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 46 

Background: 47 

Mitochondrial disorders are a common cause of inherited neurometabolic disease affecting 48 

around 1 in 8000 people. There are currently no treatments for heteroplasmic mitochondrial 49 

DNA (mtDNA) disorders which target the underlying disease mechanisms. Increasing 50 

nicotinamide adenine dinucleotide (NAD+) with nicotinamide riboside (NR) has been 51 

proposed as a therapeutic strategy. It was effective in several models of impaired oxidative 52 

metabolism but has not been tested before in humans.  53 

Methods: 54 

We performed an experimental medicine study in eight participants affected with mtDNA 55 

disorders. Three had single large-scale mtDNA deletions and five had m.3243A>G/T 56 

pathogenic variants. They were treated with 4-weeks of NR (1250-2000 mg/day). Clinical 57 

outcomes (timed up and go test, six-minute walk test, grip strength and quality of life 58 

questionnaires), GDF15 and FGF21 blood biomarkers, 31P-magnetic resonance spectroscopy 59 

measurement of mitochondrial function in vivo and quadriceps muscle biopsy were 60 

performed before and after treatment. Muscle histopathology, mtDNA copy number, 61 

heteroplasmy level, citrate synthase and respiratory complex activities were analysed, as well 62 

as transcriptomic, proteomic and metabolomic analyses. 63 

Results: 64 

NR was bioavailable and well tolerated. Overall, NR improved the timed up and go (TUG) 65 

test. In three participants with single large-scale deletions, there was a decrease in the 66 

percentage of cytochrome c oxidase deficient and ragged-red muscle fibres, an increase in 67 

respiratory chain complex I and IV activity, and reduction in mtDNA deletion levels which 68 

was not seen in five participants with m.3243A>G/T. Unbiased transcriptomic and integrated 69 
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multi-omic analysis of all eight participants showed the signature of mitochondrial 70 

biogenesis, with SIRT1/PGC-1α activation and increased mitochondrial gene expression, 71 

enhanced NAD-related metabolite levels, and coordinated changes in mitochondrial protein 72 

abundance.   73 

Conclusions: 74 

We conclude that NR has potential to be the first small-molecule precision treatment for 75 

heteroplasmic mtDNA disorders guided by the specific genetic diagnosis. 76 

Trial registration The study was prospectively registered on ClinicalTrials.gov, 77 

NCT03432871, Registration date 2018-02-14 78 

 79 
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Background 85 

Primary mitochondrial disorders are a common cause of inherited neurometabolic 86 

disease affecting ~ 1:8000 of the population (1). Multiple tissues and organs are often 87 

involved, including the brain, neuromuscular system, vision, hearing, and cardiac muscle (2). 88 

Together these lead to progressive disability which impacts the quality (3) and duration of 89 

life, with many patients dying prematurely despite the best supportive care (4). The principle 90 

biochemical defect involves oxidative phosphorylation (OXPHOS), to maintain redox 91 

(NAD+/NADH) balance and synthesise adenosine triphosphate (ATP), which are required 92 

for all active cellular processes including protein synthesis and cell division (5). OXPHOS is 93 

the final common pathway for oxidative energy metabolism and thus cannot be by-passed, 94 

making it very challenging to develop new therapies for mitochondrial diseases. Although 95 

there has been some progress for the tissue- specific disorder, Leber hereditary optic 96 

neuropathy(6), there are no licenced treatments for the majority of patients (7). Gene therapy 97 

approaches provide some hope, but genetic complexity is a major hurdle to progress (8). 98 

Mitochondrial disorders can be caused by >350 different nuclear genes (9), >100 different 99 

point mutations of mitochondrial DNA (mtDNA) (10), and many different mtDNA deletions 100 

(11), making a comprehensive gene targeted approach highly unlikely in the foreseeable 101 

future. For mtDNA mutations, there is the added complexity of heteroplasmy (12), with 102 

different proportions of mutant and wild-type mtDNA in different cells and tissues. There is 103 

therefore a pressing need to develop new treatments by modulating the downstream sequelae 104 

of the huge range of different genetic causes. 105 

Patients with mitochondrial diseases show an enhanced capacity for mitochondrial 106 

proliferation and it has been proposed that inducing mitochondrial proliferation (biogenesis) 107 

might be an effective treatment (13). NAD+ regulates mitochondrial biogenesis by acting as a 108 

substrate for the enzyme Sirtuin1, an NAD+ dependent protein deacetylase (14,15). Increased 109 

Sirtuin 1 leads to an increased amount of the deacetylated, active form of peroxisome 110 
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proliferator-activated receptor-gamma coactivator 1-alpha (PGC-1α) and an upregulation of 111 

genes for mitochondrial biogenesis and oxidative phosphorylation, making this an attractive 112 

target for therapy (16,17).  Boosting NAD+ with Nicotinamide Riboside (NR), a natural 113 

NAD+ precursor, improved mitochondrial function in several models of impaired oxidative 114 

metabolism (14,18–23), slowing progression and delaying death, but this approach has not 115 

been systematically studied in humans. Whilst the related B3 vitamin, Niacin, has been 116 

shown to correct systemic NAD+ levels in five patients with a mtDNA deletion disorder (24), 117 

there were no objective clinical improvements, so the significance of these findings is 118 

unclear. NR itself has not been systematically studied in patients with mitochondrial disease 119 

to date. Here we describe an experimental medicine study of NR in eight patients with 120 

mtDNA disease. We show the treatment is well tolerated and provide preliminary evidence 121 

of both biochemical and clinical efficacy, particularly in patients with large-scale mtDNA 122 

disorders. 123 

 124 

Methods 125 

Study Design 126 

We aimed to recruit ten participants to a 4-week open-label experimental medicine study to 127 

determine whether NR (10mg/kg bd) induces mitochondrial biogenesis and affects 128 

mitochondrial function.  An overview of the study design is shown in Figure 1A. The dose 129 

of NR was chosen based on pharmacokinetic data in healthy individuals (25,26). The study 130 

was performed in the UK at the Cambridge Clinical Research Centre. Data from the SCO2 131 

