名であった。概ね1-2年

ごとに調べられていた。QTcの値は、361-435msec（平

均値400msec、中央値398msec)で、QT延長と判定され

る460msec以上の患者はいなかった。 

⑤遺伝子検査：MECP2 変異 15 例、CDKL5 変異 1 例、

FOXG1 変異 1例を同定し、患者データベースへの登録

を進めた。 

⑥変異スクリーニング体制とマイクロアレイ染色体

検査の検証：遺伝学的検査では、102 例をスクリーニ

ングし、1例に MECP2 遺伝子既報告変異例の診断がで

きた。CDKL5 遺伝子異常症は 1例の診断が可能であっ

た。 

⑦脳内機能解剖学的ネットワーク解析：MRI を用いた

機能的ネットワーク解析では、２つの脳内ネットワ

ーク（左右半球間の背側注意ネットワーク、視覚ネッ

トワークと小脳ネットワーク）の機能的結合性低下

を見出した。 

 

Ｄ．考察 

RTT の臨床研究では、RTT の自然暦調査は、治験を

行う上で重要な資料となる。 

遺伝子診断システムを確立し、原因遺伝子の発見

に貢献した。診療支援体制が確立してきた。しかし、

遺伝子診断は高額で高度な技術を要することから、

継続的な診断には経済的な支援が必要である。 

RTT の睡眠障害は、50〜80%と報告されている。今

回の調査でも概ね既報告に一致していた。1日の睡眠

時間は確保されているものの、夜間の睡眠にさまざ

まな問題があることが明らかになった。夜間の睡眠

障害は、患者本人だけでなく、介護者、家族の負担が

大きく、今後の課題である。 

RTT患者の便秘の有症率は 70-80%と言われている。

便秘に対して、緩下剤、経口薬で無効な場合に座薬や

浣腸が推奨されている。QT 延長症候群に該当する患

者はいなかったが、QT 間隔が延長する傾向にあった。 

今後、遺伝学的検査として導入する際には、施設設

備、人材、報告書のありかた、バリアント解釈の手順

書、なども必要かもしれない。 

また、今回の脳 MRI 研究により本症に特徴的な構

造的・機能的ネットワーク異常が同定された 

 

Ｅ．結論 

RTT の臨床研究では、RTT 患者データベース登録の

継続と追跡調査を行なった。遺伝子診断体制を確立

した。しかし、高額で高度な技術であり、継続的な診

断には経済的な支援が必要である。 

また、レット症候群の夜間の睡眠障害は、その内容

が特殊であり、今後解決していかなければならない

課題である。 

便秘は、発症率は 70%程度であった。多くは酸化マ

グネシウムや浣腸によりコントロールされていた。

QT延長症候群は認めた患者はいなかった。 

今後、レット症候群の保険適用が課題と考えられ

た。また、実際の網羅的解析がレット症候群および類

縁疾患の診断に有用であることを確認した。 
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ルドゥ 

大坂 2020 348-352 

宮内彰 
小坂仁 

ミトコンドリア病
の臨床病型  
Leigh脳症. 

村山圭 
小坂仁 
三牧正和 

遺伝子医学M
OOK 35号
【ミトコンド
リアと病気】 

メディカ
ルドゥ 

大阪 2020  

宮内彰彦 
小坂仁 

本邦における創薬
開発 ミトコンド
リア病治療薬とし
てのアポモルフィ

ン. 

村山圭 
小坂仁 
三牧正和 

遺伝子医学M
OOK 35号
【ミトコンド
リアと病気】 

メディカ
ルドゥ 

大阪 2020  

内野俊平 
三牧正和 

慢性進行性外眼筋
麻痺症候群/Kearn

s-Sayre症候群 

村山圭 
小坂仁 
三牧正和 

遺伝子医学M
OOK 35号
【ミトコンド
リアと病気】 

メディカ
ルドゥ 

大阪 2020 92-97 

井川正道，米田
誠 

MERRF 村山圭 
小坂仁 
三牧正和 

遺伝子医学M
OOK 35号
【ミトコンド
リアと病気】 

メディカ
ルドュウ 

大阪 2020 138-142 

後藤雄一 核ゲノムに存在す
るミトコンドリア
ではたらく遺伝子 

斎藤成也
（編集委員
長） 

ヒトゲノム事
典 

一色出版 東京 2021 202-204 

後藤雄一 ミトコンドリア病 矢﨑義雄・
小室一成(総
編集) 
 

内科学 朝倉書店 東京 2021 V453-V457 

井川 正道 ミトコンドリア病 鈴木則宏 最新主要文献
とガイドライ
ンでみる脳神
経内科学レビ
ュー 2022-23 

総合医学
社 

東京 2022 361-366 

三牧正和 ミトコンドリア病 清水健司 臨床遺伝専門
医テキスト3 
各論Ⅱ 臨床
遺伝学小児領
域 

診断と治
療社 

東京 2021 

 

100-105 

志村 優 
村山 圭 

疾患 3先天代謝
異常 

水口 雅 
山形 崇倫 

クリニカルガ
イド 小児科
 専門医の診
断・治療 

南山堂  東京 2021 382₋389 
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村山 圭 各論♢治療 5ミト
コンドリア病 

日本小児集
中治療研究
会 

小児救急・IC
U ピックア
ップ5内分
泌・代謝救急
疾患 

メディカ
ル・サイ
エンス・
インター
ナショナ
ル 

東京 2021 161₋167 

伊藤雅之 MECP2 Rett症候
群 

山岸敬幸、
三牧正和、
古庄知己 

小児遺伝子疾
患辞典 

診断と治
療社 

東京 2021 1484-1486 

伊藤雅之 Rett症候群 中村公俊 遺伝子医学 メディカ
ルドウ 

東京 2021 112-119 

黒澤健司 遺伝子診断と遺伝
カウンセリング    

 

土屋弘行 
他 

今日の整形外
科治療指針 

医学書院 東京 2021 235-236 

後藤雄一 ミトコンドリア病 加藤元博
（編集委員
長） 

小児科診療ガ
イドラインー
最新の治療― 

総合医学
社 

東京 2022 385-389 

井川正道 ミトコンドリア病 福井次矢， 

高木誠， 

小室一成 

今日の治療指
針2023年版 

医学書院 東京 2023 987 

小坂仁、宮内彰
彦 

アポモルフィンの
Leigh脳症に対す
る治療 

柳茂、三牧
正和 

ミトコンドリ
ア疾患治療の
新時代 

実験医学 東京 2023 152-157 

三牧正和 ミトコンドリア研
究と臨床の近接化
を目指して 

柳茂・三牧
正和 

ミトコンドリ
ア 疾患治療
の新時代 

羊土社 東京 2023 1 

山岨達也 ミトコンドリア遺

伝子異常と難聴. 
柳茂・三牧

正和 

ミトコンドリ

ア疾患治療の

新時代 

羊土社 東京 2023 144-150 

伊藤雅之 Rett症候群 「小児内
科」「小児
外科」共同
編集委員会 

小児疾患診療
のための病態
生理３. 小児
内科 

東京医学
社 

東京 2022 385-390 
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雑 誌                                                      
  発表者氏名   論文タイトル名  発表誌名   巻号  ページ   出版年 

後藤雄一 バリアント (variant) 
と疾患 

CLINICAL 
NEUROSCIE
NCE 

38(3) 288-290 2020     

後藤雄一 ミトコンドリア遺伝子 内科 125(4) 591 2020     

後藤雄一 ミトコンドリア病  新薬と臨床 69(7) 889-892 2020     

後藤雄一 ミトコンドリア病 生体の科学 71(5) 414-415 2020     

居林興輝、藤本賢治、
松田晋哉、伏見清秀、
三牧正和、後藤雄一、
藤野善久 

DPC データを用いた

ミトコンドリア病の記

述的研究 

厚生の指標 67 554-557 2020     

Sato-Shirai, I., E. O
gawa, A. Arisaka, 
H. Osaka, K. Muray
ama, M. Kuwajima, 
M. Watanabe, K. Ic
himoto, A. Ohtake a
nd S. Kumada 

Valine-restricted diet 
for patients with 
ECHS1 deficiency: 
Divergent clinical 
outcomes in two 
Japanese siblings. 

Brain Dev 43(2) 308-313 2020     

Yamada, Y., K. Som
iya, A. Miyauchi, H. 
Osaka and H. Haras
hima 

Validation of a 
mitochondrial RNA 
therapeutic strategy 
using fibroblasts from 
a Leigh syndrome 
patient with a 
mutation in the 
mitochondrial ND3 
gene 

Sci Rep 10(1): 7511 2020     

Akiyama N, Shimur
a M, Yamazaki T, H
arashima H, Fushim
i T, Tsuruoka T, Eb
ihara T, Ichimoto K,
 Matsunaga A, Saito
-Tsuruoka M, Yatsu
ka Y, Kishita Y, Ko
hda M, Namba A, K
amei Y, Okazaki Y, 
Kosugi A, Ohtake A,
 Murayama K 

Prenatal diagnosis of
severe mitochondrial 
diseases caused by  
nuclear gene defects: 
a study in Japan. 

Sci Rep 11(1) 3531 2021     

Masamichi Ikawa, H
idehiko Okazawa, Y
asunari Nakamoto, 
Makoto Yoneda 

PET imaging for 
oxidative stress in 
neurodegenerative 
disorders associated 
with mitochondrial 
dysfunction 

Antioxidants 861 doi.org/10.3390
/antiox909086
1. 

2020     
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Masamichi Ikawa, H
idehiko Okazawa, M
akoto Yoneda 

Molecular imaging for 
mitochondrial 
metabolism and 
oxidative stress in 
mitochondrial 
diseases and 
neurodegenerative 
disorders 

Biochim Bio
phys Acta. 

129832 doi.org/10.1016
/j.bbagen.2020.
129832 

2021     

井川正道、米田誠 ミトコンドリア脳筋

症・乳酸アシドーシ

ス・脳卒中様発作症候

群（MELAS） 

救急医学 45 461-467 2021     

Takeguchi R, Takah
ashi S, Akaba Y, Ta
naka R, Nabatame 
S, Kurosawa K, Mat
suishi T, Itoh M. 

Early diagnosis of 
MECP2 duplication 
syndrome: insights 
from a nationwide 
survey in Japan. 

J Neurol Sci 422 117321 2021     

Saikusa T, Kawaguc
hi M, Tanioka T, N
abatame S, Takahas
hi S, Yuge K, Naga
mitsu S, Takahashi 
T, Yamashita Y, Ko
bayashi Y, Hirayam
a C, Kakuma T, Ma
tsuishi T, Itoh M. 

Meaningful word 
acquisition is 
associated with 
walking ability over 
10 years in Rett 
syndrome. 

Brain Dev 42 05-712 2020     

Takeguchi R, Takah
ashi S, Kuroda M, T
anaka R, Suzuki N, 
Tomonoh Y, Ihara 
Y, Sugiyama N, Itoh
 M. 

MeCP2_e2 partially c
ompensates for lack 
of MeCP2_e1: a male 
case of Rett 
syndrome. 

Mol Genet G
enomic Med 

8 (2) e1088 2020     

Takahashi S, Takeg
uchi R, Kuroda M, 
Tanaka R 

Atypical Rett 
syndrome in a girl 
with mosaic triple X 
and MECP2 variant. 

Mol Genet   
Genomic Me
d 

8 e1122 2020     

Natsume J, Ishihara
 N, Azuma Y, Naka
ta T, Takeuchi T, T
anaka M, Sakaguchi
 Y, Okai Y, Ito Y, Y
amamoto H, Ohno 
A, Kidokoro H, Hatt
ori A, Nabatame S, 
Kato K. 

Lenticular nuclei to 
thalamic ratio on 
PET is useful for 
diagnosis of GLUT1 
deficiency syndrome. 

Brain Dev 43(1) 69-77 2021     

Kagitani-Shimono K,
 Kato H, Kuwayama
 R, Tominaga K, Na
batame S, Kishima 
H, Hatazawa J, Tan
iike M. 

Clinical evaluation of 
neuroinflammation in 
child-onset focal 
epilepsy: a 
translocator protein 
PET study. 

J Neuroinfla
mmation 

18(1) 8 2021     
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Ibayashi K, Fujino 
Y, Mimaki M, Fujim
oto K, Matsuda S, G
oto Y. 

Estimation of the 
number of patients 
with mitochondrial 
diseases: A 
descriptive study 
using a nationwide 
database in Japan. 

Journal of E
pidermiology 

10.2188/je
a.JE20200
577 

 2021     

井川正道, 米田誠 ミトコンドリア脳筋

症・乳酸アシドーシ

ス・脳卒中様発作症候

群（MELAS） 

救急医学 45 461-467 2021     

Ikawa M, Okazawa 
H, Yoneda M 

Molecular imaging for 
mitochondrial 
metabolism and 
oxidative stress in 
mitochondrial 
diseases and 
neurodegenerative 
disorders 

Biochim Bio
phys Acta G
en Subj 

1865 129832 2021     

Numata-Uematsu Y, 
Uematsu M, Yamam
oto T, Saitsu H, Kat
ata Y, Oikawa Y,Os
aka H, et al. 

Leigh syndrome-like 
MRI changes in a 
patient with biallelic 
HPDL variants 
treated with 
ketogenic diet. 

Mol Genet 
Metab Rep. 

29 100800. 2021     

Kuwajima M, Kojim
a K, Osaka H, Ham
ada Y, Jimbo E, Wa
tanabe M, et al.  

Valine metabolites 
analysis in ECHS1 
deficiency. 

Mol Genet 
Metab Rep 

29 100809 2021     

杉山 洋平 
村山 圭 

糖尿病・内分泌代謝科 先天代謝異常
症のガイドラ
イン 

53巻4号 459-464 2021     

Kanemoto K, Kashio
 A, Ogata E, Akama
tsu Y, Koyama H, U
ranaka T, Hoshi Y, 
Iwasaki S, Yamasob
a T. 

Cochlear 
Implantation in 
Patients with 
Mitochondrial Gene 
Mutation: Decline in 
Speech Perception in 
Retrospective Long-
Term Follow-Up 
Study. 

Life 12 (4) 482 2022     
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Sakata A, Kashio A,
 Koyama H, Uranak
a T, Iwasaki S, Fuji
moto C, Kinoshita 
M, Yamasoba T. 

Long-Term 
Progression and 
Rapid Decline in 
Hearing Loss in 
Patients with a Point 
Mutation at 
Nucleotide 3243 of 
the Mitochondrial 
DNA. 

Life 12 (4) 543 2022     

Takahashi Y, Kioka 
H, Saito S, Fukuhar
a S, Asano Y, Takas
hima S, Yoshioka Y,
 sakata Y.  

Accurate estimation 
of the duration of 
testicular ischemia 
using creatine 
chemical exchange 
saturarion transfer 
(CrCEST) imaging. 

J Magn Res
on Imaging 

53 1559-1563 2021     

Takeguchi R, Takah
ashi S, Akaba Y, Ta
naka R, Nabatame 
S, Kurosawa K, Mat
suishi T, Itoh M 

Early diagnosis of 
MECP2 duplication 
syndrome: Insights 
from a nationwide 
survey in Japan 

J Neurol Sci 422 117321.https:// 
doi.org/10.1016
/j.jns. 2021.117
321 

2021     

Kawano G, Yae Y, S
akata K, Yokochi T, 
Imagi T, OhbuK, M
atsuishi T. 

