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Abstract
Objective  The aim of this study was to evaluate the 
efficacy and safety of high-dose taurine supplementation 
for prevention of stroke-like episodes of MELAS 
(mitochondrial myopathy, encephalopathy, lactic acidosis 
and stroke-like episodes), a rare genetic disorder caused 
by point mutations in the mitochondrial DNA that lead 
to a taurine modification defect at the first anticodon 
nucleotide of mitochondrial tRNALeu(UUR), resulting in 
failure to decode codons accurately.
Methods A fter the nationwide survey of MELAS, we 
conducted a multicentre, open-label, phase III trial in 
which 10 patients with recurrent stroke-like episodes 
received high-dose taurine (9 g or 12 g per day) for 
52 weeks. The primary endpoint was the complete 
prevention of stroke-like episodes during the evaluation 
period. The taurine modification rate of mitochondrial 
tRNALeu(UUR) was measured before and after the trial.
Results  The proportion of patients who reached the 
primary endpoint (100% responder rate) was 60% (95% 
CI 26.2% to 87.8%). The 50% responder rate, that 
is, the number of patients achieving a 50% or greater 
reduction in frequency of stroke-like episodes, was 80% 
(95% CI 44.4% to 97.5%). Taurine reduced the annual 
relapse rate of stroke-like episodes from 2.22 to 0.72 
(P=0.001). Five patients showed a significant increase 
in the taurine modification of mitochondrial tRNALeu(UUR) 
from peripheral blood leukocytes (P<0.05). No severe 
adverse events were associated with taurine.
Conclusions  The current study demonstrates that 
oral taurine supplementation can effectively reduce the 
recurrence of stroke-like episodes and increase taurine 
modification in mitochondrial tRNALeu(UUR) in MELAS.
Trial registration number  UMIN000011908.

Introduction
Mitochondrial myopathy, encephalopathy, lactic 
acidosis and stroke-like episodes (MELAS) is a 
major clinical entity encompassing mitochondrial 
diseases resulting from mitochondrial dysfunc-
tion.1–3 Stroke-like episodes, the most critical 
symptom of MELAS, are characterised by an abrupt 
onset of cortical neurological deficits with typical 
MRI abnormalities not conforming to the distri-
bution of main arteries.4 5 MELAS progresses over 
years with accumulation of neurological deficits 

resulting from recurrent stroke-like episodes, which 
dictate the prognosis of MELAS: 20.8% patients die 
within a median time of 7.3 years after diagnosis.6 
From the onset of neurological deficits, the overall 
median survival time of patients with MELAS was 
estimated as 16.9 years.7

Among more than 50 causative muta-
tions reported in the mitochondrial DNA,8 9 
3243A>G and 3271T>C mutations in the mito-
chondrial tRNALeu(UUR) gene (MT-TL1) occur 
in 80%2 10 and 10%11 of patients with MELAS, 
respectively. The precise molecular mechanisms by 
which these point mutations lead to various clinical 
manifestations of MELAS remain to be elucidated.

In 1966, Francis Crick predicted certain chemical 
modifications at the first anticodon nucleotide of 
tRNAs because it interacts with the corresponding 
third codon nucleotide in mRNA through non-ca-
nonical Watson-Crick geometry, termed ‘wobble 
pairing’.12 Yasukawa et al found that taurine, a 
sulfur-containing β-amino acid, modifies the first 
anticodon nucleotide in normal human mitochon-
drial tRNALeu(UUR).13 Surprisingly, the taurine modi-
fication was absent in mitochondrial tRNALeu(UUR) of 
cells derived from patients with MELAS harbouring 
the 3243A>G or 3271T>C mutation.14 15 Because 
the defect in taurine modification in mutant mito-
chondrial tRNALeu(UUR) causes a failure in deci-
phering the cognate codon,15 these findings raised 
an intriguing possibility that MELAS results from 
mitochondrial dysfunction due to defective mito-
chondrial gene translation. More recently, knockout 
of the taurine modification enzyme proved impair-
ment of mitochondrial translation and respiratory 
activity.16