mouse model (14) suggested that effect sizes of 1.5 standard deviations or greater are 132 

possible across the outcomes of interest such as transcript expression profile of 133 

mitochondrial-related genes. On this basis, nine evaluable participants would be sufficient to 134 
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demonstrate superiority of Nicotinamide Riboside with 80% power and at a significance 135 

level of 0.05.   136 

Eligibility Criteria 137 

Inclusion criteria: 138 

• Clinical and genetic diagnosis of: 139 

o Progressive external ophthalmoplegia (PEO) caused by a single deletion of 140 

mitochondrial DNA 141 

• or 142 

o Mitochondrial disease caused by the m.3243A>G or m.3243A>T mutation in 143 

mitochondrial DNA 144 

• Age 18-70 years 145 

• Women of child-bearing age only if they were not pregnant or breast feeding on 146 

inclusion and agreed not to become pregnant during the study. Female participants had a 147 

pregnancy test before study commencement. Participants agreed to take appropriate 148 

contraceptive methods (intrauterine device, barrier methods).  149 

• Signed informed patient consent 150 

 151 

Exclusion criteria: 152 

• Clinically significant liver disease (e.g., cirrhosis or a history of hepatitis) 153 

• Presence of significant other neurological disorders (such as multiple sclerosis, 154 

Parkinson’s disease) or major co-morbidities (such as definite cognitive impairment, 155 

psychiatric disease, heart, or lung failure, orthopaedic or rheumatological disorders) 156 

• Females at risk of pregnancy (i.e., not using regular contraception), who were pregnant, 157 

lactating or planning pregnancy 158 
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• Females taking the combined oral contraceptive pill (as oestrogens can induce 159 

mitochondrial biogenesis and interfere with study results) 160 

• For MRI – medical contraindication e.g., pacemaker, deep brain stimulator, aneurysm 161 

clip or significant claustrophobia 162 

• For biopsy – varicose veins overlying biopsy site, clinically significant lower limb 163 

oedema, active lower limb infection, use of anticoagulants or antiplatelet agents that 164 

cannot be discontinued, known bleeding diathesis 165 

• Abnormal liver function tests (LFTs) in screening bloods (outside normal reference 166 

ranges for the local laboratory) 167 

• Random plasma glucose greater than 20mMol/L in screening bloods (indicating poorly 168 

controlled diabetes mellitus) 169 

 170 

Selection of Endpoints 171 

Primary endpoints were measures of mitochondrial biogenesis from quadriceps muscle 172 

biopsy samples: citrate synthase and mitochondrial DNA copy number and phosphocreatine 173 

recovery time (kPCr) on 31P-MRS.  Secondary endpoints were the clinical outcome measures 174 

– six-minute walk test, timed up and go test, SF-36 questionnaires. 175 

Nicotinamide Riboside 176 

Nicotinamide Riboside chloride was supplied free of charge by Niagen Bioscience through 177 

the ChromaDex external research programme in the form of 250mg NIAGEN ® capsules. 178 

Safety Monitoring 179 

Clinical observations were checked at each visit (pulse, blood pressure, temperature and 180 

weight). Pregnancy testing was also carried out if applicable. A study physician reviewed the 181 

participant’s medical history including adverse events and changes to concomitant 182 
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medications. The muscle biopsy site was also reviewed at each visit. Weekly safety bloods 183 

included ALT, AST, Creatinine, and total CK. Urine was tested weekly for the presence of 184 

myoglobin. Participants were additionally followed up a week after their final visit by 185 

telephone and e-mail.  186 

Patient and Public Involvement/Engagement 187 

We will produce lay summaries of the results, and we will work with the Lily foundation 188 

(the foremost mitochondrial patient charity in the UK) to produce accessible content to 189 

publicise the results which will be available online. 190 

NR/NAD+ measurement 191 

Blood samples were collected in acid citric dextrose (ACD) tubes and snap frozen. 192 

Measurement of NR/NAD+ was completed by Keystone Bioanalytical Ltd, Pennsylvania, 193 

USA using LC-MS-MS (combining liquid chromatography with tandem mass-spectrometry). 194 

Levels of NR/NAD+ were measured in participant NR006 at weeks 0, 1, 2, 3 and 4 in whole 195 

blood – citric acid. 196 

Biochemical analysis 197 

Screening bloods included the following standard analyses: total creatinine kinase (CK), 198 

aspartate transferase (AST), creatinine, urea, electrolytes, gamma-glutamyl transferase 199 

(GGT), liver function tests (alanine transaminase (ALT), alkaline phosphatase (ALP), total 200 

bilirubin, albumin) and non-fasting glucose. The fibroblast growth factor 21 (FGF21) and 201 

growth differentiation factor 15 (GDF15) levels were measured each week. These assays 202 

were performed by the NIHR Core Biochemistry Assay Laboratory, Cambridge Biomedical 203 

Research Centre. FGF21 was measured by enzyme linked immunosorbent assay (kit 204 

manufacture by R&D Systems and distributed in the UK by BioTechne, Abingdon, Oxford -205 

product code DF2100). GDF15 was measured using an in-house chemiluminescent 206 
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immunoassay on the MesoScale Discovery assay platform.  Monoclonal anti-GDF-15 207 

antibodies were purchased from ANSH (Webster TX, USA). 208 

Six-Minute Walk Test (6MWT) 209 

Participants were assessed at weeks 0 and 4. They were asked to walk at their normal pace to 210 

see how far they could walk in six minutes. A 30m track was set up in the clinical research 211 

facility using cones to mark the turning points. Standardised instructions and 212 

encouragements were used. The number of laps walked was recorded and the excess distance 213 

was measured using a tape measure. 214 

Timed up and go (TUG) 215 

Participants were assessed at weeks 0 and 4. Participants were asked to sit in a standard chair 216 

(seat height 46cm, arm height 67cm) and walk to a line 3m away and back.  Walking aids 217 

could be used if required. Standardised instructions were used: “When I ask you to start, I 218 

would like you to get up out of this chair and walk (With your stick/frame) at a comfortable 219 

and safe pace to the mark on the floor which is 3 meters away. Cross the line, turn round 220 

and return to the chair and sit down again”. 221 

Participants were timed from being asked to start until they returned to a seated position.  222 

