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Abstract: Background: Replacement therapies have revolutionized treatment paradigms in metabolic 
diseases by restoring defective enzymes and supplementing missing downstream metabolites. Through 
most of the 20th century, no targeted therapies existed for these conditions, the only treatment options 
available focusing on symptoms rather than the underlying disorders. Improved understanding of the 
molecular pathways underlying metabolic disease has allowed not only supplementation of missing 
metabolites and reduction of upstream substrates, but replacement of defective or missing enzymes.  

Objective: Modern genetic technologies have facilitated steady progress in recombinant enzyme inno-
vation, providing treatments that replicate not only endogenous enzymes, but also their post-
translational modifications to optimize their delivery and function. The advent of the gene therapy 
revolution brings a possibility of new therapeutic opportunities in which the enzymes at the core of 
metabolic diseases may not only be added back, but genetically replaced.  

Conclusion: With the next generation of treatments approaching, this review examines the recent dec-
ades of replacement therapy innovation in metabolic disease and discusses the challenges and opportu-
nities for the next generation of treatments.   
 

 
Keywords: Rare diseases, metabolic disease, lysosomal storage disorder, gene therapy, recombinant enzymes, enzyme re-
placement therapy. 

1. INTRODUCTION 

 Many metabolic disorders are driven by genetic muta-
tions that cause deficiencies in key metabolic enzymes. In 
contrast to the use of pharmacologic approaches that seek 
designer molecules as solutions to treat a wide array of dis-
ease states, some metabolic disorders can be treated by sim-
ply replacing what nature would normally provide. A miss-
ing or defective enzyme might be treated with a recombinant 
wild-type copy of the protein [1], or an interrupted metabolic 
pathway might be addressed via supplementation of the 
missing downstream metabolite paired with avoidance of the 
molecule that accumulates upstream (e.g., Fig. 1).  

 This review explores the advances over recent decades in 
enzyme replacement therapy (ERT) for metabolic diseases, 
contrasting these examples against similar diseases that  
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remain untreated as well as metabolic diseases that are 
treated with dietary management of the biomolecules of 
which metabolism is affected. We also discuss briefly the 
future therapeutic possibilities for these diseases that could 
result from modern genetic solutions.  

2. ENZYME REPLACEMENT THERAPY IN 

LYSOSOMAL STORAGE DISORDERS 

 Lysosomal storage disorders (LSDs) are a family of 
metabolic disorders that result from genetic mutations to 
enzymes that support lysosomal processes, leading to defec-
tive enzymatic function and harmful accumulation of the 
biomolecules that they fail to metabolize. Individual LSDs 
are somewhat rare, but collectively, LSDs are somewhat 
prevalent and result in diverse clinical outcomes [1]. Over 
the past half-century, the discovery of molecular processes 
underlying many LSDs and identification of the cellular 
mechanisms facilitating the uptake of exogenous enzymes 
have provided a foundation for the development of the first 
ERTs for metabolic diseases [2]. A handful of the nearly 50 
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lysosomal storage diseases now have FDA-approved ERT 
treatment options (Table 1). We also discuss additional op-
portunities for future therapeutic development. 

2.1. Gaucher Disease 

 Gaucher Disease (GD) is the most common LSD [3-5] 
and the first for which an ERT was licensed [2]. GD is char-
acterized by a glucocerebrosidase deficiency [6-9] caused by 
any of a number of individual mutations [10, 11], leading to 
lysosomal accumulation of glucocerebroside in macrophages 
[12]. Patients suffer from a variety of hematologic [13], 
splenic [13, 14], skeletal [13, 15, 16], and other [17-20], 
symptoms; further classification is based on the presence or 
absence of neuropathic symptoms [21]. 

 In the mid-1960s, treatment for GD was envisioned via 
“the replacing or supplementing of these deficiencies by ex-
ogenous administration of the respective enzymes” [22], and 
in a 1974 study, injections of isolated placental glucocere-
brosidase were successful in decreasing glucocerebroside 
levels in the blood and liver of patients [23]. Subsequent 
research identified the importance of glycosylation to 
macrophage uptake [24-26] and glucocerebroside distribu-
tion [27], facilitating synthetic pharmacokinetic optimization 
of β-glucocerebrosidase glycosylation [28]. In a 1991 trial of 
12 GD patients, ongoing replacement therapy with macro-
phage-targeted human placental glucocerebrosidase infu-
sions every other week yielded hematologic, biochemical, 
and visceral improvements in disease state within six months 
[29]. Other clinical trials quickly corroborated the efficacy of 
this approach [30, 31].  

 Following designation as the first orphan drug in 1985 
[32], macrophage-targeted glucocerebrosidase extracted 
from human placentae received FDA approval in 1991 and 

was produced by Genzyme as alglucerase (Ceredase®) [21], 
the first commercially available ERT [2]. However, this 
groundbreaking therapy was complicated by the logistical 
challenge of harvesting and processing millions of placentas 
for enzyme extraction and the risk of transmitting infection 
from placental tissue. The record-breaking cost of the result-
ing treatment [21] spurred an immediate discussion of cost-
effective treatment regimens [33, 34] and a search for alter-
native means of enzyme production. 

 Soon after the introduction of alglucerase, Genzyme de-
veloped a recombinant alternative using a Chinese Hamster 
Ovary (CHO) cell production system and further modifica-
tion of the glucocerebrosidase glycosylation pattern. The 
recombinant ERT was shown to be therapeutically similar 
and less prone to antibody response [35], and was brought to 
market as imiglucerase (Cerezyme®) following rapid FDA 
approval in 1994. Two biosimilars have since been brought 
to market. Velaglucerase alfa [36-38], marketed by Shire as 
VPRIV®, is produced in a human fibrosarcoma cell line and 
contains minor amino acid and glycosylation distinctions 
from imiglucerase [39], while taliglucerase alfa [40, 41], 
marketed by Protalix and Pfizer as Elelyso®, is produced in a 
carrot root cell expression system and avoids the need for 
post-production glycosidic modifications [42]. Research con-
tinues to understand better the benefits of the ERT options 
[43, 44] and optimal dosing strategies [45]. The early success 
of ERT in GD has also led to similar treatment approaches in 
other LSDs [2, 32, 46].  