From the first-ever proposal by Yasukawa  et 
al13, a novel disease concept termed tRNA modi-
fication disorders, encompassing over 18 diseases, 
including amyotrophic lateral sclerosis, type 2 
diabetes and several genetic disorders, has recently 
emerged.17 To date, no therapeutic intervention has 
yet succeeded in alleviating impaired tRNA modi-
fications observed in these disorders.17 We postu-
lated that high-dose taurine supplementation would 
restore the taurine modification defect in mutant 
mitochondrial tRNALeu(UUR) and ameliorate mito-
chondrial dysfunction and clinical manifestations 
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Figure 1  Diagram of the recruitment based on the data collected from nationwide survey.

in patients with MELAS. Indeed, we previously showed that 
addition of taurine to the culture media at the final concen-
tration of 0.3 mM alleviated the decreases in VO2 and mito-
chondrial membrane potential in patient-derived pathogenic 
cells harbouring the 3243A>G mutation.18 In a preliminary 
study, high-dose oral administration of 12 g taurine elevated the 
plasma concentration above 0.3 mM and completely prevented 
stroke-like episodes in two patients with MELAS for more than 
9 years.18

Following a nationwide survey of MELAS across Japan, we 
conducted a multicentre, open-label, phase III trial to evaluate 
the efficacy and safety of high-dose taurine supplementation 
for prevention of stroke-like episodes. We further investigated 
the molecular effect of taurine supplementation by determining 
taurine modification in mitochondrial tRNALeu(UUR) from periph-
eral blood leucocytes of participants in the trial.

Methods
Nationwide survey
To enrol participants in this clinical trial, we performed a nation-
wide survey of patients with MELAS across Japan (figure  1, 
online  supplementary figure S1–4). We conducted a primary 
screening by sending questionnaires to determine the number 
of patients with MELAS in 911 clinical departments. The design 
of the trial protocol and enrolment of participants were based 

on the information obtained with the secondary and tertiary 
screenings.

Trial participants
Eligible patients were those diagnosed with MELAS according 
to the Japanese diagnostic criteria for MELAS,6 which were 
based on the previous criteria by Hirano et al19 and Hirano and 
Pavlakis,20 in agreement with the MELAS study committee in 
Japan.

Candidates were screened by genetic testing to identify patients 
harbouring 3243A>G, 3271T>G, 3244G>A, 3258T>C or 
3291T>C mutations proven to cause the taurine modification 
defect in mitochondrial tRNALeu(UUR).21 Additional eligibility 
criteria included prior continuous administration of other ther-
apies,22 such as coenzyme Q10,23 antiepileptics and nitric oxide 
donors including L-arginine.24 Detailed inclusion and exclusion 
criteria are presented in UMIN clinical trial database (http://
www.​umin.​ac.​jp; UMIN000011908).

Trial design
The dose of orally administered taurine was determined based 
on the participant’s body weight categories, 12 g for 40 kg or 
more, 9 g for 25–39 kg, 6 g for 15–24 kg  and 3 g for less than 
15 kg, so as to reach the effective plasma concentration of 
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Figure 2  Trial design.

Table 1  Demographics of the patients and frequency of stroke-like episodes

Patient number Age Gender
Taurine dose
(g/day)

Mitochondrial 
DNA mutation

Heteroplasmy in 
peripheral blood 
leucocytes
(%)

Pretrial period 
frequency of stroke-
like episodes per 
year*

Evaluation period† 
frequency of stroke-
like episodes per 
year

Percentage reduction 
of stroke-like 
episodes by taurine 
treatment

1 46 F 9 3243A>G 28.7 2.26 0 100

2 45 M 12 3243A>G 29.5 1.56 1.20 32.8

3 30 F 12 3243A>G 43.4 3.67 0 100

4 19 M 12 3243A>G 53 1.34 1.17 12.5

5 15 M 9 3243A>G 65.8 2.67 0 100

6 31 M 12 3271T>C 30.9 2.01 0 100

7 30 F 9 3243A>G NT†† 2.01 0 100

8 14 M 9 3243A>G 57.8 2.67 1.21 54.7

9 38 M 12 3243A>G 21.5 1.34 0 100

10 23 M 12 3243A>G 39.4 2.67 1.25 53.4

*Stroke-like episodes in the pretrial period were not necessarily confirmed by MRI.
†The first 8 weeks after the start of the study drug administration were not included in the evaluation period.
†† not tested.

taurine, 0.3 mM, which improves mitochondrial dysfunction in 
our previous study.18