They were asked to wear comfortable clothing and footwear and rest for 15 minutes before 223 

the test. 224 

Dynamometric measure of grip strength 225 

Grip strength was measured using a T.K.K.5401 GRIP D Grip strength dynamometer. 226 

Participants were asked to squeeze the dynamometer as hard as they could while standing 227 

upright with their arms down to measure grip strength. A measurement was taken for the 228 

right hand and then the left hand, and then a repeat measurement for the right hand and left 229 

hand. 230 
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Quality of Life Scale SF-36 231 

Participants were assessed at weeks 0 and 4. They were asked to fill in a questionnaire about 232 

their symptoms and quality of life. The 36-Item Short Form Health Survey (27) was 233 

developed in 1992 by the RAND corporation and has been widely used in clinical studies. 234 

Adherence to study medication 235 

Adherence was assessed by participant diaries and by counting the number of tablets 236 

remaining at each study visit. 237 

31P-magnetic resonance spectroscopy measurement of mitochondrial function in vivo 238 

Participants were asked to perform simple leg exercises by lifting and extending their leg 239 

with a weight on their right ankle. Maximal voluntary contraction (MVC) was measured at 240 

the screening visit using a dynometer chair. Three attempts were done and the mean of the 241 

second and third attempt was used. The 31P-MRS acquisition and analyses were performed 242 

as described in Sleigh et al (28) with the following exceptions: 243 

- the coil was 11cm (not 9cm) in diameter. It was a 31P-1H flex coil made by RAPID 244 

Biomedical. 245 

- the dynamometer used isometric (not isokinetic) exercise to determine maximum voluntary 246 

contraction (MVC). MVC was recorded and the weight for exercise in situ calculated and 247 

standardised in order to achieve a target phosphocreatine (PCr) depletion of 20-30% of basal 248 

[PCr]. 249 

Muscle biopsy 250 

Needle biopsy of the left quadriceps was performed with ethical approval and patient 251 

consent.  Muscle biopsy samples were split into four pieces – three pieces were snap frozen 252 
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in liquid nitrogen within 15 minutes and stored at -80 degrees. The remaining piece was 253 

taken to the tissue bank within 30 minutes. 254 

Histological analysis 255 

COX SDH and Gomori Trichrome staining were performed in the Cambridge University 256 

Hospitals NHS Foundation Trust human research tissue bank. Muscle biopsy sections were 257 

analysed by a consultant histopathologist (AQ) who was blinded to the participant ID and to 258 

whether the samples was before or after treatment. Density (%) of ragged red fibres, COX 259 

negative fibres and COX intermediate fibres were assessed.  Density (%) of COX deficient 260 

fibres was calculated by adding the densities of COX negative and COX intermediate fibres. 261 

Density of regenerating muscle fibres was assessed from hematoxylin and eosin-stained 262 

sections.  263 

DNA and RNA extraction 264 

DNA and RNA were extracted from skeletal muscle biopsy samples (quadriceps) using the 265 

AllPrep DNA/RNA/miRNA Universal Kit (Qiagen 80224) and the concentration measured 266 

on the NanoDrop spectrophotometer (Thermo Scientific). 267 

Quantification of levels of heteroplasmy/Pyrosequencing 268 

The mitochondrial genome spanning the 3243 region was amplified from extracted DNA 269 

using the PyroMark PCR Kit (QIAGEN) and site specific primers (29).  After confirming 270 

amplification, heteroplasmy was measured on the Q48 Autoprep and analysed on the 271 

PyroMark analysis software following the manufacturer’s protocol. 272 

Mitochondrial DNA Copy Number and deletion heteroplasmy/Digital PCR 273 

mtDNA copy number and deletion levels were determined by droplet digital PCR (30) 274 

targeting the mitochondrially encoded ND1 and ND4, and nuclear RNaseP genes.  Droplet 275 

analysis was performed using the QX manager software (Bio-Rad). 276 



 

 

13 

Deep sequencing and variant analysis/ NGS 277 

For high-depth mtDNA sequencing two overlapping amplicons were amplified per sample 278 

(31). Amplification was confirmed and the product bead purified, quantified, and pooled in 279 

equimolar amounts. Libraries were prepared (NEB E7805L and E7600) and sequenced using 280 

a 2 × 250-cycle MiSeq Reagent kit v3.0 (Illumina). FASTQ files generated were checked for 281 

quality using FastQC v0.11.5. After trimming, variant calling was performed with the 282 

MToolBox pipeline (32). mtDNA structural changes (deletions, mtDel; and duplications, 283 

mtDup) were determined using MitoSAlt (33). The filtering features include: cluster 284 

threshold = 5 (the minimum number of reads supporting a cluster); break threshold = 5 (the 285 

maximum deviation of split read breakpoints that have to be considered within the same 286 

cluster); hplimit = 0.01 (detected heteroplasmy threshold); deletion threshold min = 30 (the 287 

minimum size of the gap between fragments of a split read for the split read to be considered 288 

as potentially spanning a deletion); breakspan = 10 (the minimum number of bases a non-289 

split read must span either side of a breakpoint to be considered in the heteroplasmy count); 290 

split distance threshold = 5 (the maximum length of unmapped distance between two 291 

fragments of a split read); score threshold = 30 (alignment score cut-off); evalue 292 

threshold = 0.00001 (alignment evalue cut-off). 293 

Respiratory chain enzyme and citrate synthase activity 294 

Respiratory chain complex I and IV activities, citrate synthase activity and protein levels 295 

were measured in muscle using the method described by Hargreaves et al (34). This analysis 296 

was performed by Mitochondrial Biochemistry at the Neurometabolic Unit, London NHS 297 

Highly Specialised Service for Rare Mitochondrial Disorders. 298 

 299 

Gene expression analysis 300 
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RNA integrity was checked using Tapestation (Agilent). Samples were submitted to the 301 

