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ABSTRACT

Riboflavin (RF, vitamin B2), is an essential vitamin of which the co-factors are critical to
numerous cellular processes. RF is used as a treatment for inherited metabolic diseases
(IMDs), although its effectiveness in many disorders has not been established. We aim to
summarize all available data on the efficacy and safety of RF in the management of IMDs.
A systematic literature search was conducted for articles reporting the effectiveness of
RF in IMDs. RF therapy was considered “effective” in an IMD if more than 75% of patients
showed a positive response, “uncertain” in case of a positive response in fewer than
75% of patients and “not effective” if patients deteriorated or died following RF therapy.
RF therapy was reported in 381 articles addressing 33 separate IMDs. A positive effect
was established in MADD type 3 (n=536, 93.1% responsive), RTD 2,3 (n=94, 90.4%
responsive), ACAD 9 (n=29, 75.9% responsive) and FAD transporter deficiency (n=5,
100% responsive). The effect was uncertain in complex | and Il deficiency, ethylmalonic
encephalopathy, FAD synthase deficiency, glutaric adicuria type 1, L2 hydroxyglutaric
aciduria and MADD type 2. RF was not effective in MADD type 1. Adverse effects
were infrequent and mild. RF therapy in MADD type 3, RTD 2 and 3, ACAD9 and FAD
transporter deficiency is safe and effective. Access to RF for these patients is crucial.
For a substantial group of IMDs the effect of RF remains uncertain. In these conditions,
a trial of RF therapy with clearly defined outcome criteria might be considered.
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Effectiveness of riboflavin in IMDs

INTRODUCTION

Inherited metabolic diseases (IMDs) are a diverse group of genetic disorders wherein
biochemical pathways are impaired. Advances in understanding the underlying
pathophysiology of these conditions have highlighted the therapeutic role of essential
nutritional therapy products, such as vitamins. Riboflavin (RF, 7,8-dimethyl-10-ribityl-
isoalloxazine), also known as vitamin B2 is a water-soluble, essential vitamin of which
the co-factors flavin mononucleotide (FMN) and flavin adenine dinucleotide (FAD) are
critical to numerous cellular processes, including mitochondrial energy metabolism and
the function of various flavoenzymes.!2

RF has been reported to be an effective therapy for a number of IMDs, based
on the understanding that FAD and FMN play multiple roles in metabolically active
cells. After transport into the cell, RF is directly converted into FMN and FAD. FMN
and FAD are incorporated into the “flavoproteome”, a collection of flavoproteins
localized to the mitochondria that play a role in oxidative decarboxylation of amino
acids and glucose, and B-oxidation of fatty acids.? A subset of flavoproteins is crucial
for mitochondrial oxidative phosphorylation (OXPHOS) function. Impaired flavoprotein
function is implicated in several mitochondrial disorders, and increasing cellular FMIN/
FAD availability is thought to support mitochondrial activity.! Considering the wide-
ranging functions of flavins in metabolically active cells, it seems understandable that
RF has been explored as a therapy in various IMDs. Its effectiveness, though, varies
considerably between disorders.

RF therapy has been reported in a range of IMDs, including RF transporter deficiency
type 2 and 3 (RTD 2,3, OMIM #614707, #211500), as well as a substantial number of
mitochondrial IMDs, such as multiple acyl-CoA dehydrogenase deficiency (MADD, OMIM
#231680), acyl-CoA dehydrogenase 9 (ACAD9) deficiency (OMIM #611126), mitochondrial
myopathy, encephalopathy, lactic acidosis, and stroke-like episodes (MELAS, OMIM
#540000) and many others.?® The level of evidence supporting the effectiveness of RF
therapy in these disorders differs: some have a relatively strong evidence base for its
use, whereas for many others the quantity and robustness of data remain uncertain. As
a result, the extent of the effectiveness, safety, and optimal application of RF therapy
in many IMDs is uncertain, despite its frequent use in clinical practice. For IMDs with
well-established effectiveness of RF therapy, it is of utmost importance to ensure patient
access to RF. For IMDs lacking evidence of benefit, RF therapy could be discontinued.
In cases where its effect remains uncertain, further research might be warranted.
Therefore, we have conducted a systematic literature review to summarize all available
data on the efficacy and safety of RF in the management of IMDs.
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METHODS

This systematic review was registered in the International Prospective Register for
Systematic Reviews (CRD42023476445).

Selection criteria

Articles were included in this systematic review if the effectiveness of RF (in any dose
or route of administration) on clinical symptoms was reported in patients with IMDs
confirmed by biochemical or genetic testing. Only articles with original data published
in peer-reviewed journals were included. Conference abstracts and studies in languages
other than the English language were excluded.

Search strategy

A comprehensive search using controlled terms and free text terms for the concepts
(1) riboflavin (or synonyms including, but not limited to, vitamin B2 and lactoflavin),
(2) IMDs and (3) specific relevant disorders (e.g., riboflavin transporter deficiency,
ACADS9 or AIFM1 mutations, mitochondrial complex | deficiency, multiple acyl-CoA-
dehydrogenase deficiency MADD, FAD synthase and SLC25A32 deficiency, Mitchell
Syndrome, MELAS, Kearns-Sayre syndrome and MERRF) was performed in the PubMed
and Embase database. The search was restricted to articles in human subjects, no other
date or language restrictions were applied. The search was performed on December
21st 2023. In the Supplemental material, the complete search strategy is presented.
The identified records were imported into reference management tool Endnote (X9.2;
Clarivate Analytics, Philadelphia, PA, USA) and duplicates were removed.