Truncal instability 
and titubation in 
patients with acute 
encephalopathy with 
reduced subcortical 
diffusion 

Front Neurol 12 12:740655. doi:
10.3389/fneur.2
021.740655. 

2021     

Kawano G, Yokochi 
T, Nishikomori R, W
atanabe Y, Ohbu K, 
Takahashi Y, Shinta
ku H, Matsuishi T 

Rituximab Improved 
Epileptic Spasms 
andEEG 
Abnormalities inan 
Infant with West 
Syndrome and Anti-
NMDAR Encephalitis 
Associated With 
APECED 

Front Neurol 6 |https://doi.org
/10.3389/ fneu
r.2021.679164 

2021     

Kagitani-Shimono K,
 Kato H, Kuwayama
 R, Tominaga K, Na
batame S, Kishima 
H, Hatazawa J, Tan
iike M. 

Clinical evaluation of 
neuroinflammation in 
child-onset focal 
epilepsy: a 
translocator protein 
PET study. 

J Neuroinfla
mmation 

18(1) 8 2021     

Tanigawa J, Nabata
me S, Tominaga K, 
Nishimura Y, Maega
ki Y, Kinosita T, M
urakami Y, Ozono 
K. 

High-dose pyridoxine 
treatment for 
inherited 
glycosylphosphatidyli
nositol deficiency. 

Brain Dev 43(6) 680-7 2021     
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Kimizu T, Ida S, Ok
amoto K, Awano H, 
Niba ETE, Wijaya Y
OS, Okazaki S, Shi
momura H, Lee T, 
Tominaga K, Nabata
me S, Saito T, Ham
azaki T, Sakai N, S
aito K, Shintaku H, 
Nozu K, Takeshima 
Y, Iijima K, Nishio 
H, Shinohara M. 

Spinal Muscular 
Atrophy: Diagnosis, 
Incidence, and 
Newborn Screening 
in Japan. 

Int J Neonat
al Screen 

3(45) 45 2021     

Yoshitomi S, Haman
o SI, Hayashi M, Sa
kuma H, Hirose S, I
shii A, Honda R, Ik
eda A, Imai K, Jin 
K, Kada A, Kakita 
A, Kato M, Kawai 
K, Kawakami T, Ko
bayashi K, Matsuish
i T, Matsuo T, Naba
tame S, Okamoto N,
 Ito S, Okumura A, 
Saito A, Shiraishi 
H, Shirozu H, Saito 
T, Sugano H, Takah
ashi Y, Yamamoto 
H, Fukuyama T, Ku
ki I, Inoue Y. 

Current medico-
psycho-social 
conditions of patients 
with West syndrome 
in Japan. 

Epileptic Dis
ord 

23(4) 579-89 2021     

Kubota T, Nabatame
 S, Sato R, Hama 
M, Nishiike U, Moc
hizuki H, Takahashi
 MP, Takeshima T. 

Hemiplegic migraine 
type 2 caused by a 
novel variant within 
the P-type ATPase 
motif in ATP1A2 
concomitant with a 
CACNA1A variant. 

Brain Dev 43(9) 952-7 2021     

Nabatame S The anatomical and 
functional rationale 
for conducting 
dysphagia 
rehabilitation. 

Pediatr Int 24(1) e15091 2021     

Shimozawa, H., T. S
ato, H. Osaka, A. T
akeda, A. Miyauchi, 
N. Omika, Y. Yada, 
Y. Kono, K. Muraya
ma, Y. Okazaki, Y. 
Kishita and T. Yam
agata 

A Case of Infantile 
Mitochondrial 
Cardiomyopathy 
Treated with a 
Combination of Low-
Dose Propranolol and 
Cibenzoline for Left 
Ventricular Outflow 
Tract Stenosis. 
 

Int Heart J  63(5): 970-977. 2022     
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Watanabe, C., H. Os
aka, M. Watanabe, 
A. Miyauchi, E. F. J
imbo, T. Tokuyama, 
H. Uosaki, Y. Kishit
a, Y. Okazaki, T. O
nuki, T. Ebihara, K.
 Aizawa, K. Muraya
ma, A. Ohtake and 
T. Yamagata 

Total and 
reduced/oxidized 
forms of coenzyme 
Q(10) in fibroblasts of 
patients with 
mitochondrial disease 

Mol Genet 
Metab Rep 

34 100951 2022     

Nishida Y, Yanagisa
wa S, Morita R, Shi
gematsu H, Shinzaw
a-Itoh K, Yuki H, O
gasawara S, Shimut
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opalasingam C, Nag
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Identifying antibiotic
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m mitochondrial hem
e-copper oxidases. 

Nat 
Commun.  
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三牧正和 ミトコンドリア病の診
断フローから外れたと
きの考え方（生化学～
遺伝子診断） 

小児内科 54(4) 550-553 2022     

三牧正和 小児期発症の神経難病
～診療・治療・研究の
最新情報 ミトコンド
リア病 

はげみ  404 15-19 2022     

尾方克久、三牧正和、
望月秀樹など 

神経系疾患を対象とす
る小児－成人移行医療
についての展望：現状
と課題 

臨床神経学 62 261-266 2022     

Akinori Kashio, Chi
kako Yamada, Kazu
o Yasuhara, Teru K
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DPCデータを月いたミトコンドリア病の記述的研究

イパヤシ コウキ フジモト ケンジ マツダ シンヤ

居林興輝
＊

1 藤本賢治 ＊ 3松田晋哉 ＊ 4

フシミ キヨヒデ ミマキ マサカズ ゴトウ ユウイチ フジノ ヨシヒサ

伏見清秀 ＊ 5 三牧正和 ＊ 6後藤雄一 ＊ 7藤野善久 ＊ 2

目的 従来， わが国のミトコンドリア病の疫学調査は， おもに病院アンケ ート調査によって行われ，

全国規模の患者調査は実施困難であった。 しかし， 近年電子レセプトデ ー タの利用環境が整

備・拡充されつつあり， 研究目的の利用も推進されている。 本研究では， DPCデ ー タを用い

てミトコンドリア病の有病者数の推定を行った。 また， 今回利用したDPCデー タの利用可能

性および今後の課題について検討した。

方法 一般社団法人診断群分類研究支援機構の調査研究に協力している国内のDPC参加病院の

データを用いて， 病名検索によりミトコンドリア病患者を抽出した。 主要評価項目は， ミトコ

ンドリア病の有病者数とした。 また， 副次評価項目として， ミトコンドリア病患者の各種集計

（疾病グル ー プ， 性別， 年齢， 在院日数，ICDlO分類， 各種医療行為， 入院患者の都道府県別

分布， 入院中の死亡）を行った。

結果 ミトコンドリア病の有病者数は1,386人と推定された。

結論 DPCデー タを利用することで， ミトコンドリア病の有病者数は推定可能であることが示唆

された。 しかし， より悉皆性の高い調査を行うためには， DPCに参加していない病院の入院

患者， および外来患者のデー タベ ー スを加えて調査する必要がある。

キ ー ワ ー ド ミトコンドリア病， 指定難病， 有病者数， DPC, 記述疫学

I緒 曰

ミトコンドリア病は， わが国の施策として，

指定難病制度および小児慢性特定疾患治療研究

事業を通じた医療費の助成が行われている希少
疾患である。｀ミトコンドリアは細胞内小器官の

一つであり， 人体における主要な好気的エネル

ギ ー 産生の場である。 しかし， 先天的 な核

DNAまたはミトコンドリアDNAの変異．欠失

などにより， ミトコンドリアの呼吸鎖酵素複合

体（電子伝達系とATP合成酵素）の異常が存
在すると， ミトコンドリア病を発症する。 ミト

コンドリア病は， 中枢神経系や筋骨格系・循環

器系・消化器系等あらゆる臓器に症状を呈しう

るが， その発症年齢や重症度および生命予後は
患者によって様々である。 ミトコンドリア病を

発症した患者の治療として， ミトコンドリアの

代謝経路に保護的と考えられる薬剤の補充療法

や， 栄養療法•生活指導が行われ， 一定の成果

を挙げているが， 残念ながら現時点で根治的な

治療法は存在しない％

従来， わが国でのミトコンドリア病などの希

少疾患の疫学調査は， おもに病院アンケ ート調
査によって行われてきたが全国の患者を対象

* 1産粟医科大学産業生態科学研究所環境疫学研究室大学院博士後期課程 ＊ 2同教授
*3同大学医学部公衆衛生学教室助教 ＊4同教授
*5東京医科歯科大学大学院医歯学総合研究科医歯学系専攻環境社会医歯学講座医療政策情報学教授
*6帝京大学医学部小児科学講座主任教授 ＊ 7国立精神・神経医療研究センタ ー 神経研究所疾病研究第二部長
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とした大規模な諷査は実施困難であった2)。し
かし，近年電子レセプトデー タの利用環境が整
備・拡充されつつあり． 電子レセプトデー タの
疫学研究への利活用が積極的に検討されてい
る3

)-6)。 そこで． 本研究ではDPCデ ー タに注目
した。DPC(Diagnosis Procedure Combination) 

とは，診断名と医療行為の体系的な分類であり，
わが国の急性期入院医療を対象とした包括支払
い制度にも利用されている。DPC参加病院の
病床数は，わが国の一般病床入院患者情報の約
83％をカバー している大規模なものである”。

本研究では，このDPCデ ー タを用いてミト
コンドリア病の患者数，つ まり有病者数を推定
し，加えてDPCデ ー タから入手できる医療情
報の利活用の可能性および限界について検討し
た。

]I方 法

(1) 調査対象と方法
本研究では，一般社団法人診断群分類研究支

援機構が実施する調査研究に協力している
DPC参加病院のデー タを用いた。このデー タは，
病床数ベ ー スで全DPC参加病院のデ ー タの約
9割をカバーしていると推定される8)

0 

＾本研究では，2014年1月から2015年12月まで
の 2年間のデー タを調査対象とした。2014年度
は1,189施設(788万件），2015年度は1,262施設
(802万件） であった。 これらのデー タを用い

て，記録されている病名（入院契機病名，資源
病名，主病名，併存症，合併症のいずれかで，
かつ疑い病名も含む）からミトコンドリア病に
関連する病名の検索・抽出作業を実施した（図
1)。 また，本研究では，検索病名をも とにミ
トコンドリア病患者を 5つの疾病グル ー プ（以
下，疾病グル ー プ①～⑤)に分類した（表1)。

(2) 統計手法
主要評価項目は，ミトコンドリア病の有病者

数 とした。 この有病者数は，抽出したミトコン
ドリア病患者から重複する患者IDを同 一 患者
とみなし，重複を除外したものを集計すること

図1 デー タ抽出の流れ

・ 対象デー タ
2014年：1,189施設，788万件
2015年：1,262施設，802万件

に芯孟
グにて

1

．該当デー タ
2014年：316施設，1,146件
2015年：351施設1,406件

計2,552件

表1 各疾病グルー プの分類

疾病グルー プ 病名 病名抽出キ ー ワ ー ド

M
な
EL

ど
AtS• 

MELAS, メラス， メラス 症 候群
ミトコンド リ ア脳 筋 症 ・乳酸アシ
ド ーシス ・

脳卒中様症候群

② Le igh脳症 L
リ

eーig h

症

脳

候

症

群

，
，
L
亜
eig急

h

性
症

壊
候

死
群

性
，脳

リ

症

ー
脳 症，

CPEO, 慢性進行性外眼筋麻痺．慢

③ CPEO/KSS' 性進行性外眼筋麻痺 症候群， KSS,
カ ー ンズ・セイヤ 症 候群， Kearns-
Sayre症候群

④ MERRF § MERRF, マ ー フ，赤色ぽろ線維・
ミオクロ ー ヌスてんかん症候群

⑤ Leber病 Leber病． レ ー ベル病． レ ー バ ー 病，
レ ー ベル遺伝性視神経症

i主 1) *mitochondrial encephalomyopathy, lactic acidosis, and
stroke-like episodes 

2) ↑ 一部に新生児／乳児ミトコンドリア病も含まれる。
3) ま chronic progressive external ophthalmoplegia/Kearns­

Sayre syndrome 
4) § myoclonus epilepsy associated with ragged-red fibers 

によって求めた。
また，副次評価項目としてミトコンドリア病

患者の各種集計を行った。患者全体または疾病
グル ー プ別の患者数性別，年齢階級，年齢
（中央値），在院日数（中央値），ICDlO分類別
の入院契機病名，各変数（医療行為等） の集計
を行った。 また，DPCに収載されている患者
所在地の郵便番号を用いて，都道府県別の入院
患者数を集計した。 また，入院中に死亡した患
者数を，DPCにおける退院時転帰から求めた。
さらに，これらの入院中に死亡した患者の性別，
年齢階級，年齢（中央値），在院日数（中央値），
ICDlO分類別の入院契機病名の集計を行った。

統計ソフトは，Stata/IC 15. 0 for Windows 
(StataCorp LLC)を使用した。
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(3) 倫理的配慮
本研究は，産業医科大学倫理

委員会にて承認を得て実施した

(2018年10月10日， 第H30-124

号）。
また，本文中の度数表記は，

レセプト情報取り扱いにおける
最小単位集計の申し合わせに基
づいて，患者数10人未満の度数
については “ <10"の表記とし
た9）（ただし，患者数が 0 人の項
目 については，“O "と表記 し
た）。 さらに，10人以上であっ
ても，その度数を表記すること
で合計値 から10人未満の項目が
推測可能である場合は，次に小
さな度数を “く20"などの表記
とした。

表2 疾病グルー プごとの各種集計(n =1,386) 
（単位 人，（）内％）

疾病グル ー プ
患者全体 ① ② ③ ④

MELASなど Leigh脳症 CPEO/KSS M ERRF Leber病

患煮塾 1 386 -1 ---2--8-2--(-9-3--) - --8
3
--5 
5 
-鳳 ．．．．．．．． 4

2
．．2

0
．．(
(
．
4
． 3
8
．．) 

) 
． <10 <30 

男性 664(48) 614(48)
• • • •• ----

<iO 
------------

<2
--
0

-女--性---- • · · · ·· ·7· ·2
6
·2
4
· ·(
(
·5 ·2
5
· ·
) 
) • ....6. .6

6
.8
2
..(
(

.5.2
5
..) 