Wellcome-MRC Cambridge Stem Cell Institute for library preparation and sequencing on a 302 

Novaseq 6000 SP flowcell with 150 bp paired end reads. Sequenced reads were quality 303 

checked with FastQC (v.0.11.8), FastQ Screen (v.0.14.1) and QualiMap (v.2.2.1). Trimming 304 

was performed with Trim_galore (v.0.6.6) and reads were aligned with STAR (v.2.7.8a) to 305 

GRCh38 genome. Quality reports were compiled using MultiQC (v.1.12). Counts were 306 

generated with STAR. Differential expression analysis was performed in R, using DESeq2 307 

(v.1.36.0), with the experimental design used:~patient + treatment. Pathway analysis was 308 

performed using enrichR 3.2. Genes were selected based on significance (adjusted p-value < 309 

0.05, Benjamini-Hochberg correction) and positive logarithmic fold change. We chose three 310 

reference databases: GO_Biological_Process_2018, GO_Cellular_Component_2018 and 311 

GO_Molecular_Function_2018, to search for enriched terms. The significance threshold for 312 

enriched terms was set to 0.05 for the adjusted p-value. 313 

Proteomic Analysis 314 

The sample preparation, measurement and analysis was performed as previously described 315 

(35). A two-sided t-test was carried out with Microsoft Excel. P-values were adjusted for 316 

multiple hypothesis testing using the Benjamini-Hochberg correction. To control for possible 317 

changes in mitochondrial abundance, proteins with evidence of mitochondrial localisation as 318 

defined by the MitoCarta 3.0(36) list were subsetted and renormalised. The differential 319 

expression analysis was repeated for this subset only. 320 

Targeted Metabolomic Analysis 321 

Sample preparation, quality assurance/quality control and ultrahigh performance liquid 322 

chromatography-tandem mass spectroscopy (UPLC-MS/MS) were performed by UVic-323 

Genome BC Proteomics Centre, Victoria, Canada, as well as compound identification, 324 

quantification and data curation. A total of 220 different metabolites were measured on 325 
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human muscle samples from four participants before treatment (0 weeks) and after 4 weeks 326 

of treatment.  The metabolites analysed were sugars and organic acids, polar metabolites in 327 

the folate cycle, methionine cycle and transsulfuration pathways and NAD related 328 

metabolites, phosphorylated metabolites and carnitines. The assay of organic acids used a 329 

chemical derivatization liquid chromatography-multiple reaction monitoring/mass 330 

spectrometry (LC-MRM/MS) method previously described (37–39) and the assay of 331 

carnitines used a chemical derivatization LC-MRM/MS method previously described (40) 332 

with necessary modifications.   333 

Multi-omics analyses 334 

Multi-omics analyses were performed in R (version 4.2.2) using the mixOmics package 335 

(version 6.16.3) (41). Multi-omics integration was performed using the DIABLO method 336 

(Data Integration Analysis for Biomarker discovery using Latent cOmponents), which 337 

employs sPLS-DA (sparse Partial Least Squares Discriminant Analysis) to extract latent 338 

components that maximize correlation across omics datasets. 339 

The model was run with two components to capture the most informative features related to 340 

the response to NR treatment. A sparse feature selection strategy was applied, retaining 10 341 

variables per component for each omics dataset. This approach helped to reduce model 342 

complexity and focus on the most relevant features, improving interpretability of the results. 343 

Protein–protein interaction network analysis was performed using the STRING web server 344 

(42), which provides known and predicted interactions based on multiple evidence types. 345 

Pathway enrichment analysis of metabolomics data was conducted using MetaboAnalyst (43), 346 

enabling the identification of enriched metabolic pathways associated with NAD-related 347 

metabolites. Pearson's correlation was calculated across all the three omics datasets. The p 348 

values were corrected for multiple testing using the Benjamini-Hochberg procedure. Gene set 349 

enrichment analysis was performed using the top 20 features (genes/proteins) with the highest 350 

absolute loadings on component 1, which drives sample separation in the sPLS-DA model.  351 

Statistical analysis 352 
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Statistical analyses were performed in R version 4.2.2. The Wilcoxon signed-rank test (two 353 

sided) was used for paired data. A standard threshold for significance of p<0.05 was used for 354 

clinical outcome measures. For the differential expression analysis, the Wald test was used to 355 

compare the expression of each gene before and after 4 weeks of NR, and p-value correction 356 

was done using Benjamini-Hochberg. 357 

Approvals, funding, sponsorship and consent 358 

The study was prospectively registered ClinicalTrials.gov (NCT03432871, registration date 359 

2018-02-14) and the study was approved by the Health Research Authority Committee East 360 

of England Cambridge South (REC Ref 17/EE/0120).  The sponsor was the University of 361 

Cambridge and Cambridge University Hospitals NHS Foundation Trust.  Informed consent 362 

was obtained from all participants. The research conformed to the principles of the Helsinki 363 

Declaration. The study was funded through a UK MRC Confidence in Concept award to the 364 

University of Cambridge. The funder did not have a role in the design, conduct, analysis and 365 

reporting of the study.  366 

Timeline 367 

The first participant enrolled on 20th September 2018. The last patient enrolled on 10th May 368 

2022 and completed the study on 17th June 2022. All samples were analysed after the final 369 

participant completed the study. Respiratory chain enzyme and citrate synthase results were 370 

received on 25th November 2022. Next generation sequencing of mitochondrial DNA was 371 

completed on 30th November 2022. Mitochondrial DNA copy number analysis was 372 

completed on 10th January 2023. Clinical data was collated on 11th January 2023. GDF-15 373 

and FGF-21 results were received on 24th January 2023. Analysis of 31P-MRS data was 374 

completed on 27th January 2023. RNA sequencing results were received for analysis on 11th 375 

April 2023. Analysis of the histology was completed on 11th August 2023. Metabolomic 376 



 

 

17 

results were received on 01st May 2024 and proteomic results were received on 10th May 377 