2.2. Fabry Disease 

 Fabry Disease (FD) is a rare [4, 5], recessive, X-linked 
lipidosis in which α-galactosidase A (α-gal A, also referred 
to as ceramide trihexosidase) deficiency creates an LSD [47]. 

 
 
Fig. (1). Genetic mutations creating defective enzymes (X) can cause severe metabolic diseases as biomolecules are not metabolized appro-
priately. Enzyme replacement therapies treat patients with an exogenous form of the defective enzyme to restore the missing enzymatic ac-
tivity. Alternatively, substrate reduction therapies seek to prevent buildup of problematic biomolecules (A), while dietary supplementation 
augments the availability of missing downstream metabolites (B)”. 
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Table 1. Enzyme replacement therapies for lysosomal storage disorders. 

Disease Enzyme Replacement Therapy Method of Production Manufacturer 
Year of FDA 

Approval 
Notes 

Gaucher Disease Alglucerase (Ceredase) Human placental tissue  Genzyme 1991 Discontinued 

Gaucher Disease Imiglucerase (Cerezyme) 
Chinese hamster ovary 

cells  
Genzyme 1994  

Gaucher Disease Velaglucerase alfa (VPRIV) 
Human fibrosarcoma 

cells  
Shire 2010 Biosimilar 

Gaucher Disease Taliglucerase Alfa (Elelyso) Carrot root cells  Protalix and Pfizer 2012 Biosimilar 

Fabry Disease Agalsidase beta (Fabrazyme) 
Chinese hamster ovary 

cells  
Genzyme 2003  

Fabry Disease Agalsidase alfa (Replagal) 
Human HT-1080 fibro-

sarcoma cells  
Shire 

Approved by 

EMA but not 

FDA 

 

Pompe Disease Algucosidase alfa (Myozyme) 
Chinese hamster ovary 

cells  
Genzyme 2006  

Pompe Disease Algucosidase alfa (Lumizyme) 
Chinese hamster ovary 

cells  
Genzyme 2014 

Scaled-up version of 
Myozyme that re-

quired separate FDA 

approval [116] 

Lysosomal Acid 

Lipase Deficiency 
Sebelipase alfa (Kanuma) Chicken eggs  Alexion 2015  

MPS Type I (Hurler 

Syndrome) 
Alpha-L-iduronidase (Aldurazyme) 

Chinese hamster ovary 
cells  

BioMarin and  
Genzyme 

2003 
Manufactured by 

BioMarin; marketed 

by Genzyme 

MPS Type II 

(Hunter Syndrome) 
Idursulfase (Elaprase) 

Human cell line  

HT-1080  
Shire 2006  

MPS Type IV (Mor-

quio Syndrome) 
Elosulfase Alfa (Vimizim) 

Chinese hamster ovary 
cells  

BioMarin 2014  

MPS Type VI (Ma-

roteaux-Lamy Syn-

drome) 

Galsulfase (Naglazyme) 
Chinese hamster ovary 

cells  
BioMarin 2005  

 

The resulting accumulation of globotriaosylceramide and 
other glycosphingolipids, especially that in the cardiovascu-
lar system, leads to a broad range of clinical manifestations 
including angiokeratomas, pain crises, vascular occlusion, 
cardiomyopathy, renal failure, and ischemia and infarction in 
the brain, heart, and kidney [47-51].  

 The defective lipid metabolism underlying FD has been 
studied for over half a century [52, 53], and broad medical 
improvements have allowed treatment of individual symp-
toms such as pain, hypertension, renal failure, and valvular 
disease [47]. However, replacement of the deficient α-gal A 
enzyme is necessary to reverse the metabolic dysfunction 
underlying the disease. The concept of ERT to treat FD was 
piloted in a small clinical trial in 1970, achieving both enzy-
matic activity and reduction of the substrate via intravenous 
(IV) infusion of healthy plasma [54]. Subsequent clinical 
trials refined this ERT approach via IV administration of α-
gal A purified from human placental tissue, [55] then a com-

parison of the performance of splenic versus plasma α-gal A 
isozymes that suggested the importance of posttranslational 
modifications [56]. 

 Following placebo-controlled, double-blind clinical trials 
at Mount Sinai Hospital and the NIH [57], two α-gal A re-
placement therapies (agalsidase beta, marketed by Genzyme 
as Fabrazyme®, and agalsidase alfa, marketed by Shire as 
Replagal®) were approved for use in Europe, while only 
agalsidase beta has been approved for use in the USA. In the 
Mount Sinai study, the agalsidase beta preparation success-
fully cleared microvascular endothelial accumulation of glo-
botriaosylceramide [58], while in the NIH study, the 
agalsidase alfa preparation met neuropathic pain and renal 
performance outcome measures [59]. Numerous subsequent 
studies have since compared the clinical results of the two 
treatments [60] using various endpoints [61-73], evaluated 
their dosing [74], pharmacokinetic/pharmacodynamics prop-
erties [75, 76], and studied FD progression [77, 78]. While 
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the different production methods of agalsidase alfa [79] and 
beta [80] render the two preparations biologically distinct, 
during an agalsidase beta shortage treatment was switched to 
agalsidase alfa without a change in disease stability [80]. 

2.3. Pompe Disease 

 Pompe Disease (PD), also known as glycogen storage 
disease type II or acid maltase deficiency, is a rare [4, 81, 82] 
LSD resulting from any of hundreds of individual mutations 
[83-91] that cause a deficiency of acid α-glucosidase (AAG), 
the enzyme [92, 93] responsible for the lysosomal metabo-
lism of glycogen [94]. Widespread lysosomal glycogen stor-
age results, and depending on the severity of AAG defi-
ciency, presents during infancy in the fatal infantile form, or 
later in life in other forms, with a variety of muscular, respi-
ratory, and cardiac deficits [95, 96].  