) 
. ..5..0 . 9. .) . --------2--2--(-5-2--) - <10 <10 

0歳 <10 ゜
------------

゜
················o

1 - 5 162(12) 141 (11) 30(35) ゜ ゜ <10 
6 -9 78( 6) 67( 5) 15(18) ゜ ゜ ゜
10-14 94( 7) 81( 6) 15(18) ゜ ゜ <10 
15-19 94( 7) , 86(7) 13(15) <10 ゜ <10 
2 0-29 139(10) 133(10) <10 <10 ゜ <10 
3 0-39 151 (11) 142(11) <10 <10 <10 <10 
40-49 176(13) 169(13) <10 <10 ゜ <10 
5 0-59 151 (11) 142(11) ゜ <10 <10 <10 
60-69 166(12) 158(12) ゜ <10 <10 <10 
7 0-79 89( 6) 82( 6) ゜ <10 ゜ <10 
80- ----- 22(-2) ----- 19(-1-) - <10

-噸· • _.... • • •• 

<10 ゜ ゜-------------- ------------------

年齢，歳：中央値（四分位範囲）
1_35(12-55) 1_35(13-55) j 8(4-15) J 54.5(41-72) 1_57(56-59) I____ 35(13-55) 

在院日数．日：中］ 値（四分位範囲）
I 12(6-29 13(6-29)16(4-14)1 2oc5-41) I 1oca-29) I rn.5(5.5-35)

皿結 果

表3 ICD10分類における入院契機病名別の患者数集計

(n =1,386) 

章 分類ID 分類表記 患者数
1 AOO-B99 感染症及び寄生虫症 35( 3 ｝ 
2 COO-D4 8 新生物く腫瘍＞ 14( 1 
3 D50-D89 血液及び造血器の疾患並びに免疫機 <10構の障害
4 EOO-E90 内分泌．栄養及び代謝疾患 300(22) 
5 FOO-F99 精神及び行動の障害 <10 
6 GOO-G99 神経系の疾患 439(32) 
7 HOO-H59 眼及び付属器の疾患 55( 4) 
8 H60-H95 耳及び乳様突起の疾患 13( 1) 

I OO- I 99 循環器系の疾患 134(10) 
10 JOO-J99 呼吸器系の疾患 164(12) 
11 KOO-K93 消化器系の疾患 52( 4) 
12 LOO-L99 皮屑及び皮下組織の疾患 <10 
13 MOO-M99 筋骨格系及び結合組織の疾患 26( 2) 
14 NOO-N99 腎尿路生殖器系の疾患 31 ( 2) 
15 000-099 妊娠，分娩及び産じょくく褥＞ <10 
16 POO-P96 周産期に発生した病態 <10 
17 QOO-Q99 先天奇形，変形及び染色体異常 <10 
18 ROO-R99 症状，徴候及び異常臨床所見・異常 49( 4)検査所見で他に分類されないもの
19 SOO-T98 損傷，中毒及びその他の外因の影響 32( 2) 
20 V01-Y98 傷病及び死亡の外因 <10 
21 200-299 健康状態に影響を及ぼす要因及び保 <10健サ ー ビスの利用
22 UOO-U99 特殊目的用コ ー ド <10 

（単位 人，（）内％）

病名の検索 ・ 抽出作業の結果，2014年は316
施設から1,146件，2015年は351施設から1,406
件の計2,552件が該当した。この該当した2,552
件から同 一患者の複数入院を統合すると，有病
者数は1,386人であった。

表2では， ミトコンドリア病患者の93％を疾
病グル ー プ①(MELASなど）が占め， 6 ％の
②(Leigh脳症） と 3 ％の③ （CPEO)がそれ
に続いた。性別は，疾病グル ー プ②は女性が多
く（男性35人，女性50人），性差が認められた

が，他の疾病グル ー プはほぼ均等に分布してい
た。年齢階級は，疾病グル ー プ①は幅広い階級
に分布していたが，②は比較的若年の階級( 1
歳から19歳まで）に分布する傾向が認められた。
全患者の年齢は． 中央値が35歳であった。また，
疾病グ）レ ー プ②の年齢中央値 は 8 歳であり，他
の疾病グル ー プと比較して若年であった。全患
者の在院日数は，中央値が12日であった。また，
疾病グル ー プ②の在院日数の中央値 は 6 日であ
り，ほかの疾病グル ー プと比較して短い傾向が
あった。

全患者のうち，ICDlOの分類G （神経系の疾
患）が32%, 分類E（内分泌， 栄養及び代謝疾
患）が22％と大きな割合を占めた（表3)。ま
た，分類J （呼吸器系の疾患）が12%, 分類I
（循環器系の疾患）が10％であり，それらに続

いた。
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表4 各変徴における患者薮集計(n=1,386)
（単位 人．（）内％）

変数名 患者数

生検（皮盾・筋） 95(7) 

標本作成 157(1 1) 

染色 26(2) 

頭部MRI ゜

MRIすべて 657(47) 

ピルビン酸 56 1 (40) 

乳酸 678(49) 

難病外来指導管理料 ゜

人工呼吸器導入時相談支援加算（難病外来指導管理料） ゜

食事（指定難病） ゜

在宅酸素 2 1  (2) 

在宅経管栄養 48(3) 

経管栄養・薬剤投与用カテーテル交換法 27(2) 

間歌的経管栄養法加算 ゜

鼻腔栄養 260(19) 

在宅中心静脈栄養法指導管理料 <10 

中心静脈設置 127(9) 

在宅人工呼吸指導管理料 55(4) 

準重症児 22(2) 

重症児 23(2) 

超重症児 45(3) 

胃痩造設術 25(2) 

胃痩より流動食点滴注入 67(5) 

抗でんかん薬 436(3 1) 

精神神経薬 332(24) 

強心剤 524(38) 

利尿剤 225(16) 

血圧降下剤 245(18) 

血管収縮剤 49(4) 

重曹 86(6) 

ウラリット 32(2) 
アルギニン 76(5) 
カルニチン 186(13) 
タウリン 33(2) 

ビタミン内服薬． 日
内服なし 729(53) 

1-4日 259(19) 

5-9日 147(1 1) 
10日以上 25 1(18) 

ビタミン注射薬， 日
＾注射なし 1 032(74) 

1-4 日 133(10) 
5-9日 97(7) 
10日以上 124(9) 

輸血． 日
輸血なし 1 320(95) 
1-4 日 57(4) 
5日以上 <10 

酸素吸入． 日
吸入なし 1 066(77) 
1-6日 2 15(16) 

7-13日 • 54(4)
14日以上 5 1  (4)

人工呼吸器， 日
装着なし 1 166(84) 
1-6日 89(6) 
7-13日 44(3) 
14日以上 87(6) 

ICU入室． 日
入室なし 1 332(96) 
1-2日 23(2) 
3-6日 12( 1) 
7日以上 19(1) 

続いて， 表4では高頻度に認められたものと

して， MRI検査すべて(47%), ピルビン酸の

表5 患者の都道府県別分布(n=1,386) 
（単位 人．（）内％）

難病I) 患者数

ムロ 計 1 48 1 1 3 86 

北 海 道 46 63(5) 

青 オ
＊木 18 1 1(1) 

石山 手 19 24(2) 

宮 城 22 23(2) 

秋 田 6 <10 

山 形 1 1  10(1) 

福 島 17 13(1) 

茨 城 35 36(3) 

栃 木 16 14(1) 

群 馬 22 19(1) 

埼 玉 72 5 1  (4) 

千 葉 64 67(5) 

東 京 166 120 (9) 

神 奈 JI I 97 68(5) 

新 潟 30 17(1) 

富 山 18 <10 

石 JI I 14 14(1) 

福 井 16 10(1) 

山 梨 3 <10 

長 野 24 20(1) 

岐 阜 16 15(1) 

静 岡 30 29(2) 

愛 知 66 68(5) 

重 14 15( 1) 

滋 賀 25 18( 1) 

凩 都 36 34(2) 

大 阪 108 14 1 (10) 

兵 庫 62 52(4) 

奈 良 20 23(2) 

和 歌 山 16 <10 

鳥 取 5 12( 1) 

島 根 1 1  1 1( 1) 

岡 山 15 26(2) 

広 島 36 43(3) 

山 口 14 10( 1) 

徳 島 10 <10 

香 JII ， <10 

愛 媛 19 18( 1) 

高 知 4 12( 1) 

福 岡 6 1  60(4) 

佐 賀 8 18( 1) 

長 崎 22 16( 1) 

熊 本 19 3 1  (2) 

大 分 24 2 1  (2) 

宮 崎 27 16( 1) 

鹿 児 島 60 57(4) 

沖 縄 28 32(2) 

注 l) 特定疾患（難病）医療受給者証所持者数(2015年
度末 ， 文献10より）。参考のため記載。

測定(40%), 乳酸の測定(49%)があった。

また， 相対度数が10％を超えたものとして， 標
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本作成(11％）， 鼻腔栄養(19%),抗て んかん
薬(31％），精神神経薬(24％）， 強心剤(38%),
利尿剤(16%),血圧降下剤(18%), カルニチ

ン(13 ％）， ビタ ミン内服薬の 1 - 4日 内服
(19%)および5- 9日内服(11%)および10

日以上内服（18％）， 酸素吸入の 1 - 6日吸入
(16%)があった。

都道府県別の入院患者数は（表5）， 頻度が
高い順から大阪府(141人）， 東京都(120人），

愛知県(68人）， 神奈川県(68人）， 千葉県(67

人） などであり， 大都市圏を中心に患者数が多
い傾向が認められた 10

)。
入院中に 死亡した患者数は 83人であった（表

6)。2014年の死亡患者数は 43人であり， 2015
年の死亡患者数は 40人であった。 死亡患者の性

別 は， やや女性が多く（男性 36人， 女性 47人），
性差が認められた。死亡患者の年齢階級は，
60-69歳 が最も頻度が 高 く(24 %). 50-59歳

(13%)と 70-79歳(13%)がそれに続いた。
死亡患者の年齢中央値 は， 52歳であった。 死亡

患者の在院日数中央値は， 28日 であった。 死亡
患者のうち， ICDlO分類G（神経系の疾患） が

25％と最も大きな割合を占めていた。また， 分
類I （循環器系の疾患 ）の22％と分類J （呼吸
器系の疾患 ）の22％がそれに続いた。

N考 察

本研究 では， ミトコンドリア病の有病者数は
1,386人と推定された。参考として， 2014年末

の特定疾患 （難病 ） 受給者証所持者数は 1,439
人 11) ,小児慢性 特定疾病登録者数は 251人（ミ
トコンドリアD NA変異による糖尿病( 3 人），

ミトコンドリア病(37人）， ミトコンドリア脳
筋症(211人）の合計） 12)であり， 両者の合計で
ある 1,690人が， 難病等における申請書類集計
によって推定される 有病者数である。本研究の
推定値の方が小さい(1,386vs. 1,690)原因の

1つとして考えられるのは， 本研究に利用した
デー タのカバ ー 率である（実質的には全病床数

の約7割）。もう1つの原因は， 比較的重症度
が軽度または病状が安定しているなどで， 外来

表6 死亡患者に関する各種集計(n =83) 

（単位 人．（）内％）
患者数：2014年 43(52) 

2015 40(48) 
• • • • · • • • • • • • • ·· · • · · • · · • • • • · · · · · • ------• • · · · · · · · • · ------• • � 

男性 36(43) 
女性 47(57) · • · · • ----------• · ---• · ---------------• · · · • • · · · · · · • -------

0歳 <10
1-5 <10 
6-9 <10 

10-14 <10 
15-19 <10 
20-29 <10 
30-39 <10 
40-49 <10 
50-59 11 (13) 
60-69 20(24) 
70-79 11 (13) 
80- <10

• - - - • • - - - • • - - - - - - - • - - - - - - - - - - - • - - - - - - - - ·ー・眉—· • ·己

年齢歳：中央値（四分位範囲）
52(21-67) 

----------------------------------------------

在院日数日：中央値（四分位範囲）
28(11-67) 

----------------

ICD分類別入院契機病名 I}

章分類ID 分類表記·---·------------·-------------------------------·--·---------------·---------· 

4 IEOO-E90内分泌 ， 栄養及び代謝疾患 11 (13) 
6 IGOO -G99神経系の疾患 21 (25) 

190闘閲闘昇悶麟霜塁 I l霜
注 l) 患者数10人以上の項目のみを記載した。

受診のみでの加療を受けている患者を 本研究
のデー タでは把握ができないためと考えられる。
この2点において， 本研究の手法ではミトコン

ドリア病の有病者数が過小評価され得るという
限界が示唆される。これらの問題への解決策と
して， NDB(National Database)を用いるこ
とが考えられる。 NDBには外来患者の情報も
記録 されており より悉皆性の高いミトゴンド
リア病の調査が可能であると考えられる。

また， 本研究 では， 副次評価項目としてミト
コンドリア病の入院患者の背景を探索した。
DPCデ ー タ を用いれば， 疾病グル ー プをはじ
めとした様々な カテゴリ ーを設定することで，
比較的容易に患者 背景を分析することが可能で
あることが示唆された。これは， 臓器横断的な
症状を呈し， 疾患特異的な検査所見や治療法が
存在しないミトコンドリア病 に関わらず， 他の
多臓器症状を示す希少疾患の調査にも応用可能
であると考えられる叫

しかし， DPCデ ー タに記録されている患者
ID（正しくはデ ー タ識別番号と 呼 ばれる）は．
医療機関の変更や転職・退職等における保険者

の変更によって変化するため， 患者IDを厳密
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な意味での同 一 個人識別に用いることは現時点

では不可能であり． 研究利用において大きな制

約となっている。 例えば新生児／乳児ミトコ

ンドリア病は， 発症時期によって定義されるミ

トコンドリア病の分類である14)が， DPCの横断

的なデー タ特性では正確な有病者数の推定が困

難である。今後の課題として， 個人情報に十分

配慮した上で， 同 一患者を長期間追跡すること

のできる不変の患者IDを割り付けるなどの対

策が， 研究への利活用の上で重要であると考え

られる。

また， 2015年1月における 「難病の患者に対

する医療等に関する法律（難病法）」の施行に

伴い， 指定難病の対象疾患数は， 施行前は56疾

患であったものが， 2017年度末では330疾患に

も増加している15)。 緒言でも述べたが， 全国規

模の病院アンケ ー ト調査を疾患ごとにー から行

うのは， 人的・時間的・費用的に今後いっそう
負担の大きいものとなっていくと予想される。

DPCデ ー タ等のビッグデ ー タの利用体制の構

築が推進されれば これらを代替研究として用

いるだけでなく， 事前研究に用いてより正確な

研究コストを予測し， 高いコストが要求される

介入研究などの実施可能性を検討することも可

能になると考えられる。

v 結 五
g

DPCデ ー タを用いて， ミトコンドリア病の

有病者数は推定可能であることが示唆された。

また， DPCデ ー タに記録されている患者の属

性および各種医療行為を分析することで，・ 一部

ではあるがミトコンドリア病における医療の現

状把握が可能であることが示唆された。

最後に， 現状においてDPCデ ー タをはじめ

とした電子レセプトデー タの研究利用は， アク
セスの容易さやデ ー タの適切な運用において
様々な制約や課題があるものの， 今後も積極的
に利活用を行うことは， 患者・医療者双方に資
するものであると考えられる。
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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
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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.1–3 While mitochondrial
diseases were long thought to be rare, recent reports4–19 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 England6

and 5.7 per 100,000 general adult population in Spain.15 While
there are few reports of mitochondrial diseases in Japan,17,18 a
questionnaire study reported a prevalence of 0.18 per 100,000
general population.18 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.20,21 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.21 Third,
the prevalence of some DNA mutations that cause mitochondrial
diseases differs by geography.19 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,22,23 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,24 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, 201825 as follows:

prevalence ðper 100;000 general populationÞ ¼ ðnumber of patients from April 2018 to March 2019Þ � 100;000

general population on October 1, 2018

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 ¼ Oi

Ei
� 100

Oi: Observed number of patients in i prefecture;

Ei: Expected number of patients in i prefecture

¼
X ðprevalence of patients in Japan by age classÞ

� ðpopulation by age class in i prefectureÞ

� �

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.