2024.  378 

 379 

Results 380 

Safety, tolerability, and target engagement 381 

Eight participants were recruited from the Cambridge and London mitochondrial 382 

clinics with a genetically confirmed heteroplasmic mitochondrial disorder: four with 383 

m.3243A>G, one with m.3243A>T and three with single large-scale mtDNA deletions (mt-384 

Del). Overall, five were male and three were female with a median age of 53.5 years (range 385 

21-68 years) (Table 1). On meeting screening criteria, participants underwent baseline 386 

clinical testing (Figure 1A, Sup Table S1) before receiving NR 10mg/kg twice daily for 387 

four weeks (2000mg/day n=3; 1250mg/day n = 5). Tablet counts and patient diaries found 7 388 

out of 8 participants adhered fully to the regimen. One participant missed two evening doses. 389 

A total of 446 doses were taken out of 448 expected, meaning a 99.5% adherence to the 390 

dosing regimen. All eight participants completed the study. 391 

 392 

New onset ‘heartburn’ (dyspepsia) was noted by one participant on commencing NR. 393 

Other reported adverse events included constipation, diarrhoea, cough, mouth ulcers, 394 

palpitations, abnormal sensation on the left leg and urinary frequency: each was reported 395 

once, were described as mild and not considered likely to be due to the NR (Sup Table S2). 396 

The dyspepsia was treated by the participant with over-the-counter Gaviscon. There were no 397 

other changes to concomitant care or medications. No new abnormalities were observed in 398 

the weekly safety blood tests and no myoglobinuria was detected. There was no significant 399 

change in the participants’ weight, body mass index (BMI) or blood pressure during the 400 
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study. Blood NAD+ and NR were measured in one participant (NR006) at baseline and each 401 

week confirming bioavailability and target engagement (Figure 1B and 1C).  402 

Muscle histopathology, OXPHOS biochemistry and molecular genetics 403 

Baseline muscle histopathology fell into two groups reflecting the underlying genetic 404 

diagnosis (Figure 2): participants with m.3243A>G/T had a median of 3.60% cytochrome c 405 

oxidase (COX) deficient muscle fibres and a median of 0.451% ragged-red fibres (RRF), 406 

whereas participants with single large-scale mtDNA deletions (mt-Del) had a median of 407 

12.3% COX-deficient fibres and a median of 0.256 % RRF at baseline. This difference was 408 

also reflected in the muscle OXPHOS biochemistry (Fig.3A-C). Given that the potential for 409 

improvement in these parameters was strikingly different between the two main genetic 410 

groups, we highlight the difference in the subsequent data presentation. 411 

After NR treatment, the number of COX-deficient fibres was lower in all three mt-412 

Del patients.  The RRF fell from 6.47% to 2.29% in one mt-Del patient and remained at a 413 

low level (<1%) in the other two. There was a corresponding increase in median complex I 414 

and IV activity normalised to CS as a marker of mitochondrial mass, and substantial increase 415 

in citrate synthase activity in one mt-Del patient (Fig.3A-C, Sup Figure S1). This was 416 

accompanied by an increase in the total amount of skeletal muscle mtDNA in two out of 417 

three (Fig.3D) and a decrease in the proportion of mutant mtDNA (Fig. 3E-G, Sup Figure 418 

A1, Sup Table S3). The absolute amount of wild type mtDNA increased in two deletion 419 

patients where this could be calculated (mean zero = 1087, mean week 4 = 2001). The same 420 

trends were not seen for m.3243A>G/T (Sup Figure 2), and overall, the results did not reach 421 

statistical significance (Sup Table S4). 422 

In vivo biomarkers of mitochondrial function 423 

In vivo mitochondrial function was assessed by 31P-magnetic resonance spectroscopy 424 

(31P-MRS) to determine the phosphocreatine (PCr) recovery rate constant, kPCr, in 425 
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quadriceps femoris (opposite side the biopsy). The median kPCr increased in the mt-Del 426 

group, but not in m.3243A>G/T participants (Fig. 3H, Sup Fig E), mirroring the muscle 427 

histopathology, OXPHOS biochemistry, and molecular genetic data. 428 

Two proposed serum biomarkers of mitochondrial disease severity, fibroblast growth 429 

factor 21 (FGF-21)(44,45), and growth and differentiation factor 15 (GDF-15)(46), showed a 430 

trend towards decreasing in both mt-Del and m.3243 A>G/T participants, although results 431 

did not reach statistical significance. (For the whole cohort of eight participants, FGF21: 432 

median baseline = 329 pg/ml, IQR 107 pg/ml; median week 4 = 267 pg/ml, IQR 115 pg/ml; 433 

P = 0.11.  GDF15: median baseline = 2016 pg/ml, IQR 1235 pg/ml; median week 4 = 1994 434 

pg/ml, IQR 1221 pg/ml; P = 0.38; Fig 3I, 3J, Sup Fig 1F, 1G).  435 

Clinical outcomes and quality-of-life assessments 436 

Clinical outcomes and quality-of-life assessments are reported for the whole cohort 437 

of eight participants. The timed up and go improved after NR treatment (TUG: median time 438 

zero = 11.9s, IQR 7.51s; median week 4 = 9.96s, IQR 7.39; P = 0.04, Fig. 3K, Sup Fig 1H). 439 

However, there was no similar trend for the six-minute walk test (6MWT: median time zero 440 

= 360m, IQR 158m; median week 4 = 352m, IQR 172m; P = 0.58, Fig 3L, Sup Fig 1I), or 441 

dynamometric measure of grip strength (maximum grip strength: median strength zero 442 

24.2kg, IQR 12.3kg, median week 4=24.3kg, IQR 18.6kg, P=0.20). The SF-36 quality of life 443 

score also did not change (SF-36: median time zero = 101, IQR 3; median week 4 = 94.5, 444 

IQR 9.5; P = 0.16). There were no obvious genotype correlations for the clinical outcomes. 445 

 446 

Skeletal muscle transcriptomic, proteomic and metabolomic analysis 447 

We first performed individual statistical analyses on the transcriptomics, proteomics, 448 

and metabolomics datasets to identify differentially regulated molecules. Transcriptomic and 449 

proteomic analysis was performed in all eight individuals. Transcriptomic analysis identified 450 
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sixty-two differentially expressed genes in skeletal muscle after 4-weeks of NR treatment 451 