 The first attempts at ERT for PD were made in the 1960s; 
however, these efforts were unsuccessful until cell surface 
receptor-mediated uptake of AAG was better understood [97, 
98] and the necessity of recognition markers clarified [99]. 
Cloning of the AAG gene allowed for production of recom-
binant human AAG [100] (rhAAG), scale-up of production 
[101], and further refinement of glycosylation patterns to 
optimize rhAAG for use in ERT [102, 103]. Early clinical 
trials using rhAAG produced in rabbit milk found mixed 
therapeutic outcomes, based largely on disease progression 
in the patient at the initiation of treatment [104-107]. Around 
the same time, a Phase I/II clinical trial using CHO-derived 
rhAAG showed improvement in cardiac and muscular func-
tion in infantile-onset PD patients [108], after which a sub-
sequent cohort treated with CHO-derived rhAAG solidified 
these findings [109] and provided more thorough analysis of 
post-treatment pathology [110]. A larger dose-comparison 
study of 18 infantile-onset patients [111] led to FDA approval 
of recombinant human alglucosidase alfa (Myozyme®, mar-
keted by Genzyme Corp) for infantile-onset PD, after which 
an extension of the study confirmed longer-term effects of 
survival, pulmonary performance, and improved cardiomy-
opathy following prolonged treatment [112].  

 Treatment of late-onset PD patients with rhAAG yielded 
improved mobility and pulmonary function [113], broaden-
ing the potential clinical application of Myozyme®. Indus-
trial scale-up of rhAAG production to larger bioreactors ini-
tially encountered difficulties with the FDA based on 
biosimilarity issues [114], but received clearance from Euro-
pean regulators [115] and ultimately was also approved in 
the US for use in late-onset PD patients, marketed as Lu-
mizyme®. The therapeutic importance of post-translational 
modification details in ERT is underscored by the fact that 
the FDA considers Myozyme® and Lumizyme®, two forms 
of rhAAG produced by the same company with separate 
manufacturing processes, to be biologically distinct drugs 
[116]. Lumizyme® approval has since been expanded by the 
FDA to include infantile-onset PD patients. 

2.4. Lysosomal Acid Lipase Deficiency 

 Lysosomal acid lipase deficiency (LALD) is a rare, auto-
somal recessive LSD that results from mutations [117] to the 
LIPA gene encoding lysosomal acid lipase. The most severe 

LIPA mutations with minimal or no LAL activity cause 
Wolman disease [118, 119] (WD), while mutations leaving 
greater residual LAL activity cause a later-onset sub-type of 
LALD called cholesteryl ester storage disease (CESD) [120].  

 First identified as xanthomatosis with calcification of the 
adrenal gland [118, 119, 121], WD presents during infancy 
with acute gastrointestinal symptoms, growth failure, hepa-
tosplenomegaly, and rapid liver failure, generally leading to 
death within six months of birth [122]. The less severe 
CESD typically presents during childhood with clinical 
manifestations including hepatomegaly, steatosis, and fibro-
sis; splenomegaly; elevated total serum cholesterol (includ-
ing elevated LDL-cholesterol and low HDL-cholesterol); and 
a range of cardiovascular, hepatic, and gastro-intestinal prob-
lems [117].  

 In the early 1980s, purification of lysosomal LAL from 
human liver tissue [123] and confirmation of a mannose 6-
phosphate-dependent cellular mechanism of LAL uptake 
[124] facilitated early in vitro replacement of LAL from en-
riched media into CESD fibroblasts [124, 125]. Further  
in vitro experiments conjugated LAL to insulin or apolipo-
protein-B to demonstrate insulin receptor and apolipoprotein 
B receptor-mediated LAL uptake and cholesteryl ester clear-
ance in CESD fibroblasts [126]. Cloning of the human LAL 
gene [127] enabled its recombinant expression. Treatment of 
an LAL-deficient mouse model was demonstrated with re-
combinant mannose-terminated human LAL (rhLAL) ex-
pressed in Pichia pastoris yeast [128], CHO cells [129], and 
Nicotiana benthamiana plants [130], establishing the possi-
bility of human ERT for LALD. Beginning in 2011, a phase 
1/2 clinical trial (LAL-CL01; NCT01307098) treated nine 
CESD patients with sebelipase alfa, a rhLAL expressed in 
hen oviduct cells and secreted into egg whites, demonstrating 
safety while ameliorating serum lipid profiles [131]. Its ex-
tension study (LAL-CL04; NCT01488097) showed consis-
tent results through a year of treatment, including improve-
ments in various markers of liver damage and lipid levels 
[132]. A phase 3 double-blind, placebo-controlled clinical 
trial (NCT01757184) subsequently demonstrated improve-
ments in similar disease-related endpoints in a larger study of 
66 CESD patients [133]. Granted orphan drug status, Alex-
ion Pharmaceuticals received approval for sebelipase alfa 
(marketed as Kanuma®) from the European Medicines 
Agency [134] and the US FDA [135] in 2015. The long-term 
safety and efficacy of sebelipase alfa are still being examined 
in multiple ongoing studies [136, 137]. 

2.5. Mucopolysaccharidoses 

 Mucopolysaccharidoses (MPS) are a group of seven 
metabolic disorders (MPS I, MPSII, MPS III, MPS IV, MPS 
VI, MPS VII, and MPS IX) caused by genetic mutations to 
key lysosomal enzymes that are required for the breakdown 
and recycling of long-chain carbohydrates called glycosami-
noglycans (GAGs) [138]. Reduced function of these en-
zymes leads to lysosomal accumulation of GAGs, cell en-
largement, and multi-organ dysfunction [139]. MPS patients 
suffer from a continuum of symptoms including enlarged 
head, lips, cheeks, tongues, vocal cords, and nose; frequent 
upper respiratory infections; hydrocephalus; hepatosple-
nomegaly; loss of hearing and vision; joint and bone de-
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formities; carpal tunnel syndrome; heart valve abnormalities; 
neurological and developmental delays in severely affected 
individuals, and shortened lifespan [140]. 

 MPS are genetically inherited disorders that follow either 
autosomal recessive (e.g. MPS I, MPS IV, Hurler Syndrome) 
or x-linked recessive (e.g. MPS II, Hunter Syndrome) inheri-
tance patterns [141]. Although no cure for MPS yet exists, 
early-age symptom management strategies have been shown 
to improve lifespan; however, these management strategies 
require multidisciplinary and long-term health care (physical 
therapy, surgery, and dietary restrictions) [140]. Both ERT 
and hematopoietic stem cell transplantation (HSCT) to cor-
rect mutations in lysosomal enzyme genes have emerged as 
possibilities for MPS treatment. While the focus of this re-
view is on ERT, a comprehensive review of HSCT can be 
found here [142].  