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

EBSPRi ¼ Oi þ �

Ei þ �
� 100

�; �: estimator

We estimated the EBSPR using a Poisson-Gamma model.26 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 2.1.27

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.

The Number of Patients With Mitochondrial Diseases
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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.28 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.28 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 1. Patients’ background (n = 3,629)a

n %

Sex, male, n (%) 1,712 47

Age class, years, n (%)
0–4 315 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
60–69 377 10
70–79 302 8
80 over 114 3

aThis 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. Number of patients with mitochondrial diseases with each diagnosisa

ICD-10 Diagnosis code Diagnosis
Total Female

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.
aThis 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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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

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

Table 3. Number of patients and prevalence of mitochondrial diseases in each prefecture in Japan from April 2018 to March 2019a

NDB Government report

Prefecture n % Prevalence 95% CI n % Prevalence 95% CI

Hokkaido 169 5 3.2 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 3.4 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 2.4 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 1.9–4.1 14 1 1.3 0.7–2.2
Ishikawa 36 1 3.1 2.2–4.4 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 2.2 1.6–3 16 1 0.8 0.5–1.3

Shizuoka 86 2 2.4 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 1.4 0.9–2.2
Kyoto 86 2 3.3 2.7–4.1 36 2 1.4 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 2.4–4.4 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 2.2–3.8 13 1 0.7 0.4–1.2
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 2.2–4.2 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 1.9–3.4 27 2 1.5 1.0–2.2

Oita 39 1 3.4 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.
aThis 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.
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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

2018,28 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

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.
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subsidy system is typically based on Japanese clinical criteria,29

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

100,000 general population.18 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.

Table 4. SPRs and EBSPRs of mitochondrial diseases in each prefecture in Japan from April 2018 to March 2019a

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 94.3–148.4 115.9 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 77.9 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 183 123.3 106.1–142.5 121.4 99 123.5 100.4–150.4 120.2 84 122.7 97.9–151.9 118.8
Saga 23 96.9 61.4–145.4 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 91.3–225.4 123.4
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.
aThis 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 “—” in the table). Values were also concealed when the number of either of males or females was less than 10.
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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.4,6,11,19 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,6 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.11,19 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.12

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.30

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.31 Using the method described in this previous
study,31 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 2018.32

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 2019.33 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, MERRF, 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 HbA1c 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 (cVEMP) 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 ⇥ |(MSEVr � MSEVl)/(MSEVr + MSEVl)|, where MSEVr is the maximum slow-phase
eye velocity of the right side, and MSEVl 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
MSEVl 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 µV). 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 (cVEMP 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 µL 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 µL 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/µL) were added. Next, 6 µL 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(age+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 S2). 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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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.
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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.

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 dia-
betes, 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 ob-
servation period, the difference would be statistically significant (p = 0.0092 vs. diabetes; p
= 0.0161 vs. hearing loss).

Figure 3. Chronological change in hearing level from the first visit in patients who showed a rapid
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same patient. The solid lines with the shaped mark: right ear. The dashed line with the triangle mark:
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).
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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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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 symptoms, 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 c
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/life12040543/s1, Figure S1: Chronological progression of hearing
level from the first visit, Figure S2: 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 MERRF, 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 CPEO, 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.

Patient Disease Causative
Mutations

Age of Onset
of Hearing
Loss (years)

Age of
Becoming

Deaf (years)

Age at CI
(years)

Observation
Period
(years)

Associated
Symptoms

1 MIDD A3243G 30 53 53 3.4 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

7 MELAS A3243G 10 44 46 4.0
myopathy, lactic

acidosis, stroke-like
episode

8 � A8296G 7 21 22 4.5 -

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).
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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 CI 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).MECP2mutations 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.Arg133Cys*, 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
198064
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. v2 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 ± 11.2 years of age;



Table 1
Clinical distribution in Japanese Rett Syndrome Database.

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 (1 0 0) 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

MECP2 mutation examination 92/102 (90.2%)
MECP2 mutations, identified 88/92 (95%)
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)
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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
199065
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).



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.
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3.2. Acquisition of walking and effect of MECP2

mutation type (R306C, R133C, 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
Fig. 2. Crawling and walking ability were significantly different between p
mutations Crawling ability and walking ability were significantly different be
other mutations. P = 0.004 (A), and P = 0.01 (B), respectively, Kaplan–Me
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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
atients with MECP2 mutations of R306C, R133C, R294X and other
tween patients with MECP2 mutations of R306C, R133C, R294X and
ier method.

0
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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
Fig. 3. Division of patients into four groups based on acquired and sustaine
groups based on acquired and sustained walking abilities over 10 years of a
present, never able to walk, and unknown. Of 56 patients over 10 years old,
patients had lost the ability to walk, and two patients had unknown walkin
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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,
d walking abilities over 10 years of age We divided patients into four
ge: currently able to walk, previously able to walk but cannot walk at
31 were currently able to walk, 17 patients never learned to walk, six
g status.



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 0.918 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.

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).
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including cortical ability (microcephaly), growth/nutri-
tion (BMI), motor ability (crawling), and genotype.

Witt-Engerström 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,
202068
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
30 truncations have been associated with less severe dis-
ease [3–5]. Patients with R306C, R133C, R294X and 30

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
MECP2 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
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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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1  |   INTRODUCTION

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 

X-chromosome inactivation (XCI), approximately 50% of the
cells express the variant MECP2 and the other half express
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
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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_e1 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_e1 but not MeCP2_e2. Therefore, our findings indicate that 
MeCP2_e2 may partially compensate for a deficiency in MeCP2_e1.

K E Y W O R D S

male with Rett syndrome, MeCP2 isoform, MeCP2_e1, MeCP2_e2, somatic mosaicism
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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_e1 and MECP2_e2 as a result of the alterna-
tive splicing of exon 2. MeCP2_e1 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_e1 
but not MeCP2_e2. To examine whether MeCP2_e2 can 
ameliorate some neurological symptoms due to the affected 
MeCP2_e1 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_e1 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 I. 
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_e1 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  μg of total 
RNA in a 20 μl reaction. Primers were designed for simul-
taneous amplification of both isoforms: a forward primer in 
exon 1 (exon1F, 5′-GAGAGGGCTGTGGTAAAAGC-3′) 
and a reverse primer in exon 3 (exon3R, 
5′-GATGGAGCGCCGCTGTTTGG-3′), which generated 
a 328-bp product for MECP2_e1 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 ImageJ 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  |  Case report

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 MECP2 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: c.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 MECP2 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 

affect the expression levels of both MECP2_e1 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_e1

The nonsense variant identified in the present case affected the 
coding sequence of MECP2_e1 but not of MECP2_e2. Based 
on this finding, we further examined whether MeCP2_e2 is 
able to ameliorate the affected MeCP2_e1 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_e1 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.

F I G U R E  1   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: c.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

F I G U R E  2   Equal amounts of 
MECP2_e1 and MECP2_e2 mRNA and 
abnormal transcript with the nonsense 
variant in a mosaic state. RT-PCR results 
reveal that both MECP2_e1 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)
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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 c.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_e1 and MECP2_e2 
mRNA amounts were unaffected in the patient, suggesting 
that the nonsense variant in exon 1 of MECP2 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_e1, 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_e1 and MeCP2_e2 isoforms. RTT associated 
with exon 1 variants of MECP2 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_e1 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_e1 in blood 
than normal individuals exhibited the typical RTT pheno-
type, indicating that even a mild reduction of MeCP2_e1 is 
sufficient to cause RTT.

In a previous study using the isoform-specific knockout 
mice in which Mecp2_e1 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_e1. 
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_e1 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_e1-specific variant 

T A B L E  1   Relationship between variant allele fractions and the clinical severity in males with typical Rett syndrome associated with mosaic 
MECP2 variants

Age at evaluation 
(Authors)

Variants

VAFsa
Onset of 
regression

Hand 
skills Language Gait Stereotypy

Nucleotide 
change

Predicted effect on 
protein sequence

9 years (Present case) c.31G>T p.(Gly11*) 28% 24 months Poor Lost Poor Present

12 years (Topcu et al., 
2002)

c.808C>T p.(Arg270*) 36% 11 months Lost Never Never Present

11 years (Kleefstra et 
al., 2004)

c.473G>T p.(Thr158Met) 25% 13 months Lost Lost Lost Present

2 years (Zhang et al., 
2019)

c.316C>T p.(Arg106Trp) 26% 18 months Never Never Never Present

2 years (Zhang et al., 
2019)

c.353G>A p.(Gly118Val) 20% 13 months Poor Lost Poor Present

8 years (Schonewolf-
Greulich et al., 2019)

c.1308dupT p.(Gln437Serfs*50) 9% (15%) 18 months Poor Lost Poor Present

9 years (Schonewolf-
Greulich et al., 2019)

c.808C>T p.(Arg270*) 36% (45%) 8 months Lost Never Poor Present

aVAFs, variant allele fractions in blood lymphocytes (in fibroblasts). 
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with those of other reported male cases with mosaic variants 
that affect both MeCP2_e1 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_e1, 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 2 ) 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 2 . 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.
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. Introduction

Mitochondria are the primary organ generating cellular adeno- 

ine triphosphate (ATP) and play a central role in a variety of cel- 

ular processes, including calcium signaling, reactive oxygen spices 

ROS) generation, and apoptosis ( Yamasoba et al., 2007 ). Based 

n these important roles, impairment of mitochondrial function 

as been implicated in numerous common diseases and condi- 

ions, such as cardiovascular disease, neurodegenerative diseases, 

etabolic disorders, and even in normal aging ( Wang et al., 2016 ). 

Mitochondrial dysfunction is typically associated with sen- 

orineural hearing loss (SNHL). For example, in humans, several 

utations and deletion in mitochondrial DNA (mtDNA) have been 

eported to cause both syndromic and non-syndromic forms of 

NHL. Further, patients with age-related hearing loss (ARHL) have 

 significant load of acquired mtDNA mutations in their auditory 

issues ( Gopinath et al., 2009 ). In animal models, accumulation 

f mtDNA mutations by the mutator allele of the mitochondrial 
✩ This article is part of the Special Issue Mitochondrial Function and Dysfunction

n the Inner Ear Edited by Shinichi Someya, Anna Lysakowski, Katie Kindt, and David

aible. So, Dr. Lysakowski serve as a Guest Editor of this Special Issue.
∗ Correspondence author: Department of Otolaryngology and Head and Neck

urgery, Faculty of Medicine, University of Tokyo.

E-mail address: tyamasoba-tky@umin.ac.jp (T. Yamasoba) .
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olg DNA polymerase has shown ARHL acceleration ( Kujoth et al., 

005 ). Even in acute SNHL, such as noise- and aminoglycoside- 

nduced hearing loss, impairment of mitochondrial function has 

een shown to play an important role ( Böttger and Schacht, 2013 ; 

ujimoto and Yamasoba, 2019 ). Considering these findings, estab- 

ishing a good animal model presenting mitochondrial dysfunction 

ith hearing loss and discovering the methods for preventing the 

ymptoms occurring in these animals seems to play an important 

ole in overcoming many SNHL diseases as well as many other sys- 

emic diseases. 

It has been demonstrated that chronic intake of germanium 

ioxide (GeO 2 ) both in humans and animal models causes symp- 

oms and pathological findings similar to those in patients with 

itochondrial encephalomyopathy, which is known as mtDNA 

utation disease ( Higuchi et al., 1989 ; Takeuchi et al., 1992 ; 

saka et al., 1995 ; Kim et al., 1998 ; Higuchi et al., 1991 ; Sanai et al.,

990 ; Wu et al., 1992 ; Li et al., 2001 ; Lin et al., 2006 ). For example,

he skeletal muscles from rats treated with GeO 2 for 23 weeks 

ontained numerous ragged-red fibers and cytochrome-c oxidase 

COX)-deficient fibers and showed reduced enzyme activities in 

he mitochondrial respiratory chain, such as rotenone-sensitive 

ADH-cytochrome-c reductase and COX ( Higuchi et al., 1991 ). 

hese results suggest that GeO 2 administration can reproduce 

everal pathological conditions caused by mitochondrial dysfunc- 

https://doi.org/10.1016/j.heares.2022.108678
http://www.ScienceDirect.com
http://www.elsevier.com/locate/heares
http://crossmark.crossref.org/dialog/?doi=10.1016/j.heares.2022.108678&domain=pdf
mailto:tyamasoba-tky@umin.ac.jp
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ion, which may be useful in elucidating diseases associated with 

itochondrial dysfunction and their treatment. 

Moreover, we have previously reported that diet supplemented 

ith 0.5% GeO 2 caused profound SNHL associated with degener- 

tion of the stria vascularis and supporting cells in guinea pigs 

 Yamasoba et al., 2006 ). This result indicated that GeO 2 applica- 

ion would be also used to create SNHL animal with mitochon- 

rial dysfunction. Although we speculated that cochlear degener- 

tion caused by GeO 2 intake was associated with mitochondrial 

amage, mitochondrial function was not investigated in this pre- 

ious study. 

ROS are known to be closely related to mitochondrial dys- 

unction. ROS are continuously produced via normal metabolism 

y the electron transport chain in mitochondria. In normal sta- 

us, cells effectively remove ROS by their innate ROS defense 

ystems, such as superoxide dismutase (SOD), catalase, and glu- 

athione ( Finkel and Holbrook, 20 0 0 ; Raha and Robinson, 20 0 0 ;

ereköy et al., 2004 ). However, uncontrolled leakage of ROS by ir- 

egular respiratory chain and/or decrease in the defense systems 

an lead to cellular dysfunction. It has been shown that the lack 

f SOD1 or glutathione peroxidase resulted in severe hearing loss 

r higher susceptibility to noise exposure, which causes excessive 

OS production and induces damage to the outer and inner hair 

ells ( Ohlemiller et al., 20 0 0 ). These reports suggest that daily di-

tary intake of ROS scavengers may augment the defense system 

gainst ROS and thereby prevent cellular damage caused by mito- 

hondrial damage or dysfunction. 

In the current study, we investigated whether chronic intake of 

eO 2 results in cochlear mitochondrial impairment and associated 

NHL in CBA/J mice. Next, we investigated the effects of ROS 

cavengers, taurine, coenzyme Q10 (CoQ10), or hydrogen-rich 

ater ( Huxtable, 1992 ; Erdem et al., 20 0 0 ; Qiao et al., 2015 ;

oh et al., 2014 ; Das et al., 2009 ; Manna et al., 2009 ; Alam and

afiz, 2011 ; Roy and Sil, 2012 ; M Sikorska et al., 2014 ; M Sikorska

t al., 2014 ; Sohet et al., 2009 ; Someya et al., 2009 ; Yamada et al.,

015 ; Ohsawa et al., 2008 ; Sato et al., 2008 ; Ohsawa et al., 2007 ;

ayashida et al., 2008 ; Yoshida et al., 2012 ; Fukuda et al., 2007 ;

akashima-Kamimura et al., 2009 ; Lin et al., 2011 ; Fransson et al., 

021 ), on cochlear degeneration and SNHL induced by GeO 2 . 

. Material and methods

Female CBA/J mice were purchased from CLEA Japan (Tokyo, 

apan). The experimental protocol was approved by the Commit- 

ee for the Use and Care of Animals at the University of Tokyo and

onformed to the NIH Guidelines for the Care and Use of Labora- 

ory Animals. 