We defined stroke-like episodes of MELAS in the inclusion 
criteria as focal neurological deficits with abrupt onset, including 
(1) hemiparesis or monoparesis, (2) cortical sensory deficit 
(extinction), (3) cortical visual deficit, (4) aphasia, (5) apraxia 
and (6) agnosia. At the time of registration, brain MRI was not 
mandatory in order to avoid underestimation of the frequency 
of stroke-like episodes during the pretrial period. Based on the 
data from the nationwide survey, we selected participants who 
had frequent recurrence of stroke-like episodes; more than twice 
within the last 78 weeks and at least once within the last 52 
weeks before the date of enrolment.

Taurine was administered for 52 weeks of the trial period 
and the first 8 weeks after the taurine administration were not 
included in the evaluation period (figure 2). Stroke-like episodes 
observed during the evaluation period were precisely defined as 
abrupt-onset focal neurological deficits confirmed by brain MRI 
abnormalities.

Taisho Pharmaceutical (Tokyo, Japan) provided good manu-
facturing practice-grade taurine. This trial was conducted in 
accordance with the Good Clinical Practice guidelines25 and 
approved by Pharmaceuticals and Medical Devices Agency 
on 13 September 2013. Each institutional review board (IRB) 
of individual 10 clinical institutions participating in this trial 
approved all trial procedures, and all patients provided written 

informed consent before the start of the trial. After participants’ 
registration, this trial was stated from 3 October 2013.

Efficacy and safety assessment
The primary endpoint was the 100% responder rate, defined as 
the percentage of patients with no stroke-like episodes during the 
trial period. The secondary endpoints included the following: 
(1) the 50% responder rate defined as the percentage of patients 
achieving 50% or greater reduction in frequency of stroke-like 
episodes during the trial period; (2) the number of attacks with 
focal neurological deficits with or without brain MRI abnormal-
ities; (3) the levels of lactate, pyruvate and taurine in blood and 
cerebrospinal fluid (CSF); (4) the number of times high-intensity 
lesions were confirmed with brain MRI in patients suffering from 
headache, nausea, vomiting, seizure or impaired consciousness; (5) 
the frequency of intravenous treatment with L-arginine24 before or 
after taurine administration, and (6) the disease severity index in 
accordance with the Japanese Mitochondrial Disease Rating Scale,6 
which was modified from the European Neuromuscular Confer-
ence mitochondrial disease scale.26

Safety was assessed by analysing adverse events between the date 
of enrolment and the end of the trial. Assessment included any 
changes in physical examination, Mini Mental State Examination, 
laboratory tests and echocardiography. Patients and guardians were 
informed on precautionary measures and warning signs.
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Table 2  Efficacy endpoints

N Pretrial period Evaluation period† P value Statistical analysis

Annual relapse rate of focal neurological deficits 10 2.22±0.73 0.72±0.62 0.001* t-test

Frequency of intravenous formulation with L-arginine 10 6.94±10.54 1.09±2.39 0.1405 t-test

JMDRS Wilcoxon signed-rank test

 � Section 1 10 5.5 (1–11) 6 (1–12) 0.7969

 � Section 2 10 3.5 (0–13) 4.5 (0–13) 0.8125

 � Section 3 10 3 (0–4) 3 (0–7) 0.5

 � Section 4 10 0 (0–1) 0 (0–2) 1

 � Section 5 10 0.5 (0–1) 1 (0–1) 1

 � Section 6 10 0 (0–1) 0 (0–1) 1

 � Section 7 10 1.5 (0–5) 2.5 (0–6) 0.375

 � Total scores 10 15 (2–28) 18 (1–32) 0.5625

Taurine t-test

 � Plasma taurine (nmol/mL) 10 57.57±20.29 945.67±406.18 0.0001*

 � CSF taurine (nmol/mL) 7 11.24±2.88 42.11±13.77 0.0007*

Lactate and pyruvate t-test

 � Serum lactate (mg/dL) 10 32.49±12.97 35.76±12.64 0.4079

 � CSF lactate (mg/dL) 7 40.54±15.31 45.73±17.87 0.4742

 � Serum pyruvate (mg/dL) 10 1.26±0.39 1.42±0.51 0.395

 � CSF pyruvate (mg/dL) 7 1.39±0.39 1.72±0.52 0.1672

 � Serum lactate:pyruvate ratio 10 26.14±5.92 25.51±4.89 0.7048

 � CSF lactate:pyruvate ratio 7 28.47±4.93 26.03±4.68 0.0521

Data are expressed as mean±SD, except JMDRS being expressed as median (range).
*P<0.05.
†The first 8 weeks after the start of the study drug administration were not included in the evaluation period.
CSF, cerebrospinal fluid; JMDRS, Japanese Mitochondrial Disease Rating Scale.