 The prospect of ERT for MPS followed the discovery 
that the accumulation of GAGs in MPS I and MPS II fibro-
blasts could be corrected by mixing the two cell types or 
growing each in media conditioned by the other [143]. Dis-
covery of receptor-mediated uptake of lysosomal enzymes 
[144] further clarified the mechanism of rescued lysosomal 
functionality. The understanding that unique lysosomal en-
zyme deficiencies are responsible for causing MPS I and II, 
as well as the advent of recombinant protein biology, made it 
possible to identify and develop corrective factors (enzymes) 
to treat MPS.  

 MPS I is caused by mutations in the IDUA gene, which 
encodes the lysosomal enzyme α-L-iduronidase that is re-
sponsible for breaking down heparin sulfate and dermatan 
sulfate [145, 146]. BioMarin and Genzyme partnered in 2000 
to develop and test a recombinant form of the human α-L-
iduronidase enzyme (now marketed as Aldurazyme®) for 
treatment of MPS I. A randomized, double-blinded, placebo-
controlled clinical trial found improvements in forced vital 
capacity and six-minute walking test distance, reduced hepa-
tomegaly, and reduced urinary GAG levels after 26 weeks  
of weekly recombinant α-L-iduronidase injections 
(NCT00912925) [147]. An extension trial was conducted to 
determine long-term safety (NCT00146770) [148], and fur-
ther trials were pursued to determine dosing levels 
(NCT00144781) [149] and safety and efficacy of Aldura-
zyme® in patients under 5 years old (NCT00146757) [150]. 
These observations have since been confirmed more broadly 
via a recent meta-analysis [151]. 

 ERT has also been developed to treat MPS II, MPS IV, 
and MPS VI. MPS II is caused by mutations in the IDS gene 
that produces the iduronate sulfatase enzyme [152]. Idursul-
fase, a human recombinant form of the iduronate sulfatase 
enzyme, was developed by Shire Pharmaceuticals and is 
marketed as Elaprase®. Similar to the mechanism of MPS I, 
iduronate sulfatase is required to process heparan sulfate and 
dermatan sulfate, which otherwise accumulate in the 
lysosomal compartment. In a pivotal Phase I/II clinical trial, 
Elaprase® was found to reduce urinary GAG levels and im-
prove 6-minute walking distance after 24 weeks [153]. The 
success of this study led to further trials to investigate the 
appropriate dosage of Elaprase® (NCT00920647) [154], as 

well as its efficacy in treating the neurological degeneration 
found in MPS patients (NCT00929647) [155]. 

 MPS IV (Morquio Syndrome) results from mutations that 
cause a deficiency in either the N-acetylgalactosamine-6-
sulfate sulfatase (GALNS) enzyme (MPS IVA) [156, 157] or 
in the less severe MPS IVB form, deficiencies in the β-
galactosidase enzyme [158, 159]). Resulting inability to me-
tabolize keratin sulfate (KS) leads to its excessive urinary 
excretion [160] and causes symptoms such as skeletal de-
formities, short stature, osteoarthritis, restricted motion, and 
discomfort, among other symptoms [161]. Recombinant hu-
man GALNS (elosulfase alfa) was developed as a treatment 
for MPS IVA with the goal of increasing KS metabolism and 
preventing its accumulation [162]. Following a phase I/II 
trial of 20 MPS IVA patients (NCT00884949, extended via 
NCT01242111) [163,164], a Phase III randomized, placebo-
controlled trial (NCT01275066) demonstrated a significant 
improvement in 6-minute walk distance in response to 
weekly elosulfase alfa treatment [165], a roughly 40% reduc-
tion in urinary KS excretion [165], and modest improve-
ments in additional tertiary endpoints [162]. Elosulfase alfa 
received FDA and EMA approval in 2014 for use in MPS IVA 
patients [166] and is marketed by BioMarin as Vimizim®. 

 The rare MPS VI (Maroteaux-Lamy Syndrome) results 
from mutations that lead to a deficiency in N-
acetylgalactosamine-4-sulfatase (arylsulfatase B, ARSB) 
function [167], leading to a similar result of GAG buildup 
and causing cardiac [168], pulmonary [169], and skeletal 
[170] defects, among other morbidities [167, 171]. In early 
clinical trials, treatment with recombinant human ARSB 
(galsulfase) improved 6- and 12-minute walking distance, 3-
minute stair climb, shoulder range of motion, and joint pain, 
and reduced urinary excretion of GAG [172-174]. Galsulfase 
received FDA approval in 2005 for use in MPS VI patients 
[175], and is marketed by BioMarin as Naglazyme®. A re-
cent 10-year follow-up study (NCT01387854) demonstrated 
long-term improvement in cardiopulmonary function, exer-
cise capacity, and survival ERT patients [176]. HSCT treat-
ment for MPS VI also exists but is subject to transplant-
related risks [177, 178]. Neither of these existing options are 
able to address certain cardiac and skeletal morbidities of 
MPS VI, leaving significant room for improvement in future 
treatments [179]. 

 Additional ERT candidates are currently under develop-
ment to improve the treatment of the neurological complica-
tions found in patients with MPS. A drug candidate from 
ArmaGen named AGT-181 has received Fast Track designa-
tion from the FDA and is currently in clinical development 
for MPS I [180, 181]. ArmaGen is also developing AGT-182 
[182], a fusion protein of iduronate-2-sulfatase (IDS) engi-
neered to cross the blood-brain barrier in MPS II patients; 
AGT-184 [183], a fusion protein for the treatment of San-
filippo A syndrome, a subtype of MPS III caused by heparin 
sulfamidase mutations; and AGT-187 [184], a fusion protein 
for the treatment of Sanfilippo B syndrome, a subtype of 
MPS III caused by mutations to N-acetylglucosaminidase. 
Substrate reduction via inhibition of GAG synthesis has also 
been explored in MPS III via clinical trials of genistein [185-
187] and murine testing of rhodamine B [188-190]. 
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2.6. Metachromatic Leukodystrophy 

 Metachromatic leukodystrophy (MLD) is an extremely 
rare but fatal autosomal-recessive LSD [191], with an overall 
incidence estimated between 1.1 and 1.9 cases per 100,000 
people [5]. MLD is most commonly caused by genetic muta-
tions that cause arylsulfatase A (ARSA) deficiency, prevent-
ing metabolism of sulfatides and allowing them to accumu-
late in lysosomal storage deposits across the nervous system. 
Subsequent demyelination of neurons and atrophy across the 
central and peripheral nervous system leads to neurological 
problems and ultimately death [192]. 