.1. Experimental protocols 

.1.1. Experiment 1: development and analysis of mouse model of 

rogressive hearing loss by chronic oral intake of GeO 2 

Ten 2-month-old CBA/J mice were used. Five of them were 

iven chow containing 0.15% GeO 2 for 4 months. The amount of 

eO 2 was determined from a previous report using rats ( Wu et al., 

992 ). The remaining five animals were given the normal chow 

erving as control. In the preliminary experiment, auditory brain- 

tem response (ABR) thresholds were measured at 0, 2, 3 and 

 months at 2, 4, 8, and 16 kHz (Supplemental Figure 1). Ani- 

als given GeO 2 showed increase of ABR thresholds and became 

rofoundly deaf at 4 months. Therefore, histological changes and 

ene expression were evaluated 4 months after the start of ger- 

anium administration. The left cochlea, muscle, and kidney was 

xed with 2% PFA and 2.5% glutaraldehyde, the cochlea was addi- 

ionally decalcified, and embedded in epoxy resin. Ultrathin sec- 

ions were examined under transmission electron microscope. The 
2 040077
ight cochleae were used for gene transcriptional analysis of the 

ochlea by DNA micro array. 

Another 10 two-month-old CBA/J mice were used to confirm 

ene expression by quantitative reverse transcription-polymerase 

hain reaction (qRT-PCR). Five animals were given chow containing 

.15% GeO 2 and the remaining Five animals were given the nor- 

al chow for 4 months. The cochleae were dissected and RNA was 

xtracted. 

.1.2. Experiment 2: prevention of GeO 2 –induced cochlear damage 

y oral intake of ROS scavengers 

Two-month-old CBA/J mice that showed auditory brainstem 

esponse thresholds within the normal laboratory range were 

sed. Forty animals were given chow containing 0.15% GeO 2 for 

 months and assigned to one of the four groups ( n = 10 each)

ccording to the content of their drinking water: 1) water without 

ntioxidant; 2) water containing 0.3% taurine (Wako Inc., Osaka, 

apan); 3) water containing 150 μM water-soluble CoQ10 (Aqua 

10L10, Nisshin Pharma Inc., Tokyo, Japan); and 4) hydrogen water 

Blue Mercury, Tokyo, Japan). The hydrogen water was placed in a 

losed glass vessel and changed every other day, which minimized 

he leakage of hydrogen from the water and maintained the con- 

entration to be greater than 0.4 mM 1 day later ( Ohsawa et al., 

007 ), and the remaining 10 animals were fed with normal chow 

nd water as a control. Amounts of chow that each group ate 

ere measured to confirm that there was no difference of the 

ating amounts among groups. Body weight of each animal was 

lso measured before they were euthanized. 

The 3-month ABR measurement took longer than usual to ob- 

ain the ABR threshold, and several animals died during the ABR 

easurement due to additional anesthesia. As a result, the final 

umbers analyzed were 10, 7, 9, 6, and 7 animals for the control, 

eO 2 ±normal water, GeO 2 ±taurine, GeO 2 ±hydrogen, and GeO 2 ±
oQ10 groups, respectively. In this experiment, the significant pro- 

ective effect of the ROS scavenger on GeO 2 was confirmed by 

 months, so we decided to euthanize the animals at 3 months 

nstead of 4 months to avoid further discomfort to the animals, 

o prevent further sample loss, and to reduce the expense of the 

gents. 

.2. Assessment of hearing function 

Detailed protocols for ABR measurements have been described 

lsewhere ( Kinoshita et al., 2013 ). Briefly, two examiners who were 

linded to the experiment and measured ABRs with a tone burst 

timulus (2, 4, 8, 16, and 32 kHz) using an ABR recording system 

Neuropack � MEB5504, Nihon Kohden, Tokyo, Japan). Mice were 

nesthetized with a mixture of xylazine hydrochloride (10 mg/kg, 

.m.) and ketamine hydrochloride (40 mg/kg, i.m.). Needle elec- 

rodes were placed subcutaneously at the vertex (active electrode),

eneath the left pinna (reference electrode), and beneath the right

ar (ground). The sound stimulus consisted of a 15-ms tone burst,

ith a rise-fall time of 1 ms at frequencies of 2, 4, 8, 16, and

2 kHz. The sound intensity varied in 5-dB intervals near thresh- 

ld. To obtain a waveform, 1024 tone presentations given at the 

ate of 17/s were averaged with the Neuropack MEB-2208 evoked 

otential measuring system (Nihon Kohden, Tokyo, Japan). The 

hreshold was defined as the lowest intensity level at which a clear 

eproducible wave V could be observed in the trace. When an ABR 

aveform could not be evoked, the threshold was determined to 

e 110 dB SPL (5 dB greater than the maximum intensity (105 dB 

PL) produced by the system). ABR thresholds were measured at 2 

nd 6 months of age in experiment 1 and 2 and 5 months of age

n experiment 2. 
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.3. Transmission electron microscopic observation of the cochlea, 

idneys, and soleus muscles in animals given GeO 2 

In experiment 1, animals were euthanized at the age of 

 months after the last ABR measurements. The left cochlea, 

uscle, and kidney were fixed with 2% paraformaldehyde and 

.5% glutaraldehyde, cochlea was additionally decalcified, and 

mbedded in epoxy resin. Ultrathin sections were examined under 

ransmission electron microscope. 

.4. Histological analysis of the cochlea under light microscope 

In experiment 2, the cochlear pathology was examined under 

ight microscope. Detailed preparation and examination proto- 

ols for determining cochlear pathology have been described 

reviously ( Lin et al., 2006 ; Kinoshita et al., 2013 ). Briefly, all

nimals were euthanized under deep anesthesia with xylazine 

ydrochloride and ketamine hydrochloride at the age of 5 months. 

he left cochlea was immersed in 4% paraformaldehyde in 0.1 M 

hosphate-buffered saline overnight at 4 °C and decalcified in 

0% ethylenediaminetetraacetic acid solution. The specimens were 

hen dehydrated through a graded alcohol series and embedded 

n paraffin. The embedded tissues were cut into 5-μm thick 

ections parallel to the modiolus, and two sequential sections 

ere mounted on glass slides and deparaffinized. Five sections 

t an interval of three slides (i.e., at an interval of approximately 

0-μm) were stained with hematoxylin and eosin and observed

nder a light microscope (Nikon Eclipse E800M, Tokyo, Japan, 40 ×
bjective) to evaluate spiral ganglion cell (SGC) densities and stria

ascularis degeneration in the lower-basal turn.

The number of SGCs and the area of Rosenthal’s canal of the 

ower-basal turn were measured using Photoshop CS4 software, 

nd SGC density (SGC number/mm 

2 ) was calculated, as previously 

eported ( S Someya et al., 2007 ). In brief, the number of SGCs in

ach profile were counted with computer monitors. The area of the 

osenthal’s canal profile was determined in each photomicrograph 

y outlining the margin of bony canal using ‘Select’ tool. The num- 

er of the pixel of the Rosenthal’s canal was measured using ‘His- 

ogram’ tool. The pixels were then converted to the area by calcu- 

ating the number of pixels per unit area. The density of SGC was 

alculated for each profile of the ganglion as the number of SGCs 

ivided by the area of Rosenthal’s canal (mm 

2 ). 

The area of the stria vascularis of the lower-basal turns was 

easured in digital photomicrographs using Photoshop CS4 soft- 

are. The proportions of affected areas were also measured in dig- 

tal photomicrographs. From these data, degeneration rate was cal- 

ulated by the vacuolar degenerated area divided by the total area 

f stria vascularis. 

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

Detailed protocols for gene expression profiling analysis 

sing Affymetrix microarray analysis have been described 

 Affymetrix 2004 ; Lee et al., 1999 ). Briefly, the right cochleae 

f the animals were used in this study. The cochleae were placed 

n a micro centrifuge tube, flash frozen in liquid nitrogen, and 

tored at −80 °C. Total RNA was extracted from the frozen cochleae 

y using the TRIzol reagent (Life Technologies, Grand Island, NY). 

e hybridized each sample to a single Affymetrix MOE 430A Gene 

hip (Affymetrix, Santa Clara, CA). Signals in each image were 

ormalized to minimize an overall variability in hybridization in- 

ensities by a global scaling method using the Affymetrix software 

s described in the previous report ( S Someya et al., 2007 ). A gene

as considered “expressed” if it displayed a “present” call in at 

east one GeneChip based on the Affymetrix “present/absent call”

lgorithms. All genes considered “not expressed” were eliminated 
3 041078
rom our analysis. To identify genes whose expression was signifi- 

antly altered by GeO 2 , each control sample ( n = 5) was compared

o each GeO 2 sample ( n = 5), generating a total of 25 pairwise

omparisons. Gene expression change was considered significant 

hen the P value was < 0.05 and the fold change was > 1.2. We

hen used Database for Annotation, Visualization, and Integrated 

iscovery (DAVID) ( Dennis et al., 2003 ) and Expression Analysis 

ystematic Explorer (EASE) ( Hosack et al., 2003 ) to assign identi- 

ed genes to “GO (Gene Ontology): Biological Process” categories 

f Gene Ontology Consortium ( www.geneontology.org ). We also 

sed EASE to determine the total number of identified genes that 

ere assigned to each Biological Process category and the total 

umber of genes on the array in each Biological Process category 

nd to identify “GO: Biological Process” categories statistically 

ssociated with AHL-correlated genes by performing Fisher exact 

ests. The Fisher exact score represents the probability that an 

verrepresentation of germanium-induced hearing loss-correlated 

enes in a certain GO: Biological Process category occurs by chance 

 Hosack et al., 2003 ). When the Fisher Exact score is < 0.05 for a

iven GO: Biological Process category, this gene list is considered 

o be specifically associated (enriched) in the Biological Process 

ategory. Gene probe sets were considered “genes” if they had 

een assigned a “gene symbol” annotation by DAVID. 

.6. Quantitative RT-PCR 

We used the same mRNA pools for both microarray and quanti- 

ative RT-PCR analyses. Detection of mRNA was performed with an 

pplied Biosystems Prism 70 0 0 Sequence Detection System (Ap- 

lied Biosystems, Foster City, CA). Duplicate reactions for each 

rimer set were run simultaneously in a 96-well plate using the 

aqMan EZ RT-PCR kit. β-Actin was used as an internal standard. 

ligonucleotide primers and MGB fluorescent probes (TaqMan 

ene Expression Assays) were purchased from Applied Biosystems. 

etailed protocols for analysis by qRT-PCR have been described 

 Someya et al., 2008 ). All data were reported as mean ± SEM. 

.7. Statistical analysis 

Sigma Stat statistical software was used and all data were 

xpressed as mean ± SD. ABR thresholds, HC survival rates, SGC 

ensities, and SV thicknesses were compared among groups by 

ne-way analysis of variance, and then pairwise comparisons were 

erformed by using Bonferroni’s test. 

. Results

.1. Auditory and histopathological findings of animals given GeO 2 

In experiment 1, CBA/J mice were orally given GeO 2 -containing 

hows for 4 months from the age of 2 months. The ABRs examined 

t 2 months of age before experiments were within the normal 

aboratory range in all 10 animals and did not differ between ani- 

als given chows with and without GeO 2 . At the age of 6 months, 

BRs showed that animals given GeO 2 -containing chows developed 

rofound hearing loss at all frequencies examined, while those 

iven normal chows maintained normal ABR thresholds ( Fig. 1 ). 

The histopathological examination showed that animals given 

eO 2 -containing chows exhibited marked degeneration of the stria 

ascularis in almost all cochlear turns, more markedly in the lower 

urn ( Fig. 2 ). Animals given normal chows did not develop any of 

uch pathologies (data not shown). 

Transmission electron microscope examination revealed marked 

acuolar degeneration in the stria vascularis, where almost all mi- 

ochondria contained electron-dense inclusions. Similarly, the dis- 

al tubular epithelium of the kidney and the sole muscles showed 

http://www.geneontology.org
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Fig. 1. Threshold after 4 months of GeO 2 treatment in CBA mice

CBA/J mice treated GeO 2 -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 2 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 μm in (A), 50 μm in (B). 
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any electron-dense deposits inside the degenerated mitochondria 

 Fig. 3 ). 

.2. Overview of microarray analysis 

To identify genes and Biological Process categories associated 

ith GeO 2 -induced hearing loss, we conducted genome-wide gene 

xpression analysis using RNA samples isolated from the cochlear 

issues of 6-month-old CBA mice ( n = 5). Using Affymetrix Gene 

hip, we found that 3827 gene probe sets were significantly 

own-regulated, and 3327 gene probe sets were significantly up- 

egulated in the cochlear tissues of 6-month-old mice treated with 
4042079
eO 2 compared to 6-month-old controls given normal chow. These 

ignificantly altered gene probe sets were further assigned to “GO: 

iological Process” categories using Database for Annotation, Visu- 

lization, and Integrated Discovery ( Huang da et al., 2009 ), which 

ssigned a classification to 3827 of the downregulated and 3327 

f the upregulated genes. A summary of the “Gene Ontology (GO): 

iological Process” categories associated with germanium-induced 

earing loss is shown in Table 1 . The complete set of microarray 

ata has been submitted to the GEO (Gene Expression Omnibus) 

epository ( http://www.ncbi.nlm.nih.gov/geo/ ) with GEO Accession 

umber GSE84735. The EASE analysis revealed that 16 Go: Biolog- 

cal Process categories, including “mitochondrion,” “mitochondrial 

http://www.ncbi.nlm.nih.gov/geo/
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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 = 1μm. 

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.

5 043080
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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 2 compared to 6-month-old

controls given normal chow. The qRT-PCR analyses for Atp5a1, 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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nner membrane,” “mitochondrial electron transport chain,” “ox- 

dative phosphorylation,” and tricarboxylic acid cycle, were signifi- 

antly associated with germanium-induced mitochondrial dysfunc- 

ion genes (Fisher exact score p < 0.05), and 818 out of 1863 genes

n these categories on the Gene Chip were significantly downregu- 

ated in the cochleae of germanium-applied animals ( Table 1 ). 

.3. Downregulation of genes associated with germanium-induced 

itochondrial dysfunction 

Table 2 shows a list of down-regulated genes encoding com- 

onents of the mitochondrial respiratory chain in the cochlea. 

wenty-eight genes encoding components of the mitochondrial 

espiratory chain were found to be significantly down-regulated 

P value < 0.05) ( Table 2 ). Of these, three genes encode for compo-

ents of the “respiratory chain complex I” (NADH dehydrogenase 

omplex), including Ndufs2, Ndufs7 , and Ndufv2 ; two genes encode 

or components of the “respiratory chain complex II” (succinate 

ehydrogenase complex), including Sdhb and Sdhc genes; two 

enes encode for components of the “respiratory chain complex 

II”, including Cyc1 and Cycs ; one gene encode for components 

f the “respiratory chain complex IV” (cytochrome c oxidase 

ubunits), including Cox5a ; and 11 genes encode for components 

f the “respiratory chain complex V” (ATP synthase subunits), 

ncluding Atp5k, Atp5e , and Atp5a1 . The analyses of qRT-PCR were 

onducted for Atp5a1, Atp5e, Cox5a, Sdhb , and Sdhc , to validate the 

icroarray results. The qRT-PCR results were in good agreement 

ith the microarray findings that expression of these mitochon- 

rial function-associated genes were significantly decreased in the 

ochleae of GeO 2 -treated mice ( Fig. 4 ). These results provide the 

vidence that GeO 2 -induced hearing loss is associated with the 

own-regulation of genes involved in the mitochondrial respiratory 

hain complexes in the cochlea of CBA/J mice. 