Study selection and critical appraisal

Titles, abstracts, and the subsequently obtained relevant full-text articles were
independently evaluated for eligibility by two reviewers from our review team (A.B.,
B.J., F.A. and N.S.) using Rayyan (Qatar Computing Research Institute, Doha, Qatar).”®

Data collection and analysis
Baseline patient characteristics (IMD, genetic and biochemical confirmation of diagnosis,
age of onset), riboflavin therapy details (e.g., daily dose), follow-up, and outcomes were
extracted using a standardized extraction form in Castor EDC (Castor v2023.4.4.0).
The effectiveness of RF per article was classified into three categories: effective,
uncertain, or not effective. RF therapy was considered effective if the authors reported
improvement of symptoms or stabilization of symptoms in a progressive disease. The
effect was deemed uncertain if the stabilization or improvement of symptoms could
not be directly attributed to RF therapy, such as in cases of an insufficient follow-
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up period or an uncertain natural progression of the disease. Effect was considered
absent if the authors reported no effectiveness or in case of (rapid) disease progression.
Subsequently, the type of clinical effect was specified according to the following
symptom categories: central nervous system, peripheral nervous system, cardiological,
hematological, hepatological, renal or other. Biochemical outcomes were documented
under “other”.

Safety was assessed by documenting adverse events or side effects of RF therapy,
scored according to the definitions of the Common Terminology Criteria for Adverse
Events (CTCAE) v5.0. No grading was applied.

For MADD, the type of MADD was recorded based on the classification provided by
the authors of the respective article. In cases where the type was not explicitly reported,
MADD type 1 was defined as neonatal onset with congenital anomalies, MADD type 2
as neonatal onset without congenital anomalies, and MADD type 3 as any onset beyond
the neonatal period."

In addition, medication, nutritional therapy and dietary treatment given in combination
with RF were documented. In cases involving combination therapy, effectiveness was
assessed as likely attributable to RF therapy (yes, no, or unknown). Attribution could be
determined when patterns indicated a specific RF effect, including improvement after
adding RF to combination therapy, a challenge-rechallenge response (i.e. symptoms
returned after RF was withdrawn), or lack of symptom recurrence after discontinuation
of concomitant treatments.

If RF was given in a combination of three or more vitamins or nutrient compounds
(also called a vitamin or mitochondrial cocktail)'?, the isolated effectiveness and safety
of RF could not be determined. Consequently, for these articles, only the effect of
combination therapy as a whole was assessed, and no additional data were extracted.

RF therapy was considered an effective therapy if more than 75% of patients
with a specific condition experienced a positive effect. The effect of RF therapy was
regarded as uncertain if fewer than 75% of patients with the same condition showed any
benefit. RF therapy was deemed not effective if all patients with the specific condition
demonstrated progression or died.

If the effect of RF therapy for a specific IMD was reported in more than three studies,
the data were pooled for analysis. Data on the effect of RF therapy in an IMD described
in two or fewer studies were provided in a supplementary file.
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RESULTS

The literature search identified a total of 1585 articles. Following the removal of
265 duplicates, 1320 articles were assessed based on their title and abstract (Fig.
1). A total of 539 records were selected for full-text review and of these, 381 were
included.®589:13-125.127-188,190-194,196-199,202-214,216-395 Regsons for exclusion during full-text
screening are outlined in Figure 1. The majority of included articles were case reports
(262, 68.8%) or case series (117, 30.7%). Two articles (0.5%) described non-randomized
controlled studies.

Baseline characteristics

In 242 studies reporting a total of 779 patients, RF was administered without being part
of vitamin cocktail therapy. Of the 524 patients for whom gender was reported, 260
(49,6%) were male. A total of 33 separate IMDs in which RF therapy was initiated were
identified. RF therapy was most frequently reported in MADD type 3 (n= 537, 68.9%),
followed by RTD 2 and 3 (n=94 12.1%) and ACAD9 deficiency (n=29, 3.7%).

1. IMDs in which RF therapy was effective

In four IMDs the outcome was classified as “effective” (see Table 1 for an overview). In
these IMDs, effectiveness of RF therapy was reported for >75% of treated patients. The
proposed biochemical mechanisms of RF responsiveness are summarized in Table 3.