 Two hundred ARSA alleles have been identified [193], 
either completely lacking enzymatic activity or retaining 
partial enzymatic activity. Only 10-15% of normal enzyme 
activity is necessary to provide sufficient hydrolysis of sulfa-
tides to avoid disease symptoms. Three clinical subtypes of 
the disorder exist, based on the extent of ARSA enzymatic 
dysfunction. Late-infantile MLD results from a complete 
lack of functional ARSA, arises before 30 months, and pro-
gresses quickly to death within childhood. Small amounts of 
functional ARSA lead to the juvenile or adult variants of 
MLD, but these too are fatal within decades [192]. Diagnosis 
and progression of MLD can be determined via an MRI scor-
ing system, as all three forms of the disease present similar 
patterns [194].  

 MLD treatments with functional ARSA enzyme or its 
gene have both been explored. ERT for lysosomal storage 
diseases is theoretically possible, as cellular uptake of ex-
tracellular lysosomal enzymes could facilitate delivery of 
replacement enzymes to the lysosome [192]. However, ERT 
for MLD is greatly complicated by the difficulty of deliver-
ing therapeutic proteins across the blood-brain barrier (BBB) 
to the central nervous system, making effective treatment 
unlikely unless the direct administration is achieved [191]. 
Matzner et al.’s early study of ERT in a mouse model of 
MLD encountered this challenge, as an intravenous injection 
of recombinant human ARSA (rhARSA) yielded moderate 
uptake into the PNS but minimal uptake into the central 
nervous system (CNS), resulting in a significant decline of 
excess sulfatide in the peripheral nervous system (PNS) but 
not CNS, although repeated IV dosing improved sulfatide 
clearance from the CNS [195]. In contrast, a subsequent 
study revealed that infusion of a much lower concentration 
of rhARSA directly into the cerebrospinal fluid resulted in 
the reversal of sulfatide storage across the CNS in a distance-
dependent manner, as well as the resolution of ataxia [196]. 
Both of these studies revealed a short half-life of rhARSA in 
MLD mouse models, complicating the difficulty of achiev-
ing sustained enzyme concentrations via ERT. In a more 
aggressive mouse model of MLD, therapeutic benefit was 
lost if treatment was initiated after the onset of motor dete-
rioration [197], suggesting that timing of treatment is also 
critical. 

 Given the difficulty of maintaining ARSA concentrations 
with ERT, gene therapy approaches to MLD have instead 
taken prevalence in the clinic. In a Phase I/II trial 
(NCT01560182, ongoing), lentiviral-transduced HSCs in-
fused into presymptomatic late-infantile and early-juvenile 
MLD patients reconstituted ARSA enzymatic activity to 

above normal levels in CSF and prevented disease progres-
sion [198, 199]. Since CNS engraftment of infused cells pro-
vides a long-lasting source of ARSA enzyme to circulate 
through both the CNS and PNS, administration of HSCs 
avoids both major challenges facing ERT administration of 
therapeutic proteins: crossing the BBB and overcoming a 
short half-life. While another clinical trial for the treatment 
of MLD with rhARSA was also recently completed 
(NCT01510028, results unpublished), the HSC-gene therapy 
approach appears to have greater potential as a treatment for 
MLD. 

3. SUBSTRATE REDUCTION AND METABOLITE 

SUPPLEMENTATION IN METABOLIC DISEASES 

 Whereas many LSDs can be treated through the admini-
stration of exogenous wild-type recombinant enzymes, 
treatment of other metabolic disorders depends upon avoid-
ance of the biomolecules upstream of the defective process 
and/or supplementation of deficient metabolites. For these 
disorders, substrate reduction or metabolite supplementation 
constitutes the central treatment, leaving significant unmet 
medical need in many cases. 

3.1. Phosphofructokinase Deficiency 

 Phosphofructokinase (PFK) deficiency, also known as 
glycogen storage disease type VII (GSD VII) or Tarui’s dis-
ease [200], is an extremely rare [201] autosomal recessive 
metabolic disorder [202]. PFK is a tetrameric allosteric en-
zyme made up of tissue-specific subunits for muscle 
(PFKM), platelet (PFKP), and liver (PFKL) [203-205]; hu-
man skeletal muscle only expresses homotetramers made up 
of the PFKM subunits [206]. PFK deficiency (PFKD) can be 
caused by numerous genetic mutations in the PFKM gene 
[204, 207]. PFK is a rate-limiting enzyme in the glycolysis 
pathway, converting fructose-6-phosphate to fructose 1,6-
bisphosphate and ADP [203]. Muscle cells in PFKD patients 
cannot break down glycogen to regenerate ATP, resulting in 
exercise intolerance and buildup of excess glycogen in the 
muscle [207].  

 Variants of PFKD are categorized by their medical sever-
ity, including a classical form, severe infantile form, late-
onset form, and hemolytic form [206]. The severe infantile 
form of PFKD is associated with hypotonia, commonly 
known as a floppy baby syndrome, myopathy including car-
diomyopathy, heart disease, arthrogryposis, and respiratory 
failure that typically results in early death [206-208]. Classi-
cal PFKD, the most common form, typically presents in 
childhood with exercise intolerance, muscle weakness, mus-
cle stiffness, myalgias, and myoglobinuria. It may also pre-
sent with nausea and vomiting after strenuous exercise, jaun-
dice due to elevated creatine kinase (CK), high uric acid in 
the blood, reticulocytosis, and increased serum bilirubin 
[208]. Late-onset PFKD affects adults with muscle cramps, 
weakness, and pain, but often coincides with a history of low 
exercise ability in childhood. The hemolytic form presents as 
non-spherocytic hemolytic anemia, causing premature de-
struction of red blood cells, increased reticulocyte counts, 
and hyperplasia of bone marrow; however, it may exhibit 
none of the muscular symptoms seen in other forms of 
PFKD [208, 209]. 
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 Although PFKD was described as early as 1965, no 
treatments are available, in part because the disease is so 
rare. Swoboda et al. described a case [207] in which a patient 
diagnosed with severe infantile PFKD was treated with a 
ketogenic diet from four months of age. This approach was 
intended to promote metabolism of fatty acids and ketones 
while bypassing glycogen as a cellular energy source in or-
der to avoid the effects of PFKD. After two months on the 
high fat, ketogenic diet, the patient showed remarkable im-
provement in muscle strength, and by 9 months old gained 
full hand function, speech, and the ability to sit up. His mo-
tor responses were improved but still below the normal 
range. Unfortunately, the patient died at 35 months of age 
from complications due to pneumonia. Still, this represents 
an extension of nearly two years beyond average survival of 
severe infantile PFKD patients. Swodoba et al. recom-
mended additional research into diet therapy for PFKD pa-
tients, though the rarity of the disorder is prohibitive for 
broader clinical studies.  