Figure 3  Clinical course. Stroke-like episodes (black diamonds) and continuous administered drugs are shown. CoQ10, coenzyme Q10; DAA, 
dichloroacetate; L-Arg, L-arginine.

Analysis of taurine modification of mitochondrial tRNALeu(UUR)

As a first-in-human analysis, we measured the rate of taurine 
modification of mitochondrial tRNALeu(UUR) in peripheral 
blood leucocytes using the primer extension method.21 Briefly, 
the specific reverse primer, ACCTCTGACTGTAAAG, which 

corresponds to the 3′-adjacent site of the anticodon in mito-
chondrial tRNALeu(UUR) was 5′-labelled with [γ-32P]ATP using 
T4 polynucleokinase (T4 PNK; NEB, Boston, Massachusetts, 
USA). Total RNA isolated from peripheral blood leucocytes was 
reverse-transcribed with the labelled primer using a Moloney 
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Figure 4  Taurine modification rate of mitochondrial tRNALeu(UUR) from peripheral blood leucocytes. (A) Schematic representation of the primer extension 
method. Total RNA isolated from peripheral blood leucocytes was reverse-transcribed using the specific reverse primer. Taurine modification of the first 
anticodon nucleotide, uridine (U), is shown by an asterisk. (B) Representative polyacrylamide gel. Upper: the labelled partial cDNA products with or without 
the taurine modification were indicated by Tau (+) or Tau (−). Lanes G, A, C, T and ladder represent the primer extension reactions performed in the presence 
of ddGTP, ddATP, ddCTP, ddTTP and dNTP mix, respectively. Lower: taurine modification rates calculated based on the radiointensities of Tau (+) or Tau 
(−). (C) Changes in the taurine modification rate between pretrial (0 w) and at the end of the trial period (52 w). Student’s t-test; *P<0.05. (D) Schematic 
representation of the effect of high-dose taurine supplementation on taurine modification defects in mutant mitochondrial tRNALeu(UUR).

mouse leukaemia virus (M-MuLV) reverse transcriptase (Thermo 
Fisher Scientific, Waltham, Massachusetts, USA) with dATP, 
dTTP and ddGTP. The reaction mixture was electrophoresed in 
a 15% polyacrylamide gel containing 7 M urea. The 20 bp and 
21 bp bands corresponding to the labelled partial cDNA prod-
ucts with (Tau (+)) or without (Tau (−)) taurine modification 
of the first anticodons, respectively, were visualised. The taurine 
modification rate (%) was calculated based on the densitometric 
intensities of the 20 bp and 21 bp bands using the following 
formula: intensityTau  (+)/(intensityTau  (+)+intensityTau  (−))×100. 
Details are described in the online supplementary file.

Statistical analysis
The 100% and 50% responder rates and 95% Pearson-Clopper 
CIs were estimated. For other endpoints, one-sample t-test or 
Wilcoxon signed-rank test was used to compare pre-treatment 
and post-treatment values. Two-sided P values of  <0.05 were 
considered statistically significant for all analyses. For this trial, 
the intent-to-treat population was defined as all subjects enrolled 
in the trial who received at least one dose of taurine; all patients 
were analysed for primary and secondary endpoints. A sample 
size of 10 subjects was required to test the null hypothesis that 
the true 100% responder rate was  ≤5% with the alternative 
hypothesis that the true 100% responder rate was ≥50%, with 
more than 90% power and an alpha level of 0.05. All analyses 

were performed using SAS statistical software (V.9.3; SAS Insti-
tute, Cary, North Carolina, USA).