MADD type 3

MADD, also known as glutaric acidemia Il or glutaric aciduria Il, can be caused by
mutations in at least 3 different genes: ETFDH and ETFA or ETFB. Patients with MADD
type 3 can present from infancy to adulthood. Symptoms include muscle weakness,
exercise intolerance and metabolic crises with rhabdomyolysis, episodic vomiting
with hypoglycaemia and metabolic acidosis.® A total of 534 RF treated MADD type
3 patients were reported in 114 articles, 497 (92.9%) had a genetically confirmed
diagnosis.>'*'2 RF was administered at doses ranging from 9 to 800 mg/day depending
on body weight, and therapy was initiated between 1 month and 80 years of age. In
516 patients (96.6%) a positive treatment effect was documented following therapy
that included RF_5,13-15,17-22,24-29,31-49,51-56,58,60-99,101-107,109-113,115-117,120-126 Near|y half Of these
responsive patients (n=230, 44.4%) received RF monotherapy.’?’-'%® For 148 patients
(51.4%) with a concomitant treatment, positive effects were considered likely related
to RF therapy because of improvements following the addition of RF, a challenge-

rechallenge effect or a lack of symptom recurrence after discontinuing concomitant
therapies_14.18,20,22,25,33-35,40.53,63,68,70-72.79,109,110,164
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Of the patients with genetic confirmation of their MADD diagnosis, 485 (97.6%)
carried ETFDH mutations and nearly all of these patients (n=480, 99.0%) were RF-
responsive. A small number of patients carried variants in ETFA (n=4): three showed a
positive response to RF therapy,'?" and one had an unclear response.?® One patient
with an ETFB mutation was reported, who also carried an ETFDH polymorphism and
showed a favourable response with a relatively mild disease course.?®

The effect of RF was specified in 468 patients (90.7%, see Table 1.) In 458 patients
(97.9%), enhanced exercise tolerance and muscle strength after start of RF were
reported_5,13,15-17,19,22,24-27,29,32—37,40-42,44-49,51-53,55-65,68-70,73-79,81-92,94-97,99,102—107,109-113,117,120-125 A
biochemical response, as evidenced most often by a reduction in creatine kinase (CK)

levels was reported in 152 patients (32_3%)_15,24-27.32,33,35-37,41,46,54,58,60,62.63.65,68,72,74,79,80,86,87,
90,94,103,109,111,122,124,125

RTD type 2 and 3

Riboflavin transporter deficiencies type 2 and 3 are caused by variants in SLC52A2 and
SLC52A3 respectively, resulting in defective transport of riboflavin and intracellular flavin
deficiency. Patients present in infancy or (early) childhood and more rarely in adulthood
with a (sub)acute and progressive peripheral and cranial neuronopathy that causes
muscle weakness, respiratory insufficiency, vision loss, deafness, and sensory ataxia.'®
A total of 45 studies reported on RF treatment effects in 94 genetically confirmed
patients with RTD type 2 or 3 (see Table1).3127-163166-172 RTD) type 2 (associated with
variants in SLC52A2) was reported in 60 patients (63.8%), 88.3% of whom showed
a positive responsive following RF therapy. RTD type 3 (associated with variants in
SLC52A3) was reported in 33 patients, 97.0% of whom had a positive RF therapy
response. One patient had a single allele mutation in both SLC52A2 and SLC52A3.'%?
This patient also had a positive response to RF therapy.

Symptom onset ranged from birth to 35 years of age, while RF therapy was initiated
between 0 and 64 years. RF dosage ranged from 1.7-80mg/kg/day and 20-1500mg/d.
RF therapy was effective in 85 patients (90.4%),3127-163166.167.169.172 ' the majority (n = 78,
91.8%) received RF monotherapy.'?7-163

In 65 RF-responsive patients (76.5%) the effect type was reported. Increase in
muscle strength was reported most frequently (n=62, 95.4% of patients for whom a
type Of effect was reported)_3,127—134,136-138,140-149,153-155,157-163,166,167,169,172 Although biOChemical
findings were not consistently reported across all studies, improvements following RF
therapy, such as normalization of acylcarnitine profiles and/or urine organic acids, were
reported in 24 patients.3127128131,142.144,149-151 |n one study, acylcarnitine profiles before and
after the initiation of RF therapy were available for nine patients, with normalization
following treatment observed in all of them.”® In several cases, improvements were
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noted in different aspects of neurological functioning, i.e. disappearance of pyramidal
signs (n=7), improved vision (n=4)'29136145166 gnd hearing (n=4)!2%136.139.140,

In seven patients no effect (but also no deterioration) was seen following start of
RF therapy.'881%4139128 |n two of these patients, RF was started decades after the onset
of symptoms.'8&128Additionally, a study reporting on only auditory function describes
four patients with prolonged hearing impairment that experienced no improvement
after 24 months of RF therapy, while two patients treated within a year of the onset of
hearing loss did improve following RF therapy.’®® Six of the non-responsive patients
had mutations in SLC52A2 and one in SLC52A3. 128139171 168 |n two patients, treatment
effect could not be evaluated. One patient was lost to follow-up.’®'" and in one patient
RF therapy was discontinued after one week because there was no immediate clinical
improvement.'”®

ACAD9
ACAD?9 deficiency is an autosomal recessive multisystem disorder caused by variants
in ACADO, resulting in a deficiency of mitochondrial complex 1 and characterized by
infantile or childhood onset of acute metabolic acidosis, hypertrophic cardiomyopathy,
liver dysfunction, muscle weakness and (usually mild) developmental delay.® A total of
eight studies reported on 29 genetically confirmed RF-treated ACAD9 patients.%73-17%
The age of disease onset ranged from 0 days to 15 years. RF dosages were reported
for 11 patients and ranged from 15-20mg/kg/day to 40-300mg/day. In the majority of
patients (n=22, 75.9%) RF therapy was effective.*'”*'”® RF monotherapy was reported
in at least 11 RF-responsive patients (50%). In a review that included 17 previously
unpublished RF-treated ACAD9 patients, data on concomitant therapies was unclear:
the use of coenzyme Q10, biotin, and L-carnitine by some patients was noted, but
individual treatments were not specified.®