 In contrast to other metabolic diseases, restoration of 
PFK function may not require replacement of the entire de-
fective enzyme. Study of the crystal structure of eukaryotic 
PFK has identified opportunities to modulate its allosteric 
binding sites for adenine [203] in order to regulate PFK ac-
tivity. Using the known human PFKD mutation D543A, 
Bruser et al. demonstrated that mutation of the adenosine 
monophosphate (AMP) and adenosine diphosphate (ADP) 
binding site of PFK results in increased adenosine triphos-
phate (ATP) inhibition of the enzyme [204]. On this basis, 
the ATP inhibitory site is a potential therapeutic target to 
rescue activity in mutated PFK. 

3.2. Organic Acidemias 

 Deficiencies of substrates for energy production and the 
tricarboxylic acid cycle have been an area of particular suc-
cess for treatment via substrate reduction or supplementa-
tion. Organic acidemias are metabolic disorders in which 
defective metabolic pathways lead to accumulation of acidic 
intermediate compounds. The metabolism of fatty acids, 
cholesterol, and amino acids such as methionine, threonine, 
isoleucine, and valine provides substrates for gluconeogene-
sis. Enzymes such as propionyl CoA carboxylase and 
methylmalonyl CoA mutase facilitate crucial steps of these 
metabolic pathways to ensure the availability of tricarboxylic 
acid (TCA) cycle precursors. The broad therapeutic strategy 
for most organic acidemias is to reduce protein intake in or-
der to prevent the buildup of cytotoxic TCA substrates, in 
some cases paired with supplementation of vitamins that 
facilitate the defective metabolic pathways. This approach 
can be accomplished with medical formula for infants and a 
closely monitored diet for adults [210]. 

3.3. Propionic Acidemia 

 Propionyl Coenzyme A (propionyl CoA) is produced 
from odd-chain fatty acids and the essential amino acids 
valine, methionine, isoleucine, and threonine, all of which 
must be obtained from the diet. These amino acid substrates 
are broken down into propionic acid, which is added to the 
hydrocarbon tail of coenzyme A, itself the product of fatty 
acid and cholesterol breakdown pathways, to form propionyl 

CoA [211]. Transformation of propionyl CoA into 
methylmalonyl CoA occurs via propionyl CoA carboxylase, 
a biotin-dependent, 6-α, 6-β, dodecameric enzyme encoded 
by the genes PCCA and PCCB. Rare autosomal recessive 
mutations that render either subunit defective [212-214] re-
sult in accumulation of propionyl CoA, inhibiting the TCA 
cycle and causing severe, systemic pathologies including 
poor feeding, muscle wasting, vomiting, and lethargy.  

 When propionic acidemia was first described by Childs 
et al. in 1961 [215], it was observed that administration of 
branched-chain amino acids, including leucine, isoleucine, 
threonine, and valine led to increased symptoms. Pathologies 
correlated with protein intake in the diet of the child, sug-
gesting that a low protein diet might be beneficial for the 
management of this disease. Later studies identified this dis-
ease described by Childs as propionic acidemia, and that a 
low-protein diet facilitates normalization of growth and intel-
lectual development [216, 217]. Additionally, a subset of 
propionic acidemias resulting from certain mutations are 
responsive to biotin administration [218]. Given the range of 
genetic defects that can cause propionic acidemia, the rele-
vant mutation must be identified to inform the most effective 
treatment.  

3.4. Methylmalonic Acidemia 

 Downstream of propionyl CoA in the same metabolic 
pathway, methylmalonyl CoA is converted to succinyl CoA 
by two enzymes: methylmalonyl CoA mutase and 
methylmalonyl CoA epimerase. Deficiencies in the activity 
of either of these enzymes can lead to methylmalonic acide-
mia [219]. Methylmalonyl CoA mutase depends on adeno-
sylcobalamin (vitamin B12) as a cofactor for enzymatic ac-
tion; thus, genetic mutations that result in decreased levels of 
active vitamin B12 may also cause methylmalonic acidemia. 
Indeed, early descriptions of methylmalonic acidemia de-
scribed cobalamin-responsive and -unresponsive diseases 
[220]. The existence of two genetic causes of this disease 
[219] leads to two possible cases for its treatment. As in 
propionic acidemia, a low-protein diet facilitates normal de-
velopment and management of symptoms by reducing toxic 
byproducts of branched-chain amino acid metabolism. Pa-
tients with strict dietary monitoring may live a normal life, 
and in one documented case, deliver offspring without an 
acidemic phenotype [221]. For patients who respond to 
cobalamin, oral administration of cobalamin has debatable 
therapeutic value, but an analog, hydroxocobalamin, has 
been documented to have positive effects [222]. However, in 
one case of fetal methylmalonic acidemia, oral cya-
nocobalamin supplementation during gestation and intra-
muscular injections after birth, combined with a low protein 
diet, yielded positive effects [223]. 

3.5. Isovaleric Acidemia 

 Isovaleric acidemia is caused by an excess of isovaleric 
acid, a neurotoxic precursor to the amino acid leucine. Muta-
tions in the enzyme responsible for its metabolism, 
isovaleryl-CoA dehydrogenase, can cause ketoacidosis. Two 
etiologies of this disease have been identified, one a severe 
form that causes neonatal death [224] and the other a less-
severe, intermittent acidosis that can be managed throughout 
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life [225]. A common feature of severe isovaleric acidemia is 
a urine odor described as “sweaty feet”, which is attributed 
to the excretion of isovaleric acid [226]. Isovaleric acid ac-
cumulation causes developmental defects, motor defects, 
convulsions, and lethargy [227]. For both neonatal and in-
termittent onset disease types, administration of glycine has 
been shown to be effective for symptomatic relief [228, 229], 
as conjugation of glycine to isovaleric acid facilitates its ex-
cretion. A low-protein diet may also be required to reduce 
toxicity from metabolic products to reduce ketoacidosis 
[229].  