.4. Effect of antioxidants on ABR threshold shifts induced by GeO 2 

The total amount of weekly dietary intake and final body 

eights for each group is shown in supplementary Table 1. 

Animals given normal chow and water almost maintained ABR 

hresholds until 5 months of age, whereas animals given GeO 2 - 

ontaining chow and normal water from 2 months of age for 3 

onths showed approximately 30 to 50 dB threshold shifts. The 

ifference of the threshold shifts was significantly different be- 

ween controls and animals given GeO 2 + normal water at all fre- 

uencies ( Fig. 5 ). 
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ROS scavengers all provided preventive effect against GeO 2 - 

nduced hearing loss, with taurine showing the strongest effect. 

nimal given GeO 2 + taurine developed only slight threshold 

hifts at all frequencies. The threshold shifts in animals given 

eO 2 + taurine were significantly different ( p < 0.01) at all frequen- 

ies compared with those given GeO 2 + normal water and were not 

ignificantly different at any frequencies compared with controls. 

oQ10 prevented GeO 2 -induced threshold shifts predominantly 

t lower frequencies, with substantial threshold shifts at higher 

requencies. Threshold shifts in animals given GeO 2 + CoQ10 were 

ignificantly smaller at 2, 4, and 8 kHz ( p < 0.01 in 2 kHz, p < 0.05 in

 and 8 kHz) compared to animals given GeO 2 + normal water. Hy- 

rogen water also provided some preventive effect, but the effect 

as smallest among the three ROS scavengers. The threshold shifts 

n animals given GeO 2 and hydrogen water showed approximately 

0–30 threshold shifts at all frequencies, which were significantly 

ifferent from those in animals given GeO 2 + normal water only 

t 32 kHz ( p < 0.05). When compared among animals given GeO 2 

nd ROS scavengers, threshold shifts in animals given taurine were 

ignificantly smaller at 2, 4, and 32 kHz ( p < 0.01) compared to 

hose given hydrogen water and significantly smaller at 16 and 

2 kHz ( p < 0.01) compared with animals given CoQ10. Threshold 

hifts in animals given CoQ10 were significantly smaller only at 

 kHz ( p < 0.05) compared to animals given hydrogen water. These 

ata indicated that taurine has the strongest preventive effect, 

ollowed by CoQ10 and then hydrogen water. 

.5. Effect of antioxidants on degeneration of the spiral ganglion and 

tria vascularis induced by GeO 2 

The average of total area of stria vascularis at the lower basal 

urn for all groups are shown in Supplemental Figure 2. There 

ere no significant differences in the average of total areas of stria 

ascularis among groups. Mice that did not take GeO 2 showed 

early normal appearance of the stria vascularis and SGCs at the 

ge of 5 months (data not shown), whereas mice administered 

eO 2 + normal water for 3 months showed vacuolar degeneration 

f stria vascularis and severe degeneration of the SGCs mainly in 

he lower-basal and upper-basal turns in the cochlea. 

The extent of degeneration in the stria vascularis and SGCs 

ere significantly ameliorated ( p < 0.01) in animals given GeO 2 

nd one of the antioxidants when compared to those given 

eO 2 + normal water ( Figs. 6 and 7 ), indicative that all the antiox-

dants protected from GeO 2 -induced cochlear degeneration. The 

rotective effect was most significant in taurine supplementation; 

here was no significant difference in the extent of degeneration 
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Fig. 5. ABR threshold shifts after 3 months of GeO 2 treatment

The control group showed almost no threshold shifts in all frequency. Animals given GeO 2 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 2 + normal water. 
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ither in the stria vascularis or SGCs between animals given 

eO 2 + taurine and controls without GeO 2 intake. The extent of 

egeneration in the stria vascularis and SGCs in animals given 

eO 2 + hydrogen water or CoQ10 was significantly smaller ( p < 0.01) 

ompared to those given GeO 2 + normal water, but significantly 

reater ( p < 0.01) compared to controls without GeO 2 intake. When 

ompared among animals given GeO 2 and one of three antioxi- 

ants, animals given taurine showed significant protective effect 

gainst the degeneration of the stria vascularis and the SGCs when 

ompared to those given hydrogen water or CoQ10 ( p < 0.001). 

here was no significant difference in the degeneration of either 

tria vascularis or the SGCs between animals given GeO 2 + CoQ10 

nd those given GeO 2 + hydrogen water. 

. Discussion

The current study demonstrated that oral intake of 0.15% GeO 2 

or 4 months caused profound hearing loss associated with severe 

egeneration of the stria vascularis and SGCs in CBA mice. Trans- 

ission electron microscopic examination revealed electron-dense 

nclusions in degenerated mitochondria not only in the cochlea 

ut in the kidney and muscle. Microarray gene expression analysis 

f the cochlea revealed down-regulation of 16 categories, includ- 

ng the “mitochondrion,” “mitochondrial inner membrane,” “mito- 

hondrial electron transport chain,” and “oxidative phosphoryla- 

ion.” qRT-PCR confirmed the down-regulation of five representa- 

ive genes associated with mitochondrial respiratory chain in the 

ochlea. These findings indicate that dietary oral administration of 

.15% GeO 2 in CBA mice is a promising animal model to investigate 

NHL associated with mitochondrial dysfunction. We also observed 

hat GeO 2 -induced SNHL and cochlear degeneration could be ame- 

iorated by dietary intake of water containing taurine, CoQ10, or 

ydrogen, with taurine providing the strongest protection. These 

ndings suggest that dietary intake of these antioxidants could be 

sed to slow or treat SNHL and other phenotypes associated with 
7 045082
itochondrial dysfunction such as mitochondrial encephalomyopa- 

hy. 

As mentioned above, we have shown that dietary intake of 

eO 2 induces SNHL in CBA mice, which could be a good model to 

tudy SNHL associated with impairment of mitochondrial function. 

t has been reported that topical application of mitochondrial toxin, 

-nitropropionic acid (3-NP) on the round window of the cochlea

an cause acute SNHL; both permanent and temporary threshold

hifts were observed in this model depending on the amount of

-NP used ( Hoya et al., 2004 ; Okamoto et al., 2005 ). In the per-

anent threshold shift model, marked degeneration was observed

n type 2 fibrocytes in the spiral prominence, type 4 fibrocytes in

he spiral ligament, marginal cells, and intermediate cells in the

tria vascularis 3 h after 3-NP administration, indicative that SNHL

aused by topical application of 3-NP is primarily mediated by cel- 

ular degeneration in the lateral wall of the cochlea. Compared to 

his animal model, in our mouse model, the degeneration was ob- 

erved not only in the stria vascularis but the SGCs. The difference 

f the affected sites may be due to the different methods of drug 

pplication. 3-NP was applied acutely and topically, whereas GeO 2 

as applied chronically and systemically. 

The current study revealed previously unrecognized pathways 

ssociated with GeO 2 -induced SNHL, such as the down-regulation 

f genes involved in the mitochondrial respiratory chain. The 

NA microarray analysis revealed that chronic application of GeO 2 

own-regulated 27 genes in the respiratory chain complexes I, II, 

II, IV and V. Someya et al. ( S Someya et al., 2007 ) reported changes

f gene expression in the cochlea of DBA/2 J mice, which show 

evere progressive age-related hearing loss. In their study, gene 

nalysis revealed that the aged DBA/2 J mice showed significant 

own-regulation of genes encoding components of the mitochon- 

rial respiratory chain complexes I, II, III, IV, and V. Deficiency of 

omplex IV is reported to be associated with SNHL ( Horváth et al., 

005 ; Lamperti et al., 2012 ) in other reports. Gutiérrez Cortés et al. 

 Gutiérrez Cortés et al., 2012 ) also suggested that mutations of 

enes in complex I, III, and IV could be the cause of maternally 
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Table 2

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

Atp5a1 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

Atp5o NM_138,597 1,416,278_a_at 0.000 −1.563

Atp5o /// 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

Cyc1 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

Aco1 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

Dlst 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.

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,

with the extent of degeneration not being different com pared to the controls without germanium treatment (E). Representative vascuolar degeneration area are maked with

“∗”. Bar = 50 μm. 
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Fig. 7. Representative light micrographs of the spiral ganglion cells 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 an antioxidant. Taurine provides the strongest

effect, with the extent of degeneration not being different compared to the controls without germanium treatment (E). Representative degenerated area are marked with “∗”

Bar = 50 μm. 
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nherited non-syndromic hearing loss. These results are in line 

ith our findings that the dysfunction of mitochondrial respiratory 

hain complexes was closely related to SNHL. Moreover, the defi- 

iencies of mitochondrial respiratory chain complexes have been 

eported to be closely related to neural degeneration. For exam- 

le, Atp5a1 deficiency has been reported to cause severe neona- 

al encephalopathy, and Atp5e causes early onset lactic acidosis, 3- 

ethylglutaconic aciduria, mild mental retardation, and severe pe- 

ipheral neuropathy development. Both genes were confirmed to 

e down-regulated in the current study. Complex V deficiency me- 

iated by other genes also has been observed in neurodegenerative 

iseases ( Kantrow et al., 1997 ). Complex II deficiency also has been 

eported to cause neurodegenerative disorders ( EA. Shoubridge, 

0 01 ; EA. Shoubridge, 20 01 ). Although there has been no report

xamining the degeneration of SGCs, one of the peripheral neu- 

ons, in these deficiencies, it is speculated that mitochondrial dys- 

unction caused by the down-regulation of genes in complex I, III, 

nd IV may be related to the degeneration of the SGCs. 

In the current study, the up-regulation of genes involved in 

poptosis was also observed. It has been reported that the defect 

f the respiratory chain system is associated with the induction of 

poptosis ( Kantrow et al., 1997 ). An in vivo study using Neuro-2A 

ells showed that treatment of GeO 2 to the neuron A2 cell induced 

he release of cytochrome c from mitochondria, loss of mitochon- 

rial membrane potential, and translocation of the Bax, resulting 

n apoptosis by the mitochondrial-dependent pathway ( Lin et al., 

006 ). Interestingly, such phenomena have also been reported by 

pplying similar semiconductor elements, such as arsenic, indium, 

nd gallium ( Bustamante et al., 1997 ; Chang et al., 2003 ; Hu et al.,

0 03 ; Milton et al., 20 04 ). Studies investigating the mechanism for

rsenic-induced apoptosis have revealed that the apoptosis is trig- 

ered by inhibition of mitochondrial respiratory function, resulting 

n the induction of ROS. ROS inactivate enzymes and damage 
9 047084
NA molecules by the direct chemical attack on their structure 

 Pelicano et al., 2003 ; Shen et al., 2003 ). Considering these, it can

e assumed that the accumulation of germanium in the mito- 

hondria would affect mitochondrial respiratory function, thereby 

esulting in ROS generation and induced mitochondria-mediated 

poptosis of the stria vascularis and SGCs. 

Taken together, these reports suggest that GeO 2 accumulation 

auses mitochondrial dysfunction, leading to the degeneration of 

he cochlea and subsequent progressive hearing loss via apoptotic 

athway. However, the current study does not directly demon- 

trate a causal relationship between mitochondrial dysfunction 

nd cochlear degeneration, which should be evaluated by future 

tudies. 

In the current study, we observed that antioxidants, such as 

aurine, CoQ10, and hydrogen water, attenuated GeO 2 -induced 

NHL and degeneration of the stria vascularis and SGCs, which 

mplies that ROS play a key role in GeO 2 -mediated damage in 

he cochlea. Those antioxidants have been proven to have pow- 

rful antioxidant effects in various fields. For example, taurine 

as been exhibited to protect various organs from oxidative stress 

aused by alminium ( Qiao et al., 2015 ), diabetes ( Koh et al.,

014 ), and various drugs ( Das et al., 2009 ; Manna et al., 2009 ;

lam and Hafiz, 2011 ; Roy and Sil, 2012 ). It has also been re-

orted that adminisitration of taurine induces a significant reduc- 

ion of intracelular ROS level and recovery of mitochondria mem- 

rane potential caused by arsenic in mouse neuroblastoma N2a 

ells. ( Chou et al., Apr ). CoQ10 has been shown to protect neuronal

ells from UVB- and ROS-induced damage ( M Sikorska et al., 2014 ), 

rain ischemia/reperfusion, gentamicin-induced cochlear damage 

nd hearing loss, and hepatic oxidative stress and inflamma- 

ion ( M Sikorska et al., 2014 ). In addition, supplementation of 

oQ10 has been reported to show a therapeutic effect in patients 

ith mitrochonrial respiratory chain disorders ( Hargreaves, 2014 ). 
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ydrogen gas has shown protective effects from ischemia/ 

eperfusion injuries in cerebral ( Sato et al., 2008 ) and myocar- 

ial infarction ( Hayashida et al., 2008 ; Yoshida et al., 2012 ), hep-

tic injury ( Fukuda et al., 2007 ), cisplatin-induced nephrotoxic- 

ty ( Nakashima-Kamimura et al., 2009 ), and noise-induced hearing 

oss ( Lin et al., 2011 ; Fransson et al., 2021 ). Although these an-

ioxidants showed protective effect in the current study, hydrogen 

howed weakest effect compared to other supplements. This may 

e explained by the limited concentration of hydrogen when given 

n water. The solubility of the hydrogen is limited and easily leaked 

rom water. Although the glass bottle used minimized the leakage 

f hydrogen from water and the water was changed every other 

ay to keep the hydrogen concentration above 0.4 mM, the dose 

ay be not sufficient to achieve satisfactory effects. Another rea- 

on may be the unique mechanism of scavenging system of hydro- 

en, which selectively scavenges free hydroxyl radicals ( •OH) ( Sato 

t al., 2008 ; Ohsawa et al., 2007 ). Other types of free radicals may

e more relevant to GeO 2 -induced damage, and as a result, the ef- 

ects of hydrogen may be limited. 