The type of effect following RF therapy was further specified for 12 patients (54.5%),
The majority of RF treated patients experienced an improvement of muscle strength
(n=9, 75% of patients for whom type of effect was reported).">7%1"® A biochemical effect
was described in five patients and included a reduction of lactate in plasma and the
normalization of complex | activity in fibroblasts.!”>17

Seven patients did not respond to RF therapy, two of whom died despite treatment.®
In the patients that died, symptom onset occurred on the first day of life, and death
at 28 and 60 days, respectively. Nonetheless, RF therapy was significantly associated
with improved survival in other patients with disease onset before one year. Of the 12
early-onset patients who received RF, 2 died, compared to 8 of 11 untreated patients.®
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FAD transporter deficiency

Mitochondrial FAD transporter deficiencies (OMIM #616839) are caused by variants
in SLC25A32 and present with recurrent muscle weakness, exercise intolerance and
episodic hypoglycemia. Other symptoms that have been described include early-
onset ataxia, myoclonus, dysarthria, and dysphagia.’®'®" Three studies reported on in
total five patients with FAD transporter deficiency, all carrying biallelic variants in the
SLC25A32 gene.’®-182 181The age of disease onset ranged from 6 months to 4 years.
RF therapy was effective in all patients (RF dose range 30-200 mg/day). Two patients
received RF as monotherapy, the other three patients were concomitantly treated
with carnitine (n=3) and coenzyme Q10 (n=1)."8! In two patients exercise intolerance
and walking distance improved.'®82 Recurrent episodes of hypoglycemia were the
primary symptom in three additional patients, which were no longer observed after
RF administration.’®! Biochemical evidence of treatment effect was demonstrated by
normalization of acylcarnitine profiles and urine organic acids in four patients after start
of RF therapy.'8®8!

TABLE 1 IMDs in which RF therapy was effective among reported RF-treated patients

MADD RTD ACAD9  FAD transporter
type 3 type2 and 3 deficiency
RF-treated patients (n) 534 94 29 5
Diagnosis genetically confirmed (n, %) 497 (92.9) 94 (100) 29 (100) 5(100)
Sex reported (n, %) 304 (57.1) 82(87.2) 28 (96.6) 5 (100)
Male (n, %) 146 (48.2) 16 (43.9) 18 (57.1) 3 (60.0)
RF effect (n, %)
Positive effect 516 (96.6) 85 (90.4) 22 (75.9) 5(100)
Monotherapy* 229 (44.4) 78(91.8) 11 (50.0) 2 (40.0)
Type of effect (n, %)
Type of effect specified” 468 (90.7) 65 (76.5) 12 (54.5) 5 (100)
Neurological: CNS 2(1.4) 7 (10.8) 1(8.3) 0(0)
Neurological: PNS 458 (97.9) 62 (95.4) 9(75.0) 1(20.0)
Gastroinstestinal 6 (1.3) 0(0) 0(0) 0(0)
Hematological 0(0) 4(6.2) 0(0) 0(0)
Hepatological 6 (1.3) 0 (0) 0(0) 0(0)
Biochemical 152 (32.3) 24 (36.9) 541.7)  4(80.0)
Other 9(1.9 16 (24.6) 0(0) 3 (60.0)

*In RF-responsive patients
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2. IMDs in which the effect of RF therapy was uncertain

For seven IMDs, the effect of RF therapy was uncertain. In these diseases, a positive
effect of RF therapy was reported for less than 75% of treated patients (see Table 2).
The proposed biochemical mechanisms that may explain RF responsiveness in these
disorders are summarized in Table 3.

Complex | deficiency

Mitochondrial complex | deficiency has a wide range of clinical phenotypes including
myopathic forms and a multisystem disease with psychomotor delay or regression and
shows extreme genetic heterogeneity. It can be caused by mutations in nuclear-encoded
genes, such as NDUFS1 (OMIM #618226), NDUFV1 (OMIM #618225) or in mitochondrial-
encoded genes. Five studies reported on the effects of RF therapy in the management of
9 patients with complex | deficiency.'®3'¥7 In three patients the diagnosis was genetically
confirmed through the identification of variants in NDUFS1, NDUFV1 and mitochondrial
DNA.1841868.187 |n six patients the diagnosis was made based on biochemical analysis of
muscle biopsies.'®®'8® RF dosages were reported in three studies (range 9-60mg/day).
A positive effect of RF therapy was reported for six patients (66.7%) with complex |
deficiency.’®3185187 Five of the RF-responsive patients were biochemically diagnosed,
one had a mutation in the mtDNA (MT-TL1 m.3250T>C). Four received monotherapy,
but notably these were also the cases diagnosed solely by biochemical testing.'®318
RF-responsive patients exhibited improved muscle strength (n=4) or improvement of
psychomotor development (n=2).'83185 |n three patients (33.3%) no effect was observed
following RF therapy, and these included the patients with variants in NDUFS7 and
NDUFV1_183,184,186

Complex Il deficiency

Mitochondrial complex Il deficiency is an autosomal recessive disorder with a highly
variable phenotype. Some patients have isolated cardiac or muscle involvement. Other
patients have multisystem disease involving brain, heart, and muscle. There is genetic
heterogeneity with identified variants in SDHA, SDHAF1, SDHD and SDHB (OMIM
#252011, #619166, #619167, #619224).