3.6. Maple Syrup Urine Disease 

 Branched chain ketoacidosis, or Maple Syrup Urine Dis-
ease (MSUD) is a disorder resulting from mutations to any 
of three subunits of the large protein complex responsible for 
decarboxylation of short, branched-chain amino acids [230]. 
The resulting inability to process branched-chain amino ac-
ids leads to toxic buildup of these amino acids and their me-
tabolites. MSUD is easily recognizable by its urinary odor, 
described as maple syrup- or fenugreek-like [230]. The dis-
ease has five subtypes with varying levels of enzymatic ac-
tivity and responsiveness to therapeutic agents [231]. Among 
the negative effects, mental and physical defects are ob-
served, usually quickly after birth. “Severe” and “intermedi-
ate” varieties of MSUD are differentiated by the extent of 
residual enzyme activity resulting from different mutations, 
with minimal enzymatic activity yielding a more severe phe-
notype [232-234]. “Intermittent” MSUD has been described 
in a few patients, though the etiology of delays between dis-
ease periods has not been fully elucidated. A fourth form, 
thiamine-responsive MSUD, is manageable by administra-
tion of thiamine [235]. Thiamine is a required substrate for 
the first reaction of the branched-chain ketoacid dehydro-
genase complex. Thus, mutations that decrease affinity for 
thiamine in the E1 subunit of the subunit can be overcome 
with increased substrate concentration [235-237]. Because 
thiamine has been therapeutically effective in cases with no 
observed E1 mutation, subunit E2 has been hypothesized to 
play a role in thiamine utilization as well [238]. Although not 
directly observed, this function is attributed to cooperative 
binding between subunits. A fifth subset of MSUD patients 
present with a deficiency in the E3 enzyme as part of the 
total branched-chain ketoacid dehydrogenase complex. As 
the E3 subunit is common to a few protein complexes, its 
dysfunction causes multiple biochemical issues [239]. Apart 
from thiamine responsive MSUD cases, the major treatment 
strategy is to reduce dietary protein intake and stringently 
monitor buildup of toxic byproducts. Neonatal monitoring 
and treatment by reducing dietary protein breakdown and 
normalizing blood osmolarity has been described recently as 
an effective option to allow persons harboring MSUD-
causing mutations to develop normally [240].  

3.7. Citrullinemia 

 Citrullinemia is caused by mutations to arginosuccinate 
synthetase (ASS), resulting in an inability to break down 
citrulline in the arginine synthesis pathway. Citrulline is a 
byproduct of nitric oxide synthesis, which depends on argin-
ine as a substrate. Thus, a pathway to recycle citrulline to 
arginine is necessary for maintenance of arginine concentra-

tions in the body. As the first enzyme in the recycling path-
way, ASS is of vital importance. The urea cycling function 
of the liver also requires citrulline conversion to arginosuc-
cinate to prevent urea toxicity.  

 Mutations to ASS [241] may prevent proper transcription 
(deletions of exons 7 or 12 [242, 243] reduce affinity of the 
enzyme for its substrate citrulline [244]) or prevent enzyme 
activity [244]. In mutations with decreased affinity, some 
activity of the enzyme can be rescued by increased substrate 
concentrations. Clinically, citrullinemia leads to hyperam-
monemia and ammonia intoxication, resulting in develop-
mental and hepatic defects [245, 246]. To manage this dis-
ease, a low protein diet helps to prevent buildup of citrulline 
and urea products. More severe hyperammonemia is usually 
treated with dialysis or with drugs to decrease plasma am-
monia [247]. 

3.8. Phenylketonuria  

 Phenylketonuria (PKU) is an autosomal recessive meta-
bolic disorder caused by mutations to the phenylalanine hy-
droxylase (PAH) gene [248] that lead to a deficiency for the 
enzyme, preventing the metabolism of phenylalanine (Phe) 
to tyrosine [248, 249]. With an incidence of 1 in 10,000 live 
births in Europe and 1 in 15,000 in the United States, PKU is 
the most prevalent inherited disorder of amino acid metabo-
lism [249], as well as the first metabolic disorder found to 
affect the mind and the first for which an effective treatment 
was developed [250]. In addition to PAH deficiency, the 
metabolic phenotype of PKU is attributable to dietary con-
sumption of phenylalanine (Phe), and both aspects must be 
present in order for the classic PKU phenotype to result 
[251]. PKU results in toxic buildup of Phe in the blood and 
brain [249], and is characterized by severe neurological defi-
cits as well as epilepsy, microcephaly, behavioral and motor 
problems, and skin abnormalities [252, 253]. 

 Due to the impact of dietary intake on blood Phe levels, 
PKU may be successfully treated using a low-Phe diet to 
normalize blood levels of Phe. Before this substrate reduc-
tion treatment was developed in the 1950’s, untreated indi-
viduals with PKU suffered from severe intellectual disabil-
ity, microcephaly, and an array of behavioral impairments 
[254]. Although normalizing Phe levels stabilizes develop-
ment, some studies suggest that children with PKU may still 
suffer a mild degree of neurological impairment due to de-
lays in treatment after birth. A clinical cohort study follow-
ing 808 children from 1964-1980 found that IQ decreased by 
an average of 4 IQ points for each month after birth that 
treatment is delayed, demonstrating the importance of early 
identification and strict treatment regulation [255]. Neonatal 
screening for PKU is now widespread in order to facilitate 
timely diagnosis and immediate initiation of treatment [256]. 

3.9. Multiple Carboxylase Deficiency  

 Multiple carboxylase deficiency (MCD) is a metabolic 
disorder deriving from a lack of biotin-dependent carboxy-
lase activity. Its two main forms are neonatal (early-onset) 
MCD, characterized by a deficiency in biotin holocarboxy-
lase synthetase activity, and juvenile (late-onset) MCD, 
characterized by a deficiency in biotinidase activity [257].  
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 A prominent late-onset form of MCD, biotinidase defi-
ciency (BD) is an autosomal recessive inherited metabolic 
disease deriving from any of over 150 mutations to the bioti-
nidase gene [258-260], with an estimated incidence of 1 in 
60,000 births worldwide [261]. The primary enzymatic de-
fect in late-onset MCD, it is caused by a lack of biotinidase 
activity and failure to recycle and process the vitamin biotin 
[257], impairing the activities of biotin-dependent carboxy-
lase enzymes [262]. Symptoms include skin rashes, ataxia, 
candidiasis, developmental delay, and alopecia [262]. More 
severe, early-onset forms of MCD are caused by other muta-
tions, such as those to holocarboxylase synthetase (HCS), the 
enzyme that facilitates biotin binding to activate holocar-
boxylases [263].  