. Conclusion

Chronic dietary intake of GeO 2 in CBA mice could induce SNHL 

ue to the degeneration of stria vascularis and the SGCs, which 

as associated with down-regulation of mitochondrial respiratory 

hain associated genes and up-regulation of apoptosis-associated 

enes. Antioxidant supplements, such as taurine, CoQ10, and hy- 

rogen water, could attenuate cochlear damage and SNHL induced 

y GeO 2 intake. SNHL induced by oral intake of GeO 2 can be a 

romising animal model to investigate SNHL associated with mi- 

ochondrial dysfunction. Daily supplements of antioxidants may be 

ne of the solutions to prevent or slow SNHL associated with mi- 

ochondrial dysfunction. 
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ま
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れ
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ま
す
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の
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胞
の
一

っ
―

つ
の
中
に
ミ
ト
コ
ン
ド
リ
ア
が
存
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し
て
い
ま
す 。

ミ
ト
コ
ン
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リ
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は
二
重
膜

に
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ま
れ
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胞
内
小
器
官
で
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り 、
一

っ
の
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に
数
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か
ら
数
千
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し
て
い
る
と
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わ

れ
て
い
ま
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る
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で
す 。
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込

ま
れ
た
栄
養
を
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し
て 、

細
胞
の 、

ひ
い
て

は
そ
の
集
合
体
で
あ
る
私
た
ち
生
物
の
活
動
を

支
え
る
エ
ネ
ル
ギ
ー

を
作
り
出
す 、

い
わ
ば
発

電
所
の
よ
う
な
役
割
を
果
た
し
て
い
ま
す 。

そ

ミ
ト
コ
ン
ド
リ
ア
病
と
は

「
渇

ミ
ト
コ
ン
ド
リ
ア
病

©
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r

の
た
め 、

ミ
ト
コ
ン
ド
リ
ア
に
機
能
障
害
が
生

じ
る
と
細
胞
の
働
き
が
低
下
し
て 、

さ
ま
ざ
ま

な
症
状
が
出
現
し
ま
す 。

そ
れ
が
ミ
ト
コ
ン
ド

リ
ア
病
で
す 。

エ
ネ
ル
ギ
ー

を
多
く
使
う
脳
や
筋
肉
な
ど
に

症
状
が
出
や
す
い
た
め 、

ミ
ト
コ
ン
ド
リ
ア
病

は
「
ミ
ト
コ
ン
ド
リ
ア
脳
筋
症」

と
呼
ば
れ
る

こ
と
も
あ
り
ま
す 。

エ
ネ
ル
ギ
ー

を
特
に
た
＜

さ
ん
必
要
と
す
る
神
経
細
胞
の
機
能
異
常
は 、

知
的
発
達
症
（
知
的
障
害）

、

て
ん
か
ん 、

不

随
意
運
動 、

小
脳
失
調
な
ど
の
症
状
を
も
た
ら

し
ま
す 。

筋
肉
の
症
状
と
し
て
は 、
筋
力
低
下 、

筋
緊
張
低
下 、

眼
球
運
動
障
害 、

眼
瞼
下
垂
な

ど
が
見
ら
れ
ま
す 。

し
か
し 、

ミ
ト
コ
ン
ド
リ

ア
は
体
中
の
ほ
ぼ
全
て
の
細
胞
に
存
在
し
て
い

帝
京
大
学
医
学
部

小
児
科

主
任
教
授

三

牧

正
和

ー』 一

る
の
で 、

ミ
ト
コ
ン
ド
リ
ア
病
の
症
状
は
全
身

の
あ
ら
ゆ
る
臓
器
・

器
官
に
現
れ
る
可
能
性
が

あ
り
ま
す 。

体
の
ど
の
部
分
の
ミ
ト
コ
ン
ド
リ

ア
が
障
害
さ
れ
る
か
に
よ
っ
て 、

個
々
の
患
者

の
症
状
は
異
な
っ
て
き
ま
す 。

そ
れ
ぞ
れ
の
臓

器
・
器
官
に
出
や
す
い
症
状
や
病
気
を
図
表
1

に
示
し
ま
す 。

こ
の
よ
う
に
さ
ま
ざ
ま
な
症
状
を
呈
す
る
ミ

ト
コ
ン
ド
リ
ア
病
は 、

国
の
指
定
難
病
医
療
費

助
成
制
度
の
対
象
と
な
っ
て
お
り 、

小
児
慢
性

特
定
疾
病
の
―

つ
に
も
定
め
ら
れ
て
い
ま
す 。

指
定
難
病
と
し
て
「
ミ
ト
コ
ン
ド
リ
ア
病」

と

診
断
さ
れ
る
に
は 、

決
め
ら
れ
た
診
断
基
準
を

満
た
す
必
要
が
あ
り
ま
す 。

具
体
的
に
は 、

筋

肉 、

脳 、

心
臓、

肺、

腎
臓、

膵
臓、

内
分
泌、

血
液 、

眼 、

耳
の
い
ず
れ
か
に 、

ミ
ト
コ
ン
ド

リ
ア
病
で
よ
く
見
ら
れ
る
症
状
が
あ
る
こ
と
が

要
件
に
な
り
ま
す 。

従
来 、

ミ
ト
コ
ン
ド
リ
ア
病
の
患
者
数
は
非

常
に
少
な
い
と
思
わ
れ
て
い
ま
し
た 。
し
か
し 、

近
年
の
調
査
研
究
か
ら 、
一

般
人
口
に
お
い
て

ミ
ト
コ
ン
ド
リ
ア
病
と
診
断
さ
れ
て
い
る
患
者

は 、

以
前
考
え
ら
れ
て
い
た
ほ
ど
少
な
く
な
い

こ
と
が
わ
か
っ
て
き
ま
し
た 。

成
人
人
口
10
万

人
あ
た
り
で 、

イ
ギ
リ
ス
で
は
23
人 、

ス
ペ
イ

ン
で
は
5.
7
人
と
報
告
さ
れ
て
い
ま
す 。
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脳

知的障害
てんかん

脳卒中様症状
不随意運動

小脳症状
精神症状

肝臓

肝機能障害
血液凝固能低下

脂肪肝

眼

眼球運動障害
眼瞼下垂
視力低下

網膜色素変性

筋肉

筋力低下
筋緊張低下

易疲労性

図表1

貧血
白血球減少
血小板減少

ミトコンドリア病の主な症状

内分泌

低身長
低カルシウム血症

心臓

心筋症
不整脈

消化管

便秘
下痢

腎臓

腎不全
尿細管障害

方、

日
本
の
正
確
な
患
者
数
は
不
明
で
す
が、

全
国
の
入
院
患
者
の
医
療
保
険
の
デ
ー
タ
ベ
ー

ス
か
ら、

平
成
30
年
度
の
患
者
数
は
3
6
2
9

人、

一

般
人
口
10
万
人
あ
た
り
2.
9
人
と
推

ミ
ト
コ
ン
ド
リ
ア
病
は、

体
の
設
計
図
で
あ

る
遺
伝
子
(
D
N
A)

の
変
化
に
よ
っ
て
引
き

起
こ
さ
れ
ま
す。

近
年
の
遺
伝
子
検
査
技
術
の

進
歩
に
よ
り、

ミ
ト
コ
ン
ド
リ
ア
病
の
原
因
と

な
る
遺
伝
子
の
種
類
は
極
め
て
多
い
こ
と
が
わ

か
っ

て
き
ま
し
た。

ミ
ト
コ
ン
ド
リ
ア
で
は

1
5
0
0
に
も
の
ぼ
る
因
子
（
タ
ン
パ
ク
な
ど）

が
機
能
し
て
い
る
と
言
わ
れ
て
い
ま
す。

そ
れ

ら
の
う
ち、

実
に
約
4
0
0
種
類
の
因
子
に
お

い
て、

そ
の
設
計
図
で
あ
る
遺
伝
子
の
変
化
が

ミ
ト
コ
ン
ド
リ
ア
病
患
者
で
報
告
さ
れ
て
い
ま

す。
こ
れ
ら
の
遺
伝
子
は
、

ほ
と
ん
ど
が
細
胞
の

核
の
中
に
存
在
し
ま
す
が
（
核
遺
伝
子）
、

核

の
外
（
細
胞
質）

に
あ
る
ミ
ト
コ
ン
ド
リ
ア
も

そ
の
内
部
に
独
自
の
現
状
D
N
A
で
あ
る
ミ
ト

コ
ン
ド
リ
ア
D
N
A
（
ミ
ト
コ
ン
ド
リ
ア
遺
伝

子）

を
も
っ
て
お
り、

そ
の
変
化
も
ミ
ト
コ
ン

ド
リ
ア
病
を
引
き
起
こ
し
ま
す。

小
児
期
発
症

2
 

定
さ
れ
て
い
ま
す。

こ
の
調
査
は
入
院
患
者
の

み
を
対
象
と
し
て
い
る
の
で、

実
際
の
患
者
数

は
こ
れ
よ
り
多
い
可
能
性
が
あ
る
と
思
わ
れ
ま

す。

ミ
ト
コ
ン
ド
リ
ア
病
の
原
因

の
ミ
ト
コ
ン
ド
リ
ア
病
で
は、

70
%
i
85
％
の

患
者
が
核
遺
伝
子
の
変
化、

残
り
の
患
者
が
ミ

ト
コ
ン
ド
リ
ア
遺
伝
子
の
変
化
が
原
因
で
あ
る

こ
と
が
知
ら
れ
て
い
ま
す。

一

方、

成
人
に
な

っ
て
か
ら
発
症
す
る
ミ
ト
コ
ン
ド
リ
ア
病
患
者

で
は、

逆
に
70
%
i
80
％
程
度
の
患
者
が
ミ
ト

コ
ン
ド
リ
ア
遺
伝
子
の
変
化、

残
り
の
患
者
が

核
遺
伝
子
の
変
化
が
原
因
で
あ
る
と
言
わ
れ
て

い
ま
す。ミ

ト
コ
ン
ド
リ
ア
病
の
診
断

指
定
難
病
の
「
ミ
ト
コ
ン
ド
リ
ア
病」

と
診

断
さ
れ
る
に
は
、

先
に
紹
介
し
た
種
々
の
症
状

に
加
え、

検
査
で
ミ
ト
コ
ン
ド
リ
ア
の
異
常
を

示
す
所
見
が
あ
る
こ
と
が
基
準
に
な
り
ま
す

（
図
表
2

)
。

ま
ず、

医
療
機
関
で
行
わ
れ
る
血

液
や
髄
液
検
査、

あ
る
い
は
脳
画
像
検
査
や
眼

底
検
蒼
の
異
常
が
診
断
基
準
で
示
さ
れ
て
い
ま

す。

体
内
の
乳
酸
が
高
く
な
る
こ
と
が
多
い
た

め、

血
液
や
脳
脊
髄
液
の
乳
酸
値
の
上
昇
は
診

断
の
一

助
と
な
り
ま
す。

神
経
症
状
の
あ
る
患

者
で
は、

脳
C
T
や
M
R
I
検
査
等
の
画
像
検

査
を
行
い
、

大
脳
某
底
核
や
脳
幹
等
の
エ
ネ
ル

ギ
ー
需
要
度
の
高
い
部
位
の
病
変
の
有
無
を
調

べ
ま
す。

眼
底
に
特
徴
的
所
見
を
認
め
る
こ
と

3
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特集／小児期発症の神経難病～診療・治療・研究の最新情報～

1. 臨床検査
①血液または髄液の乳酸値が繰り返して高い、 またはMRスペクトロスコピー で病変部に

明らかな乳酸ピ ー クを認める。
②脳CTやMRIにて、 大脳基底核、 脳幹に両側対称性の病変等を認める。
③眼底検査に異常を認める（急性期の視神経乳頭の発赤・腫脹、 毛細血管の蛇行、 網膜神