Three studies report on the effects of treatment with RF, either as monotherapy or
in combination with coenzyme Q10, in five patients with complex Il deficiency.'®81%° |n
all patients, the diagnosis was based on biochemical analysis of muscle tissue and/
or fibroblasts without genetic confirmation. In three patients RF therapy (range 50-
100mg/d) was effective, with improvements in cognitive functions noted for all, as well as
normalization (n=1) or stabilization (n=2) of psychomotor development.'®®. For one patient,
the response was uncertain. This 26-year-old woman presented with a myopathic form
of complex |l deficiency, as well as cardiomyopathy, and no symptom progression was
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observed during one year of follow-up after the initiation of RF and CoQ10.%8 In the final
patient with biochemically proven complex Il deficiency, RF in combination with CoQ10
could not prevent a fatal outcome. This 11-month-old girl started riboflavin therapy
after hospitalization for worsening cardiomyopathy and psychomotor regression. She
subsequently developed pneumonia and heart failure and died at 13 months.'®®

Ethylmalonic encephalopathy

Ethylmalonic encephalopathy (EE, OMIM #602473) is an early-onset progressive disorder
caused by pathogenic variants in ETHET and characterized by psychomotor delay and
regression with pyramidal and extrapyramidal signs, epilepsy, generalized microvascular
damage and chronic hemorrhagic diarrhea.”®' The effect of RF was described in five
patients with EE, reported in five studies.'641921% Two patients had a genetically confirmed
diagnosis, and these were also the only patients that received RF monotherapy.'921
RF dosage ranged from 50-300 mg/day. Two patients showed clinical improvement
following RF therapy, and one of these patients also had a biochemical response. 164193
In one patient, there was no effect of RF therapy.'®? In two patients, the response was
uncertain: one patient showed some biochemical improvement following the start of
RF therapy, but only a slight and subjective clinical response.'®® Another patient had a
reduction in the number of hypoglycemic episodes, but RF therapy was initiated at the
same time as a protein restricted diet and supplementary carbohydrates.!®*

FAD synthase deficiency
FAD synthase deficiency (OMIM #255100) is a disorder biochemically resembling
MADD due to mutations in FLAD1, which encodes FAD synthase (FADS). The clinical
presentation is heterogeneous and may occur at any age, encompassing neurological
features such as bulbar palsy (including vocal cord paralysis), dyspnea with stridor,
and dysphagia, as well as lipid storage myopathy, with a variable prognosis.'®®'%7 Six
studies reported on eleven patients with genetically confirmed FADS deficiency.!6-57:197-200
RF dosages were recorded for four patients (3-30 mg/kg/d'*® and 100-200mg/d16:5":200),
Eight patients received RF monotherapy.57:199.200 57:197.200

In total, RF therapy was effective in six FAD synthase deficiency patients.!6:57.199.200
Three demonstrated improved cardiac and muscular function along with normalization
of urinary organic acids, while the fourth showed a mild improvement in hypotonia.'®®
In three patients, RF therapy was not effective.’® % |n two patients, its effect was
uncertain. In one, RF was discontinued due to unspecified side effects.’® In another
patient, RF and carnitine therapy were first initiated in the neonatal period with no
clear clinical response described.??® RF was discontinued at the age of two years and
restarted six years later. The patient’s parents then reported improved muscle strength
and chewing, which was not objectively quantified.
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Glutaric aciduria type |

Glutaric aciduria type | (GAI, OMIM #231670) is an inborn error of lysine, hydroxylysine
and tryptophan metabolism caused by variants in GCDH resulting in deficiency of
the mitochondrial enzyme glutaryl-CoA dehydrogenase (GCDH).2°" Without treatment
(i.e. diet and carnitine supplementation), affected children develop encephalopathic
crisis following fever or catabolic conditions, resulting in bilateral striatal injury, leading
to a dystonic movement disorder that usually begins during the first year of life.22 A
total of 13 articles report on RF therapy in 25 patients with GA1, 11 (44.0%), of whom
had a genetic confirmation.2%®-2'* RF dosage was reported for 12 patients and ranged
from 25-100mg/d.20%-207.21® For most GA1 patients (n=13, 52.0%), the effect of RF was
uncertain.203.207.208,210-212.214215 The majority of these patients (n=12) were concomitantly
treated with carnitine. A positive response to RF therapy was reported in four cases
(16.0%)).204205 A challenge-rechallenge biochemical response was documented in one
of these cases, wherein urinary glutarate levels declined with RF therapy, increased
following its withdrawal, and decreased again upon reinitiation.2°® There was also clinical
improvement (less somnolence and less hypotonia) noted. This patient was receiving RF
monotherapy for a while, although a low lysine diet was added to her treatment shortly
thereafter.2%® In five patients (20.0%),204206.209.213 there was no effect following RF therapy
and one patient died before the effect could be assessed.?'*