Results
Participant disposition
A total of 291 patients with MELAS were identified by the 
nationwide MELAS survey from January to May 2013 (figure 1, 
online supplementary figure S1, 2) from 911 clinical departments 
across Japan. Since the population of Japan was approximately 
126 million in 2013, the prevalence of MELAS was estimated 
as at least 0.22 per 100 000 population. Eighty-five patients 
(29.2%) had more than two stroke-like episodes within the 
last 2 years. Secondary screening (online  supplementary figure 
S3) identified 28 patients having frequent stroke-like episodes 
without severe clinical complications.

Based on the tertiary screening (online supplementary figure 
S4), 10 patients from 10 departments who met the inclusion 
criteria were enrolled in the study (figures  1  and  2). Baseline 
characteristics of the patients are presented in table  1. The 
mean age of participants was 29.1 years (range, 14–46 years). 
The patients received 9 g or 12 g taurine per day for 52 weeks. 
Nine patients harboured the 3243A>G mutation and one had 
the 3271T>C mutation in the mitochondrial DNA. The degree 
of heteroplasmy, that  is, the percentage of mutant mitochon-
drial DNA, ranged from 21.5% to 65.8% in peripheral blood 

https://dx.doi.org/10.1136/jnnp-2018-317964
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Table 3  Adverse events observed in patients during the trial period

Event
Number of 
patients

Number of 
events

Total adverse events 10 84

Treatment-unrelated adverse events 10 74

 � Serious adverse event 2 2

 � �  HyperCKemia* 1 1

 � �  Gastritis 1 1

 � Mild to moderate adverse events 10 72

 � Common (occurred more than two patients)

 � �  Nasopharyngitis 5 7

 � �  Diarrhoea 3 4

 � �  Otalgia 2 3

 � �  Granulocytosis 2 3

 � �  Fever 2 2

 � �  Vomiting 2 2

 � �  Influenza 2 2

 � �  Crush 2 2

 � �  Leucocytosis 2 2

 � �  HyperCKemia 2 2

 � �  C-reactive protein elevation 2 2

Treatment-related adverse events 6 10

 � Serious adverse event 0 0

 � Mild to moderate adverse events 6 10

 � �  Diarrhoea 1 1

 � �  Constipation 1 1

 � �  Appetite loss 1 1

 � �  Insomnia 1 1

 � �  Oral aphtha 1 1

 � �  Reflux oesophagitis 1 1

 � �  γ-GTP elevation 1 1

 � �  Pollalkisuria 1 1

 � �  Hiatal hernia 1 1

 � �  Gastroenteritis 1 1

*CK, creatine kinase.

leucocytes. The number of stroke-like episodes within the 78 
weeks before trial enrolment ranged between 2 and 6, regard-
less of prior continuous administration of other drugs, including 
CoQ10, L-arginine and dichloroacetic acid (figure 3). Among a 
total of 33 stroke-like episodes experienced by patients before 
taurine supplementation, brain MRI examination was performed 
in only 20 episodes (online supplementary table S1).

Efficacy
All 10 patients experienced a decrease in frequency of stroke-
like episodes with taurine supplementation therapy (table  1, 
figure 3). Six patients had no stroke-like episodes confirmed by 
the absence of MRI abnormalities during the evaluation period 
(patients 1, 3, 5, 6, 7 and 9; table 1, figure 3). Thus, the primary 
outcome of the trial, the 100% responder rate was 60.0% (95% 
CI 26.2% to 87.8%), and the lower limit of 95% CI was higher 
than the 100% responder rate of 5% under the null hypothesis.

During the 52 weeks of trial period, the frequency of stroke-
like episodes was decreased more than 50% in eight patients 
treated with taurine (patients 1, 3, 5, 6, 7, 8, 9 and 10; table 1, 
figure 3) compared with those not treated with taurine; thus, the 
50% responder rate was 80% (95% CI 44.4% to 97.5%). Addi-
tionally, the number of focal neurological deficits significantly 
decreased from 33 during the pretrial period to 8 during the 

evaluation period (online supplementary table S1, 2). Thus, oral 
taurine supplementation significantly reduced the annual relapse 
rate of focal neurological deficits from 2.22±0.73 to 0.72±0.62 
(P=0.001, table  2). A single patient (patient 5) experienced a 
non-focal neurological deficit, headache and nausea, concomi-
tantly with a high-intensity lesion in the brain MRI.