(adjusted p-value <0.05). Genes encoding mitochondrial proteins (MitoCarta 3.0 (36)) were 452 

4.3-fold enriched in the upregulated group (55 genes, Sup Fig S3, Sup Table S5), including: 453 

UQCRFS1, SLC25A3, ATP5F1D, MT-CO3, NDUFB5, GOT2, GATM, SDHD, NIPSNAP3B, 454 

COX5A, CHCHD10, VDAC3, MT-ND3, MT-CO1, FTH1 and GLRX5. Up-regulated non-455 

mitochondrial genes included CKM (creatine kinase-M type). None of the 7 down-regulated 456 

genes were predicted to code for mitochondrial proteins (36) (Sup Table S6). Pathway 457 

analysis using GO cellular components showed that the most enriched terms corresponded to 458 

the mitochondrial (MT) inner membrane, MT respiratory chain complex IV, MT respiratory 459 

chain complex I, apical dendrite and mitochondrion.  The most enriched GO biological 460 

processes were respiratory electron transport chain, MT ATP synthesis coupled electron 461 

transport, muscle contraction, MT electron transport- NADH to ubiquinone, and skeletal 462 

muscle tissue development (Sup Fig S4). 463 

In contrast, proteomic analysis of skeletal muscle tissue revealed no significantly regulated 464 

proteins after 4-weeks of NR treatment after false discovery rate correction for multiple 465 

hypothesis testing. 367 proteins in the dataset matched the MitoCarta 3.0 list(36). The 466 

differential expression analysis on this subset revealed increased abundance of three nominally 467 

significant proteins (p < 0.05) — MRPS36, PCCA, and NAXD — and decreased abundance 468 

of one, ISOC2, following NR treatment (Sup Fig. S5).  469 

Targeted metabolomic analysis of skeletal muscle tissue was performed in four 470 

individuals. It was not performed in the other three because they had no sample remaining 471 

after the other analyses. There was a significant increase in key metabolites, including 2,3-472 

Diphosphoglyceric acid, Nicotinamide N-oxide, 4PY (N1-methyl-4-pyridone-3-473 

carboxamide), and 2PY (N1-methyl-2-pyridone-5-carboxamide), which were upregulated 474 

following NR treatment (Sup Fig S6, Sup Fig S7A, Sup Table S7).  475 

Integrated multi-omics analysis 476 

Building on these individual analyses, we proceeded to perform an integrated multi-477 

omics analysis combining transcriptomic, proteomic, and metabolomic data using the 478 

DIABLO framework. This integration revealed a strong correlation (0.86) between the 479 

transcriptomic and proteomic datasets (Fig. 4A), suggesting a coordinated biological effect 480 

across these two omics layers driven by NR treatment. To further support this, we visualized 481 
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the individual omics datasets along the two principal components (Fig. 4B), which showed 482 

an alignment between the transcriptomic and proteomic data. 483 

Most of the proteins involved in the separation linked to the myogenesis pathway and 484 

are associated with the Z-disc in striated muscle cells, alongside two mitochondrial proteins, 485 

FAM162A and Mitochondrial Antiviral Signalling Protein (MAVS), which were 486 

downregulated and upregulated, respectively. However, the top-ranked protein driving the 487 

separation was Nexilin (NEXN), which was downregulated following NR treatment (Fig. 488 

4C). Notably, protein interaction network analysis showed there is strong evidence for a 489 

functional relationship between NEXN and MIGA1, a mitochondrial protein involved in 490 

mitochondrial fusion and energy metabolism (STRING score 0.716). In the transcriptomic 491 

data, the largest contribution came from the downregulation of Long Intergenic Non-Protein 492 

Coding RNA 664 (Fig. 4D), however its specific function is not yet fully understood. The 493 

top ten features contributing to component 1 of the diablo model are shown in Sup Fig S7B-494 

D and the Pearson correlations across the transcriptomic, proteomic and metabolomic 495 

datasets are shown in Sup Fig 8. 496 

Given previous observations, we speculated that omics correlation scores might be 497 

influenced by the underlying genetic diagnosis, also reflected in the histopathological 498 

differences between m.3243A>G/T and mtDNA deletions patients. Sub-group analysis 499 

revealed a stronger correlation between the omics datasets analysed separately (0.99 for SNV 500 

and 0.97 for Deletion) (Sup Fig S9A-B), compared to the group analysis (0.86). While these 501 

results suggest potentially distinct molecular responses between genotypes, this could also 502 

reflect the limited sample size. Gene set enrichment analysis was performed based on the top 503 

20 features (genes/proteins) with the highest absolute loadings on component 1, which drives 504 

sample separation in the sPLS-DA model (Sup Fig S10). 505 
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Although the single-omics analysis did not identify any significantly regulated 506 

proteins after multiple testing correction, the integrated analysis highlighted biologically 507 

relevant proteins including MAOA, NDUFAF2, and SCAF1 (Sup Fig S9C-9D), which were 508 

differentially modulated between groups and are associated with mitochondrial structure and 509 

NADH metabolism. In addition, differential modulation of Ras superfamily members, 510 

including RalA and R-Ras, was observed. Although not definitive due to the small number 511 

of participants, these findings suggest genotype-specific effects in response to NR treatment.  512 

Finally, the inclusion of metabolomics data revealed a significant increase in NAD-513 

related metabolites after NR treatment. Pathway enrichment analysis identified the 514 

upregulation of Nicotinate and Nicotinamide Metabolism and NAD⁺ Biosynthesis pathways 515 

(Fig. 5A and 5B), confirming bioavailability and on-target effects of the NR treatment 516 

regime used in this study which stimulates the NADH pathway, supporting transcriptomic 517 

and proteomic evidence that NR promotes mitochondrial bioenergetic activity (Fig. 5C). 518 