L2-Hydroxyglutaric aciduria

L2-Hydroxyglutaric aciduria (L2HGA, OMIM #236792) is a gradually progressive
neurodegenerative disorder caused by pathogenic variants in L2HGDH encoding
mitochondrial 2-hydroxyglutaric dehydrogenase. Patients present in the first year of
life with neurological degeneration including pyramidal, extrapyramidal and cerebellar
symptoms.?'® RF therapy for L2-HGA was reported in six case reports involving six
patients, four of whom (66.7%) had genetic confirmation of their diagnosis.2'7-222
Treatment outcomes for RF therapy varied. The range of RF dosage was 100-300mg/
day. Two patients exhibited improvement of cognitive and/or motor skills after start of
RF,2821° and one of these patients received RF monotherapy.?'® Two other patients had
an uncertain response which could not clearly be attributed to RF therapy .22"222 |n the
two remaining patients RF therapy was not effective.?":220

MADD type 2

Multiple acyl-CoA dehydrogenation deficiency is a disorder of fatty acid and amino acid
oxidation. MADD is caused by mutations in the ETFA, ETFB or ETFDH. Patients with
MADD type 2, the neonatal onset form without congenital anomalies, usually present
within the first days of life with hypotonia, multisystem involvement, metabolic acidosis
and hypoketotic hypoglycemia. The disease is often fatal in the first week(s) of life,
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several patients have survived for a duration of several months, ultimately succumbing
to severe cardiomyopathy. Nine articles report on treatment with RF in 14 patients
with MADD type 2.'14115:118:223-228 Thjs diagnosis was genetically confirmed in 10 cases
(71.4%).14118.223.224.227 RE dosages were only reported for four cases (range 10-400mg/
d)_115,223.225-227 114,118

RF therapy was effective in only one patient, who also received carnitine
supplementation.??” This infant with a compound heterozygous ETFA mutation (c.797C>T
(p-Thr266Met);c.667C>T (p.Arg223Ter)) developed hypoglycemia within the first 24 hours
of life. RF therapy and carnitine were initiated on day 4, resulting in a clinical recovery
and normal development by age one.The use of RF monotherapy is reported in one
patient whose genetic data were not reported, but this did not result in clinical or
biochemical improvement and the patient died shortly thereafter.??® Four additional
patients died despite RF therapy, three of whom carried pathogenic variants in ETFHD
and one with variants in ETFA.""4"® |n six other patients there was no response to RF
therapy.'4118.226 Two of these patients had compound heterozygous variants in ETFHD
and one in ETFA. Additionally, in one patient with a homozygous ETFDH mutation the
response to RF therapy was uncertain.??® In this patient, treatment with RF and carnitine
resulted in some improvement of muscle strength and a slight biochemical response,
but severe metabolic impairment persisted despite treatment and the patient died of
an infection at the age of 34 months.

3. IMDs in which RF therapy was not effective
In these diseases, no effect of RF therapy was reported for all treated patients (see
Table 4).

MADD type 1

Patients with multiple acyl-CoA dehydrogenase deficiency (MADD) type 1 caused by
mutations in ETFA, ETFB or ETFDH, present in the neonatal period with a metabolic
acidosis, hypoglycemia and hyperammonemia, as well as congenital anomalies."
Those patients that do survive the neonatal period suffer from recurrent metabolic
decompensation and often develop a hypertrophic cardiomyopathy. Four studies
reported on the use of RF therapy in four patients with a genetic confirmation of MADD
type 1.50100114118 Al four patients had pathogenic variants in the ETFDH gene.RF dosages
were reported in two cases, these patients received high-dose therapy in the neonatal
phase (200mg/kg/d and 100mg/d).%*%° Concomitant carnitine and/or dietary therapy
was administered to three patients.5%°01"® Additional treatments were not reported for
the fourth patient. None of the patients responded favorably to RF therapy: two patients
died shortly after initiation of RF (at 38 days and 9 days old respectively),5°'% while the
two other patients showed no response and died within the first year of life."™"®
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TABLE 4 IMDs in which RF therapy was not effective among reported RF-treated patients

MADD type 1

No. of RF-treated patients (n) 4

Diagnosis genetically confirmed (n, %) 4 (100)

Sex reported (n, %) 3(75.0)

Male (n, %) 3(100)
RF effect (n, %)

No effect 2 (50.0)

Positive effect 0(0)

Effect unclear 0(0)

Patient died 2 (50.0)

IMDs with <2 studies reporting on RF therapy

A total of 30 additional studies report on the use of RF therapy in 23 different IMDs
(see supplementary files S2 for a full overview).2'80.234-262 RE was effective in seven
IMDs, namely: Cataract, alopecia, oral mucosal disorder, and psoriasis-like (CAOP)
syndrome (OMIM #621252, n=1)?%*", Cytochrome ¢ Oxidase deficiency (OMIM #220110,
n=1)?%, Dihydrolipoamide dehydrogenase deficiency (OMIM #246900, n=1)2%, Glycogen
storage disease 0 (OMIM #611556, n=1)?%%, KARS deficiency (OMIM #601421, n=1)°,
Pyruvate dehydrogenase deficiency (OMIM #312170, n=1)?® and Trimethylaminuria
(OMIM #602079, n=2)2%. In four other IMDs, a variable effect of RF therapy was reported,
with reports of both positive effects and no or uncertain outcomes (see supplementary
files). These included AIFM1 (OMIM #300169, n=2)?42262 Glutaric aciduria type 3
(OMIM #231690, n=2)?** MELAS syndrome (OMIM #540000, n=2)324, different types
of a mitochondrial myopathy (OMIM *590050, n=2)?4':2> and Very long-chain acyl-CoA
dehydrogenase deficiency (OMIM #201475, n=6)2402%7. Additionally, the effect of RF
therapy was uncertain in four separate IMDs while in seven, there was no response or
the patient died.