Taurine supplementation therapy significantly increased the 
levels of taurine in blood (945.67±406.18 vs 57.57±20.29 nmol/
mL, P=0.0001) and CSF (42.11±13.77 vs 11.24±2.88 nmol/
mL, P=0.0007; table 2). No significant changes were observed 
in other efficacy endpoints except taurine concentrations in the 
blood and CSF (table 2).

We evaluated the rate of taurine modification in mitochondrial 
tRNALeu(UUR) from peripheral blood leucocytes in nine patients 
as a first-in-human analysis (figure 4). The rate of taurine modifi-
cation of mitochondrial tRNALeu(UUR) was significantly increased 
in five patients (P<0.05).

Safety
None of the patients discontinued treatment with taurine 
supplementation, although 84 adverse events occurred in all 10 
patients over 52 weeks of treatment (table 3). Six patients expe-
rienced adverse events associated with taurine supplementation. 
Two severe adverse events were reported in two patients: serum 
creatine kinase elevation and acute gastroenteritis. However, 
these were not considered to be due to taurine supplementation.

Discussion
The present clinical trial demonstrated that oral supplementa-
tion with high-dose taurine was effective in preventing stroke-
like episodes, as evidenced by the high 100% responder rate of 
60% (95% CI 26.2% to 87.8%). The lower limit of 95% CI was 
higher than the true 100% responder rate of 5% under the null 
hypothesis. Furthermore, the 50% responder rate reached 80%, 
and the annual relapse rate of stroke-like episodes significantly 
decreased with concomitant increases in blood and CSF taurine 
levels. Adverse events associated with taurine were observed 
among the participants, but no serious adverse events associated 
with taurine supplementation were reported.

Growing evidence suggest that dysfunction in post-tran-
scriptional tRNA modifications can lead to various patho-
logical conditions, termed as tRNA modification disorders.17 
Critically, the loss of modification in the first anticodon nucle-
otide of mitochondrial tRNALeu(UUR) in MELAS was expected 
to directly inhibit its pairing to the cognate third codon nucle-
otide in mRNA as predicted by Crick.12 In this study, we 
showed that the high-dose taurine supplementation was able 
to ameliorate taurine modification defect in mitochondrial 
tRNALeu(UUR) in peripheral blood leucocytes   in vivo, which 
supported a therapeutic rationale of the taurine supplemen-
tation. High-dose taurine could improve the taurine modifica-
tion of the mitochondrial tRNALeu(UUR) by the first anticodon 
modification  enzyme, mitochondrial translation optimisation 
1 (MTO1).16 In addition, taurine could alleviate impaired 
energy metabolism through increase of ATP production in the 
pathogenesis leading to MELAS.27

Several clinical trials have been conducted for the treatment 
of MELAS22; however, thus far, no therapeutic rationale based 
on molecular mechanisms of this disease has been provided. 
Taurine is a physiological amino acid that accounts for 0.1% of 
the human body weight.28 It is derived mostly from food and, 
to a lesser extent, endogenously synthesised from cysteine and 
methionine. Thus, establishing a safe taurine supplementation 
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therapy is a significant progress in the treatment of this devas-
tating, rare genetic disorder.

Limitations of this study include the lack of a double-blind, 
placebo-control group of taurine supplementation due to the 
small number of participants fulfilling the inclusion criteria. The 
nationwide survey estimated the Japanese prevalence of MELAS 
as at least 0.22 per 100 000 population, which is consistent with 
the previous Japanese study.6 In addition, short life expectancy 
and poor prognosis described in natural history studies6 7 29 prac-
tically confined the number of participants as well as ethically 
allowed the continuation of other therapies prior to taurine 
supplementation. Indeed, 9 of 10 participants were priorly 
administered L-arginine, which was reported to decrease the 
frequency of stroke-like episodes in a clinical study.24 However, 
even in these patients, the frequency of stroke-like episodes was 
remarkably decreased with taurine supplementation. Further 
clinical studies are required to determine the synergy effect of 
taurine and L-arginine for prevention of stroke-like episodes in 
MELAS.

In conclusion, in this open-label, phase III trial, oral high-dose 
taurine supplementation was effective and safe for the preven-
tion of stroke-like episodes in patients with MELAS by amelio-
rating the modification defect in the first anticodon nucleotide 
of mitochondrial tRNALeu(UUR).
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