Altogether, this multi-omics exploratory approach supports a treatment effect of NR which is 519 

genotype-dependent and warrants further investigation. 520 

 521 

Discussion 522 

Here we report an experimental medicine study of the effects of NR 10mg/kg twice 523 

daily for one month in eight patients with mtDNA disease. NR treatment was well tolerated, 524 

and blood NAD+ and NR levels were in keeping with pharmacokinetic data in healthy 525 

individuals (25,26), confirming that our dosing regime was adequate as reflected in the 526 

metabolomic analysis. Considering all eight patients together, only one measure showed 527 

marginal evidence of a clinical treatment effect: the timed up and go (TUG) test. The TUG 528 

has gained favour in recent years because of strong inter- and intra-rater performance in a 529 
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wide range of clinical contexts. Our findings provide preliminary evidence that NR may be 530 

beneficial in mtDNA diseases. The main limitations of our study were the short duration and 531 

limited number of participants, which prevented robust statistical data. A larger randomised 532 

controlled trial is required to validate these findings before NR is used routinely to treat 533 

mitochondrial disorders. 534 

Although the results of any post hoc analysis should be interpreted with caution, the 535 

striking difference in the severity of the muscle pathology at baseline pathology prompted us 536 

to highlight differences between mt-Del and m.3243A>G/T patients. After treatment with 537 

NR, several parameters improved in the mt-Del patients, including the percentage of COX 538 

deficient skeletal muscle fibres, the percentage of RRF, OXPHOS complex I and IV activity, 539 

and the percentage of mutant mtDNA in biopsy samples from the same skeletal muscle. 540 

Although these trends were only seen in three people, the fact that all of these measures 541 

change in the same direction is reassuring. When linked to the increase in CS activity and 542 

mtDNA content in skeletal muscle, these findings are consistent with the anticipated 543 

treatment effect with NR inducing mitochondrial biogenesis that has been seen in animal 544 

models of mitochondrial disease (14,18), including the mtDNA-deletor mouse (18). 545 

However, the decrease in mutation load implies additional mechanisms are activated in our 546 

human study.  547 

NAD+ levels regulate the activity of the class III histone deacetylase SIRT1 which 548 

deacetylates FOX01 to upregulate PGC1a, the master regulator of mitochondrial biogenesis. 549 

In keeping with this, we saw upregulation of CS and mtDNA levels, indicating an increased 550 

mitochondrial mass skeletal muscle. SIRT1 also preferentially targets the acetylated lysine 551 

16 of histone H4 (H4K16ac), which activates muscle satellite cell proliferation in part by 552 

upregulating the muscle specific transcription factor MyoD, promoting satellite cell fusion 553 

with existing muscle fibres. Satellite cells in patients with mtDNA mutations typically have a 554 

much lower mutation level than juxtaposed mature skeletal muscle fibres, particularly in 555 
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patients with single mtDNA deletions (47). This observation underpinned several 556 

experimental medicine studies aimed at activating satellite cells by damaging muscle with 557 

myotoxins (48) or eccentric exercise (49), leading to a reduction in the number of COX-558 

deficient muscle fibers. Building on these combined observations, it is plausible that NR also 559 

‘delivers’ wild-type mtDNAs to mature skeletal muscle through the activation and fusion of 560 

endogenous satellite cells, explaining why the mutation load decreased in the mt-Del 561 

patients. In keeping with this we observed slightly more regenerating muscle fibres after 562 

treatment, although this failed to reach formal statistical significance on group analysis, so a 563 

larger study is required to validate this finding and dissect out the underlying mechanism. 564 

We recognise that the effects of NR may not be specific to mt-Del patients. One of 565 

the mouse models which responded to NR was the Sco2 knock in/knock out mouse (14), a 566 

model for autosomal recessive complex IV deficiency due to biallelic pathogenic variants in 567 

the SCO2 gene. It would be interesting to study the effect of NR in individuals with SCO2 568 

variants and other mitochondrial disorders caused by nuclear gene defects but these studies 569 

would be extremely challenging because each individual genetic cause is very rare, 570 

restricting opportunities to build cohorts. As noted above, the histological and biochemical 571 

abnormalities in the m.3243A>G/T muscle were mild, leaving little room for improvement. 572 

It is therefore possible that similar effects of NR may be seen in more severely affected 573 

individuals with a range of different mtDNA disorders. These observations are relevant for 574 

the design of future therapeutic studies in mitochondrial disorders: inclusion criteria will 575 

need to ensure participants have significant pathology (and disability) to maximise the 576 

possibility of detecting any treatment effect using these measures. This will be challenging 577 

for a rare disease, particularly when the most common genetic group (m.3243A>G) often 578 

have very mild symptoms.  579 

Conclusions 580 



 

 

25 

This was an open-labelled study not designed to provide definitive evidence of a 581 

treatment effect of NR. However, our findings are encouraging, particularly in the more 582 

severe mt-Del subgroup, where consistent pattern of improvement was seen across several 583 

laboratory measures.  In addition, the results of an unbiased transcriptomic and integrated 584 

multi-omic analysis showed evidence that NR upregulates the synthesis of mitochondrial in 585 

skeletal muscle, as anticipated from the expected mode of action. NR was well tolerated by 586 

all eight participants, endorsing a larger prospective randomise controlled trial to determine 587 

whether this approach should be used as a treatment for mtDNA disorders. 588 
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Figures 918 

Figure 1. Study overview and Pharmacokinetic studies. (A) Participants attended for a 919 

screening visit to check eligibility and gain informed consent.  Muscle biopsies were 920 

performed at the baseline and end of treatment visits. Concentration of (B) Nicotinamide 921 

Adenine Dinucleotide+ (NAD+), and (C) Nicotinamide Riboside (NR) in participant NR006 922 

at baseline (v1) and after 1 (v2), 2 (v3), 3 (v4) and 4 weeks of treatment with NR 10mg/kg 923 

BD. 924 

 925 
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Figure 2. Skeletal muscle histochemistry before and after treatment with NR. (A) Dual 926 

cytochrome c oxidase (COX)-Succinate Dehydrogenase (SDH) staining showing COX 927 

negative fibres (blue) and COX intermediate fibres (intermediate brown / blue) in the pre-928 

treatment quadriceps muscle biopsy from a participant with a large scale mtDNA deletion 929 