Vitamin cocktails
In 139 studies (36.2%), RF was given in a cocktail of three or more vitamins or nutrient
compounds.'26:233:263-3%9 |n 59 (42.4%) studies, the patient(s) either died or experienced

deterioration shortly after the medication cocktail was initiated, clearly indicating it
was not effective.266-269,273,275,279,281-283,285,286,288,289,294,296,297,304,308,315,318-320,323,324,326-328,333,334,336,

338,339,342,345,346,348-351,3583,356,357,362,368,369,372,373,375,377,379,380,382,383,391,392,394-396 In another 59 (42 4%)
. ’

the response or effect was uncertain_263-265,270-272,274,276-278,280,284,287,290-293,295,298-303,306,307,310-
313,322,325,329-331,335,341,352,354,355,359-361,363,364,366,367,370,371,374,376,378,384-387,389,397,398 Cocktail therapy was

effective in 21 (151 %) StudieS_128,233,305.309,314,316.317, 321,332,337,340,343,344,347,358,365,381,388,390,393,399
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Safety

Among the 780 IMD patients treated with RF therapy, adverse effects or side effects
were infrequently documented, and reported in only 10 cases (1.3%).3127,129,137,150,151,159
199.228 Gastrointestinal symptoms were most commonly reported (n=8), and included
vomiting (n=4) and gastrointestinal discomfort (n=1).3127129.187.180151.228 |n one of these
cases, the gastrointestinal reaction to RF therapy only occurred following intravenous
administration and the patient was switched to oral treatment with succes.’?” Additionally,
in one case, RF therapy was ceased due to unspecified side effects'® and in another, a
planned dose increase was withheld because of family concern that RF was contributing
to fingertip dryness or cracking.'®®

DISCUSSION

Our literature review demonstrates that RF therapy is effective in four IMDs: MADD
type 3, RTD 2 and 3, ACAD9 deficiency and FAD transporter deficiency. The effect of
RF appears especially robust in MADD type 3 and RTD 2 and 3, given the relatively
large number of patients who have received RF therapy and the proportion of patients
receiving RF monotherapy or the number of patients with a challenge rechallenge effect
when RF was combined with other forms of therapy. In seven IMDs (complex | and Il
deficiency, ethylmalonic encephalopathy, FAD synthase deficiency, glutaric aciduria
typel, L2-Hydroxyglutaric aciduria and MADD type 2), the response to RF therapy was
deemed uncertain based on the evidence available.

For most of these IMDs, only a limited number of RF-treated patients were reported,
with varying treatment responses. The potential biological basis for RF responsiveness
in diseases where RF was effective, as well as in those where its effect remains unclear,
is summarized in Table 3. Side effects or adverse events related to RF therapy were
rarely documented, generally limited to mild gastrointestinal symptoms and illustrate a
favorable safety profile of RF therapy. Overall, RF therapy has proven safe and beneficial
in a subset of IMDs, but considerable knowledge gaps remain for many other IMDs,
where evidence is limited or inconclusive.

Among the four IMDs showing clear clinical improvement with RF therapy, MADD
type 3 had the largest number of treated patients as well as the highest response rate.
Most patients carried ETFDH variants. Molecular studies indicate that the effect of RF
in MADD3 is due to RF-derived FAD that functions as a chaperone, helping to stabilize
misfolded ETFDH proteins and thereby improve or maintain their residual activity.”®120:40
There is a sharp contrast with the lack of effectiveness of RF therapy in MADD 1 and
2. The presence of RF-unresponsive MADD type 1 and 2 patients with ETFDH variants
suggests that the specific genetic variation and residual protein function are more
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important than the gene itself in determining RF response. MADD 1 and 2 are associated
with variants in ETFDH,ETFA or ETFB that severely impair mRNA expression or stability
and result in complete protein loss (MADD type 1) or lead to very low residual activity
of the ETF complex (MADD type 2). Adding RF as a cofactor cannot restore function of
these nonfunctional proteins.'40!

The effectiveness of RF in RTD 2 and 3 is equally indisputable, with the vast
majority of patients improving after initiation of RF therapy. The minor difference in RF
responsiveness between RTD 2 and 3 (88,3 vs. 97%) might be accounted for by a study
reporting the effect of RF on hearing loss in seven patients, a prominent symptom in
RTD that shows limited recovery despite treatment.’®® An increase in muscle strength
seems to be the first and most prominent effect. Improvement in vision and hearing were
less pronounced and required timely initiation of therapy. For the RTD patients who did
not respond to RF therapy, the delay between the onset of symptoms and the initiation
of therapy may have been too long, potentially resulting in irreversible neurological
damage. This phenomenon is also seen in other acquired neuropathies and highlights
the importance of early diagnosis and initiation of RF therapy.