経線維腫大、 視神経乳頭近傍の出血のうち1つ以上の所見を認めるか、 慢性期の視神経
萎縮を両眼に認める）。

2. 特殊検査
①選伝学的検査所見：ミトコンドリアDNAに質的、 量的異常、 またはミトコンドリア関

連分子をコー ドする核遺伝子変異を認める。
②生化学検査所見：ミトコンドリア関連酵素の活性低下、 またはコエンザイムQlOなどの

中間代謝物の欠乏を認める。 またはミトコンドリアDNAの発現異常を認める。
③病理検査所見：骨格筋生検や培養細胞または症状のある臓器の細胞や組織で、 ミトコン

ドリアの病理異常を認める。

図表2 ミトコンドリア病の検査所見（指定難病医療費制度 診断基準を参考に作成）

が
あ
る
の
で、

眼
科
検
査
も
行
わ
れ
ま
す。

さ

ら
に、
症
状
に
応
じ
て
各
臓
器
の
評
価
を
行
い、

ミ
ト
コ
ン
ド
リ
ア
病
に
特
徴
的
な
障
害
を
き
た

し
て
い
な
い
か
チ
ェ
ッ
ク
し
ま
す。

心
臓
を
例

に
と
れ
ば、

心
電
図
や
心
エ
コ
ー
を
行
い、

ミ

ト
コ
ン
ド
リ
ア
病
で
起
こ
り
う
る
不
整
脈
や
心

筋
症
の
有
無
を
確
認
し
ま
す。

難
聴
や
糖
尿
病

も
診
断
の
手
が
か
り
に
な
り
ま
す。

い
か
な
る

臓
器
・

器
官
に
も
障
害
が
起
こ
り
う
る
こ
と
を

念
頭
に、

特
徴
的
な
所
見
が
な
い
か、

丁
寧
な

診
察
と
検
査
に
よ
っ
て
評
価
す
る
こ
と
が
大
切

で
す。臨

床
的
に
ミ
ト
コ
ン
ド
リ
ア
病
を
疑
っ
た
場

合
に
は、

遺
伝
子
検
査
や
生
化
学
的
検
査
な
ど

の
特
殊
検
査
に
よ
っ
て、

ミ
ト
コ
ン
ド
リ
ア
の

異
常
を
証
明
し
ま
す。

ミ
ト
コ
ン
ド
リ
ア
内
に

存
在
す
る、

エ
ネ
ル
ギ
ー
を
産
生
す
る
た
め
に

必
要
な
酵
素
の
働
き
を
評
価
す
る
た
め
に
は
、

酵
素
活
性
測
定
な
ど
の
生
化
学
的
検
査
が
行
わ

れ
ま
す。

ま
た、

症
状
の
あ
る
臓
器
（
筋
肉
や

肝
臓、

心
臓
等）

の
組
織
を
用
い
た
病
理
学
的

検
査
に
よ
っ
て
ミ
ト
コ
ン
ド
リ
ア
病
に
特
徴
的

な
所
見
が
見
ら
れ
れ
ば、

診
断
の
一

助
と
な
り

ま
す。

そ
し
て、

前
述
の
よ
う
に
遺
伝
子
の
変

化
が
ミ
ト
コ
ン
ド
リ
ア
病
の
原
因
と
な
る
の

で、
確
定
診
断
の
た
め
に
は
遺
伝
学
的
検
査
（
遺

伝
子
検
査）

が
大
切
で
す。

原
因
と
な
り
う
る

遺
伝
子
の
数
が
非
常
に
多
い
た
め、

検
査
に
は

時
間
と
労
力
が
か
か
り
ま
す
が、

近
年
の
検
査

技
術
の
長
足
の
進
歩
に
よ
っ
て、

多
く
の
患
者

の
遺
伝
子
診
断
が
可
能
と
な
り
ま
し
た。

遺
伝

子
の
変
化
は
全
て
の
患
者
で
検
出
さ
れ
る
わ
け

で
は
あ
り
ま
せ
ん
が、

ミ
ト
コ
ン
ド
リ
ア
病
疑

い
の
患
者
の
60
％
以
上
で、

遺
伝
子
検
査
に
よ

る
確
定
診
断
が
可
能
に
な
っ
た
と
言
わ
れ
て
い

ま
す。

ミ
ト
コ
ン
ド
リ
ア
病
の
病
型

ミ
ト
コ
ン
ド
リ
ア
病
の
患
者
の
症
状
は
多
彩

で
す。

症
状
に
よ
っ
て
さ
ま
ざ
ま
な
病
気
に
分

類
さ
れ
ま
す。

主
な
病
型
を
紹
介
し
ま
す。

①
新
生
児
ミ
ト
コ
ン
ド
リ
ア
病

ミ
ト
コ
ン
ド
リ
ア
病
は
あ
ら
ゆ
る
年
齢
で
発

症
す
る
可
能
性
が
あ
り
ま
す
が、

最
も
早
期
の

新
生
児
期、

す
な
わ
ち
出
生
か
ら
1
カ
月
以
内

に
発
症
す
る
ミ
ト
コ
ン
ド
リ
ア
病
を
指
し
ま

す。

出
生
直
後
か
ら
全
身
状
態
が
悪
化
す
る
重

症
例
も
多
く
見
ら
れ
ま
す。

原
因
と
し
て
は、

ミ
ト
コ
ン
ド
リ
ア
遺
伝
子
よ
り
も、

核
遺
伝
子

の
変
化
が
多
い
こ
と
が
知
ら
れ
て
い
ま
す。

②
L
e
i
g
h
脳
症
（
リ
ー
脳
症）

乳
幼
児
期、

多
く
は
2
歳
ま
で
に
発
症
す
る

進
行
性
の
疾
患
で、

脳
幹
及
び
（
あ
る
い
は）

大
脳
基
底
核
の
左
右
対
称
性
の
病
変
が
特
徴
で

4
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一

す。

精
神
運
動
発
達
遅
滞
や
て
ん
か
ん、

不
随

意
運
動、

眼
球
運
動
障
害
や
呼
眼
障
害
な
ど
の

脳
幹
の
症
状
が
見
ら
れ
ま
す。

筋
緊
張
や
筋
力

低
下
と
い
っ
た
筋
肉
の
症
状
も
見
ら
れ
ま
す。

感
染
症
を
契
機
に
し
て、

急
激
に
状
態
が
悪
化

す
る
こ
と
の
あ
る
疾
患
で
す。

患
者
の
20
％
程

度
に
ミ
ト
コ
ン
ド
リ
ア
遺
伝
子
異
常、

残
り
の

約
80
％
は
核
遺
伝
子
異
常
が
原
因
と
さ
れ、

現

在
ま
で
約
1
0
0
種
類
に
及
ぶ
原
因
遺
伝
子
が

報
告
さ
れ
て
い
ま
す。

③
脳
卒
中
様
症
状
を
伴
う
ミ
ト
コ
ン
ド
リ
ア
病

(
M
E
L
A
s
／
メ
ラ
ス）

あ
ら
ゆ
る
年
齢
で
発
症
し
う
る、

ミ
ト
コ
ン

ド
リ
ア
病
の
な
か
で
最
も
頻
度
の
高
い
疾
患
で

す。

け
い
れ
ん
や
意
識
障
害、

麻
痺
な
ど
を
呈

す
る
脳
卒
中
の
よ
う
な
発
作
を
特
徴
と
し
ま
す

が、

低
身
長、

難
聴、

心
筋
症、

糖
尿
病、

腎

症
等
多
彩
な
症
状
を
呈
し
う
る
症
候
群
で
す。

ミ
ト
コ
ン
ド
リ
ア
遺
伝
子
の
配
列
の
3
2
4
3

番
目
の
変
化
(

m.
3
2
4
3
A
>
G)

を
有
す
る
患

者
が
80
％
を
占
め
ま
す。

④
慢
性
進
行
性
外
眼
筋
麻
痺
症
候
群
(
C
P
E

0
／
シ
ー
ピ
—
イ
ー
オ
ー）

眼
球
運
動
が
麻
痺
す
る、

瞼
が
下
が
る
な
ど

の
眼
の
症
状
が
次
第
に
進
行
す
る
病
気
で
す。

M
E
L
A
S
同
様
発
症
年
齢
は
小
児
期
か
ら
成

こ
れ
ら
多
様
な
病
型
の
あ
る
ミ
ト
コ
ン
ド
リ

ア
病
に
対
す
る
治
療
法
は、

大
き
く
分
け
て
ニ

つ
あ
り
ま
す。

ミ
ト
コ
ン
ド
リ
ア
病
の
治
療

人
期
ま
で
幅
広
く、

筋
力
低
下
や
糖
尿
病、

難

聴
な
ど
多
臓
器
の
障
害
を
伴
う
こ
と
が
あ
り
ま

す。

特
に
心
臓
の
伝
導
障
害
（
不
整
脈）

と
眼

の
網
膜
変
性
を
合
併
す
る
場
合
は

K
e
a
rn
s

S
a
yr
e

症
候
群
（
カ
ー
ン
ズ
・

セ
イ
ヤ
ー
症

候
群）

と
呼
ば
れ
ま
す。

遺
伝
子
検
査
で
は、

多
く
の
場
合
ミ
ト
コ
ン
ド
リ
ア
遺
伝
子
の
欠
失

（
配
列
の
一

部
が
失
わ
れ
る
状
態）

が
見
ら
れ

ま
す。

欠
失
の
原
因
が
核
遺
伝
子
の
変
化
に
あ

る
こ
と
も
あ
り、

原
因
は
多
彩
で
す。

⑤
ミ
オ
ク
ロ
ー
ヌ
ス
を
伴
う
ミ
ト
コ
ン
ド
リ
ア

病
(
M
E
R
R
F
／
マ
ー
フ）

自
分
の
意
志
と
は
無
関
係
に
筋
肉
が
素
早
く

収
縮
す
る
ミ
オ
ク
ロ
ー
ヌ
ス
が
最
初
に
見
ら
れ、

続
い
て
て
ん
か
ん
発
作
や
体
が
ふ
ら
つ
く
小
脳

症
状
が
出
現
し
ま
す。

筋
力
低
下、

知
能
低
下、

低
身
長
も
合
併
し
や
す
い
疾
患
で
す。

約
80
%

の
患
者
に、

ミ
ト
コ
ン
ド
リ
ア
遺
伝
子
の
配
列

の
8
3
4
4
番
目
の

変
化
(

m.
8
3
44
A
>
G)

が
見
ら
れ
ま
す。

―

つ
は
対
症
療
法
で
す。

個
々
の
患
者
で
病

型
や
臓
器
障
害
の
種
類
や
程
度
が
異
な
り
ま
す

の
で、

そ
れ
ぞ
れ
の
症
状
に
応
じ
た
治
療
を
行

い
ま
す。

例
え
ば、

て
ん
か
ん
に
対
し
て
は
薬

物
に
よ
る
コ
ン
ト
ロ
ー
ル
を
目
指
し
ま
す。

最

近
は
新
し
い
て
ん
か
ん
治
療
薬
が
増
え
て
い
る

の
で、

選
択
肢
が
広
が
っ
て
い
ま
す。

ミ
ト
コ

ン
ド
リ
ア
機
能
に
悪
影
響
を
与
え
に
く
い
薬
剤

を、

発
作
症
状
に
あ
わ
せ
て
使
用
し
ま
す。

糖

尿
病
に
対
す
る
イ
ン
ス
リ
ン
療
法、

難
聴
に
対

す
る
補
聴
器
や
人
工
内
耳、

不
整
脈
に
対
す
る

ペ
ー
ス
メ
ー
カ
ー
な
ど、

障
害
さ
れ
た
臓
器
に

対
し
て
適
切
な
治
療
法
が
用
い
ら
れ
ま
す。

薬

物
や
医
療
機
器
の
進
歩
に
よ
っ
て、

さ
ま
ざ
ま

な
治
療
法
が
可
能
と
な
っ
て
い
る
の
で、

各
臓

器
の
症
状、

病
気
に
応
じ
て、

そ
れ
ぞ
れ
の
分

野
の
専
門
医
の
診
療
を
受
け
る
こ
と
が
望
ま
し

い
と
考
え
ま
す。

そ
の
た
め、

多
く
の
診
療
科

を
も
つ
病
院
を
中
心
に
医
療
が
受
け
ら
れ
る
体

制
づ
く
り
が
求
め
ら
れ
て
い
ま
す。

も
う
―

つ
の
治
療
法
は、

ミ
ト
コ
ン
ド
リ
ア

病
の
原
因
で
あ
る
ミ
ト
コ
ン
ド
リ
ア
機
能
の
低

下
を
回
復
さ
せ
る
原
因
治
療
法
で
す。

ミ
ト
コ

ン
ド
リ
ア
に
存
在
す
る
酵
素
の
働
き
を
補
助
す

る
ビ
タ
ミ
ン
類
な
ど
が
使
用
さ
れ
て
い
ま
す

が、

ミ
ト
コ
ン
ド
リ
ア
病
全
般
に
対
す
る
十
分
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特集／小児期発症の神経難病～診療・治療・研究の最新情報～

6 な
効
果
は
明
ら
か
に
さ
れ
て
い
ま
せ
ん 。
一

方

で 、

ミ
ト
コ
ン
ド
リ
ア
病
が
疑
わ
れ
る
患
者
の

一

部
に
は 、

ビ
タ
ミ
ン
等
が
特
異
的
に
効
果
を

発
揮
す
る
疾
患
が
あ
る
の
で 、

遺
伝
子
診
断
な

ど
を
用
い
た
正
確
な
診
断
が
重
要
に
な
り
ま

す 。
前
述
し
た
M
E
L
A
S
に
つ
い
て
は 、

ア
ミ

ノ
酸
の
一

種
で
あ
る
タ
ウ
リ
ン
の
内
服
治
療

が 、

脳
卒
中
様
発
作
の
抑
制
効
果
を
も
つ
こ
と

が
認
め
ら
れ 、

保
険
適
応
を
も
つ
薬
剤
と
し
て

承
認
さ
れ
て
い
ま
す 。

現
在 、

脳
卒
中
様
発
作

以
外
の
糖
尿
病
な
ど
の
症
状
に
対
す
る
効
果
に

つ
い
て
も
検
討
さ
れ
て
お
り 、

今
後
の
適
応
拡

大
が
期
待
さ
れ
ま
す 。

今
後
の
課
題
と
展
望

ミ
ト
コ
ン
ド
リ
ア
病
に
対
す
る
根
本
的
治
療

法
は
ま
だ
十
分
に
確
立
さ
れ
て
い
ま
せ
ん
が 、

細
胞
の
エ
ネ
ル
ギ
ー

産
生
能
を
高
め
る
新
し
い

物
質 、

抗
酸
化
作
用
（
異
常
な
ミ
ト
コ
ン
ド
リ

ア
が
発
す
る
活
性
酸
素
に
よ
る
細
胞
障
害
を
抑

制
す
る
効
果）

を
も
つ
薬
物 、

ミ
ト
コ
ン
ド
リ

ア
遺
伝
子
異
常
を
減
ら
す
化
合
物
等 、

さ
ま
ざ

ま
な
治
療
法
開
発
研
究
が
進
行
中
で
す 。
一

部

の
薬
剤
は
国
内
外
で
臨
床
試
験
が
始
ま
っ
て
い

ま
す 。

特
定
の
病
型
や
症
状
を
タ
ー

ゲ
ッ
ト
と

し
た
治
療
法
開
発
も
進
ん
で
く
る
と
思
わ
れ 、

個
々
の
患
者
に
合
わ
せ
た
診
療
を
実
現
す
る
た

め
に
は 、

正
確
な
診
断
が
一

層
重
要
に
な
る
と

思
わ
れ
ま
す 。

診
断
に
お
い
て
は 、

遺
伝
子
診
断
が
重
要
だ

と
述
べ
ま
し
た
が 、

病
気
の
原
因
と
な
る
遺
伝

子
が
極
め
て
多
い
こ
と
が
課
題
と
な
っ
て
い
ま

す 。

多
数
の
遺
伝
子
を
一

度
に
調
べ
る
こ
と
は

技
術
的
に
は
可
能
と
な
り
ま
し
た
が 、

そ
れ
に

必
要
な
費
用
と
労
力
の
問
題
が
あ
り
ま
す 。

ま

た 、

検
査
で
遺
伝
子
の
変
化
が
検
出
さ
れ
な
く

て
も 、

ミ
ト
コ
ン
ド
リ
ア
病
は
否
定
で
き
な
い

こ
と
に
も
注
意
が
必
要
で
す 。

遺
伝
子
解
析
技

術
は
非
常
に
進
歩
し
て
い
ま
す
が 、

遺
伝
子
の

変
化
の
検
出
に
至
ら
ず
「
ミ
ト
コ
ン
ド
リ
ア
病

疑
い」

の
ま
ま
診
断
が
定
ま
ら
な
い
患
者
が
多

い
こ
と
も
問
題
で
す 。

最
近 、

ミ
ト
コ
ン
ド
リ

ア
病
の
遺
伝
子
検
査
の
保
険
適
応
が
認
め
ら
れ

た
の
で 、

今
後 、

検
査
体
制
の
整
備
が
進
む
こ

と
で 、

病
気
の
原
因
が
わ
か
っ
て
正
確
な
診
断

に
至
る
患
者
が
増
え
る
こ
と
が
期
待
さ
れ
ま

す 。ま
だ
課
題
の
多
い
状
況
で
は
あ
り
ま
す
が 、

診
断
技
術
が
進
歩
し
て
以
前
よ
り
多
く
の
患
者

の
確
定
診
断
が
え
ら
れ
る
よ
う
に
な
っ
た
こ

と 、

新
規
の
治
療
法
開
発
の
研
究
が
進
ん
で
い

る
こ
と
か
ら 、

ミ
ト
コ
ン
ド
リ
ア
病
診
療
は
新

し
い
時
代
に
入
っ
て
い
る
と
言
え
ま
す 。

新
し

い
治
療
法
の
効
果
を
検
証
す
る
た
め
に
は 、

多

く
の
患
者
に
対
す
る
臨
床
試
験
が
必
要
に
な
り

ま
す 。

ま
た 、

多
種
多
様
な
ミ
ト
コ
ン
ド
リ
ア

病
に
つ
い
て 、
そ
れ
ぞ
れ
の
疾
患
の
臨
床
経
過 、

患
者
の
状
況
を
知
り 、

比
較
検
討
し
て
治
療
効

果
を
判
断
す
る
必
要
が
あ
り
ま
す 。

ミ
ト
コ
ン

ド
リ
ア
病
は 、

患
者
数
の
多
く
な
い 、

い
わ
ゆ

る
稀
少
疾
患
で
あ
る
の
で 、
複
数
の
医
療
機
関
・

施
設
が
協
力
し
て
取
り
組
ま
な
け
れ
ば
な
り
ま

せ
ん 。

そ
こ
で 、

治
療
法
開
発
の
促
進
と 、

円

滑
な
臨
床
試
験
実
施
を
目
的
に 、

全
国
の
患
者

を
対
象
と
し
た
患
者
登
録
制
度
が
運
用
さ
れ
て

い
ま
す 。

現
在 、

小
児
期
発
症
の
ミ
ト
コ
ン
ド

リ
ア

病
を

対
象
と
し
たJ-
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が
利
用

で
き
ま
す 。

登
録
を
希
望
さ
れ
る
方
は 、

主
治

医
に
相
談
し
て
い
た
だ
け
れ
ば
と
思
い
ま
す 。

登
録
い
た
だ
い
た
情
報
か
ら 、

症
状
や
経
過 、

治
療
の
効
果
を
分
析
す
る
こ
と
で 、

最
適
な
医

療
に
つ
な
が
る
こ
と
が
期
待
さ
れ
ま
す 。
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