(NR011). Magnification 20X. Scale bar 20 um. (B) Percentage of COX deficient fibres in 930 

pre-treatment quadriceps muscle biopsy (v1) and after 4 weeks of NR treatment (v5). (C) 931 

Gomori trichrome staining showing ragged red fibres in the pre-treatment quadriceps muscle 932 

biopsy from a participant with a large scale mtDNA deletion (NR011). Magnification 40X. 933 

Scale bar 20um. (D) Percentage ragged red fibres in pre-treatment quadriceps muscle biopsy 934 

(v1) and after 4 weeks of NR treatment (v5) in participants with deletions and SNVs. 935 

Deletion = large scale single deletion of mtDNA. SNV = single nucleotide variant of 936 

mtDNA. 937 

 938 

 939 

 940 
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Figure 3. Respiratory chain enzymes, mitochondrial DNA copy number, mitochondrial 941 

DNA deletion analysis, biomarkers and clinical outcomes before and after treatment 942 

with NR. Muscle biopsy analysis, biomarkers and clinical outcomes pre-treatment (v1) and 943 

after 4 weeks of NR treatment (v5). (A) Complex I activity normalised to citrate synthase; 944 

(B) Complex IV activity normalised to citrate synthetase. (C) Citrate synthase activity. (D) 945 

Bulk mitochondrial DNA copy number measured by droplet digital PCR. (E and F) 946 

Mitochondrial DNA deletions visualised by MitoSAlt. The outer circle represents the 947 

mitochondrial genome.  The lines represent different deletions detected.  The colour of the 948 

line represents how many of each deletion were detected (darker colour meaning a higher 949 

number).  Participants NR010, NR011 and NR012 had different single deletions (positions 950 

reported under bar plot in G). F shows the deletions identified in participant NR012 before 951 

and after treatment. We note that the heteroplasmy levels calculated by MitoSAlt are higher 952 

than those measured by droplet digital PCR. (G) Bar plot showing the deletion heteroplasmy 953 

in muscle before and after treatment, calculated by the MitoSAlt pipeline. (H) Agarose gel 954 

showing PCR products for the three participants with large-scale mtDNA deletions. The 955 

ladder on the left-hand side shows markers in thousands of base pairs. The wild type PCR 956 

product is around 9000 bp long (top arrow). Shorter PCR products (bottom two arrows) 957 

indicate mtDNA deletions. (I) Phosphocreatine recovery rate constant (kPCr). (J) Serum 958 

FGF21 level. (K) Serum GDF15 level. (L) Timed up and go (TUG) test. (M) 6-minute walk 959 

test distance. Deletion = large scale single deletion of mtDNA. SNV = single nucleotide 960 

variant of mtDNA. 961 
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Figure 4. Integrated transcriptomic and proteomic analysis in muscle before and after 964 

treatment with NR. (A) Relationship between transcriptomics and proteomics datasets 965 

based on the first two components of the DIABLO analysis showing the strength of the 966 

correlation (0.86) between these two omics layers. (B) Distribution of individual samples 967 

along the first two principal components for both proteomics (left) and transcriptomics 968 

(right) data. Samples coloured according to treatment groups (V1 and V5). (C) Feature 969 

Loadings Plot for proteomics showing the top proteins driving the separation in the first 970 

component of the DIABLO analysis showing the contribution of the top 10 proteins to the 971 

variance captured by Component 1. (D) Feature Loadings Plot for transcriptomics showing 972 

the top genes driving the separation in the first component of the DIABLO analysis showing 973 

the contribution of the top 10 transcripts to the variance captured by Component 1. 974 

 975 
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Figure 5. Metabolomics Contribution, Pathway Enrichment, and Multi-Omics 976 

Correlation in muscle before and after treatment with NR. (A) Pathway enrichment 977 

analysis of discriminant metabolites identified significant involvement of Nicotinate and 978 

Nicotinamide Metabolism and NAD⁺ Biosynthetic Pathways, among others. Dot size 979 

represents enrichment ratio, and color intensity reflects p-value significance. (B) Feature 980 

Loadings Plot for metabolomics data, showing the top metabolites contributing to 981 

Component 1 of the DIABLO analysis. Notably, several NAD-related metabolites, including 982 

Nicotinamide N-oxide, 2PY, 4PY, and NAAD, show strong positive loadings. (C) Omics 983 

correlation plot (circos plot) depicting interconnections across transcriptomics, proteomics, 984 

and metabolomics layers. Lines represent pairwise correlations (positive in red, negative in 985 

blue) among the most strongly associated features, filtered at a correlation cut-off of r = 0.95. 986 
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Table 1 Clinical characteristics of the study participants.  991 

Participant Sex Age 

(1st 

visit) 

Genetics Main clinical features Age at 

symptom 

onset 

NR006 M 53 m.3243A>G Type II diabetes, painful peripheral 

neuropathy, hearing impairment, 

seizures, ataxia 

51 

NR007 M 68 m.3243A>G Type II diabetes, hearing impairment, 

proximal myopathy, ptosis, CPEO 

54 

NR008 F 21 m.3243A>T Ptosis, fatigue, raised CK, myalgia, 

migraine, neuropathic pain, long GI 

transit time, myopathy 

5 

NR009 M 34 m.3243A>G Type I diabetes, vertigo, hearing 

impairment, left ventricular 

hypertrophy 

26 

NR010 F 57 m.3243A>G Mild macular dystrophy, type II 

diabetes, hearing loss 

51 

NR011 M 56 Single 

mtDNA 

deletion 

CPEO, proximal myopathy 28 

NR012 M 54 Single 

mtDNA 

deletion 

CPEO, retinitis pigmentosa, proptosis 

right eye, episode of symptomatic 

bradycardia, proximal myopathy, 

fatigue, headaches, type II diabetes, 

fatty liver, hypertension 

35 

NR013 F 38 Single 

mtDNA 

deletion 

CPEO 38 

CPEO = chronic progressive external ophthalmoplegia, CK = serum creatine kinase. 992 
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