In ACAD9 deficiency, RF therapy was effective in most patients and resulted in an
increase in muscle strength and improved survival in the youngest patients. ACAD9
is important to the assembly of complex 1, and as a flavoenzyme, has a role in the
catalyzation of the initial step of the fatty acid oxidation cycle. It has been suggested
that increased mitochondrial FAD concentration due to RF therapy supports FAD binding
and consecutively improves ACAD9 folding and stability, thereby promoting complex |
assembly and functioning.4?

In FAD transporter deficiency, the observed clinical response also supports the use of
RF as first-line therapy; although the number of reported patients was limited, RF therapy
was effective in all patients. Deficiency of the mitochondrial FAD transporter reduces
mitochondrial uptake of FAD, leading both to impaired FAD-dependent processes and
to disruption of folate metabolism.**®* RF restores FAD availability thereby increasing
FAD uptake.*®* It has been hypothesized that additional folate supplementation may
further stabilize mitochondrial metabolism and help prevent long-term neuromuscular
complications.'®!

As outlined in Table 3, IMDs with clear RF therapy effectiveness are characterized
by relatively well-defined molecular mechanisms, often involving impaired FAD binding
or stability that can be improved by RF supplementation. In contrast, this review also
identified a number of IMDs where the effectiveness of RF is not clearly established
(yet). Notably, in these IMDs, the proposed mechanisms for RF effectiveness are more
indirect and less consistently supported by disease-relevant models. Dose regimens
varied and were inconsistently reported, but did not appear to meaningfully differ

210



Effectiveness of riboflavin in IMDs

between responders and non-responders within each IMD. This suggests that dosage
was unlikely to account for varying treatment effects.

Although a relatively high number of patients with GA | who received RF therapy were
included in this review, RF was frequently prescribed in combination with carnitine and a
low lysine diet, and an additional effect of RF in symptom reduction was rarely reported.
As the added benefit of RF therapy was often uncertain, the evidence supporting its
use in GA | remains inconclusive. The effect of RF in L2-HGA and complex | deficiency
is also uncertain. In both disorders, the majority of RF-responsive patients did not
have genetic conformation of their diagnosis.'83185218.219 Although one RF-responsive
patient with a mitochondrial DNA variant associated with complex | deficiency has been
described, RF was not effective in the patients with identified variants in NDUFST and
NDUFV1 underlying their complex | deficiency.'®*'8¢ In genetically confirmed L2-HGA
patients its effect was either absent or uncertain.?'"220-222 The response to RF in patients
with a complex Il deficiency was highly variable. Although all patients had a biochemical
confirmation of a C2 deficiency, none of the patients had a genetic confirmation of the
diagnosis.

In almost a third of the included reports, describing a wide range of IMDs and
mainly mitochondrial diseases, riboflavin was given in combination with other vitamins
or nutrient compounds. In most patients this cocktail did not have a positive effect on
disease course. In a minority of patients, a positive effect was described. For these
patients, the added effect of RF remains uncertain.

This literature review has several limitations. First, due to the retrospective nature
of this study, we had to rely on the opinion of the authors when classifying the effect of
RF therapy. Second, the interpretation of the effect of RF therapy was complicated by
its frequent use in combination with other treatments, including carnitine, coenzyme
Q10, and specialized diets. For the four RF-responsive IMDs, a substantial proportion
of patients received RF monotherapy. However, in IMDs with more variable therapeutic
responses, due to a small number of patients and concomitant other therapies, it was
difficult to attribute a response solely to RF therapy. Third, not all IMD diagnoses were
genetically confirmed. Without genetic verification, in some diseases it may be difficult
to determine the underlying disease mechanisms and to generalize treatment effects.

Furthermore, IMDs are rare and exhibit considerable phenotypic variability. Their
natural progression is not always well known and can vary between patients with the
same condition or even the same genotype. In slowly progressive neurometabolic
diseases with a variable disease course, reliably differentiating between true treatment
effect and the developmental maturation of neurological functions is challenging. The
question is what level of stabilization or slower-than-expected progression represents
a significant therapeutic response. 2'82' Finally, side effects and adverse events of RF
therapy were rarely documented. One could argue that side effects were infrequently
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reported because they did not occur in the majority of patients treated with RF. Some
degree of underreporting is also plausible, given the heterogeneity of the data as well
as the methodological limitations present in some of the studies. However, based on
the type of side effects that were reported and the high number of RF-treated patients
included in this review, we feel that RF therapy is generally well-tolerated and safe.

To our knowledge this is the first review describing the effect of RF therapy across
a wide range of IMDs. This review provides clear guidance for clinical practice and has
shown that the use of RF therapy is safe. The results of our study strongly support RF
therapy in MADD type 3, RTD 2 and 3, ACAD9 and FAD transporter deficiency. For
these IMDs, patient access to high quality RF must be maintained at all times. For a
substantial group of IMDs the effect of RF remains uncertain. It may be valuable to
consider a trial of RF therapy in these conditions. We recommend establishing clear
outcome criteria in advance, based on the expected natural disease course, to prevent
unnecessary treatment.
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