 Lacking the biotin salvage pathway, BD patients excrete 
biotin and biocytin rapidly [264], and are heavily dependent 
on exogenous forms of biotin [257]. BD can be treated with 
pharmacologic doses of biotin supplements, leaving affected 
individuals asymptomatic or significantly improving their 
symptoms [265]. HCS-deficient patients may also be respon-
sive to biotin supplementation [266], depending on the muta-
tion causing their condition. Disorders resulting from muta-
tions to the putative biotin-binding domain of HCS, reducing 
the affinity of the enzyme for biotin, are responsive to biotin 
supplementation, while mutations outside this domain are 
less responsive, perhaps due to saturation of the HCS en-
zyme [267]. 

 Biotin supplementation has been clinically effective in 
treating deficient patients and newborns screened for the 
disorder will be asymptomatic as long as they are continu-
ously taking biotin supplements. However, ceasing biotin 
therapy will result in the development of symptoms in as 
little as several weeks [268]. Since some of the symptoms 
associated with Biotinidase deficiency such as, hearing loss 
or developmental delay, are irreversible, neonatal screening 
processes have been developed [257]. As such, many differ-
ent parts of the world, including most states in the United 
States, screen their newborns for biotinidase deficiency [269] 
similarly to PKU screening [257]. 

3.10. MELAS Syndrome 

 Mitochondrial encephalomyopathy, lactic acidosis, and 
stroke-like episodes (MELAS) syndrome is a maternally 
inherited mitochondrial disease [270]. While MELAS can 
arise from multiple mutations in mitochondrial DNA, the 
most common is an A3243G mutation to the MT-TL1 gene 
that encodes a mitochondrial transfer RNA [271]. Impaired 
mitochondrial translation of proteins leads to insufficient 
cellular energy production, nitric oxide (NO) deficiency, and 
microvascular angiopathy that results in circulation prob-
lems. Combined, these problems cause multi-organ dysfunc-
tion with a wide variety of specific phenotypes [270]. 
MELAS typically presents before the age of 20. Stroke-like 
episodes are a defining characteristic of the disease [272], 
along with encephalopathy and mitochondrial myopathy 
[273]. 

 With no cure available for MELAS, supplement use 
seeks to bypass deficient processes biochemically and man-
age complications, although there is little clinical evidence to 
support these approaches [274]. L-arginine, a substrate for 

enzymatic NO production, may be administered to support 
NO production with the goal of preventing and treating 
stroke-like episodes [275-280]; L-citrulline, a byproduct of 
NO production that can be converted into L-arginine, has 
been proposed for the same purpose [278-280]. To support 
the electron transport chain, supplementation of coenzyme 
Q10 has also been proposed, but beyond minor exercise 
benefits [281] was not found to improve clinically relevant 
variables at rest [282]. Idebenone, a synthetic analog of co-
enzyme Q10, has been tested, individually [283] or in com-
bination with other supplements such as riboflavin [284], 
with some success [283, 284]. However, IV and oral L-
arginine supplementation, for acute and chronic treatment, 
respectively, remain the consensus recommendations for 
supplemental approaches for MELAS [285]. 

CONCLUSION 

 From the treatment approaches described above for 
metabolic diseases lacking approved ERTs, it is evident that 
attempting to bypass defective metabolic processes via die-
tary restriction or supplementation is helpful, but in most 
cases a far from perfect solution. Development of ERTs in 
recent decades has revolutionized the treatment paradigm for 
deadly metabolic disorders by allowing defective or missing 
enzymes to be replaced [139, 286], thereby addressing dis-
ease at its root cause. The improvement in patient care for 
those diseases that now have ERTs available has been varied 
but broadly positive [1]. Future progress in ERT may depend 
on surmounting remaining challenges such as accessing the 
CNS with a recombinant enzyme across the BBB [191]. 

 The next revolution in the treatment of these metabolic 
diseases appears likely to be gene therapy. ERT requires 
ongoing administration of exogenous recombinant wild-type 
enzyme, which is both demanding on the patient and expen-
sive. An ideal genetic solution would require a single ad-
ministration to provide ongoing production of functional 
enzyme, providing a solution to cure the disorder rather than 
continually treat it. Genetic approaches are well-suited to 
metabolic diseases such as LSDs, as these conditions can be 
traced to a specific genetic mutation and modest levels of 
replacement enzyme activity are frequently sufficient to 
ameliorate disease progression [287]. As discussed above, 
lentiviral-transduced hematopoietic stem cells have been 
used to reconstitute ARSA enzymatic activity in CSF in 
MLD clinical trials [198-199] demonstrating early-stage 
safety and the potential to inhibit disease progression. Gene 
therapy approaches using lentiviral or adeno-associated viral 
BBB-crossing vectors for direct delivery have also been pro-
posed for MPS [288]. As viral-transduced hematopoietic 
stem cells and direct viral delivery techniques are refined for 
the next generation of treatments [289], increasing attention 
is being focused on these possibilities [290-292]. Ongoing 
and future clinical trials will inform the potential for gene 
therapy approaches to provide single-dose treatments or 
cures for metabolic diseases with remaining unmet need 
[293-298]. 

LIST OF ABBREVIATIONS 

α-gal A = α-galactosidase A 

AAG = Acid α-glucosidase 
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ADP = Adenosine Diphosphate 

AMP = Adenosine Monophosphate 

ARSA = Arylsulfatase A 

ASS = Arginosuccinate Synthetase 

ATP = Adenosine Triphosphate 

BBB = Blood-brain Barrier 

BD = Biotinidase Deficiency 

CESD = Cholesteryl Ester Storage Disease 

CK = Creatine Kinase 

CoA = Coenzyme A 

CNS = Central Nervous System 

EMA = European Medicines Agency 

ERT = Enzyme Replacement Therapy 

FD = Fabry Disease 

FDA = Food & Drug Administration 

GAG = Glycosaminoglycans 

GD = Gaucher Disease 

CHO = Chinese Hamster Ovary 

GALNS = N-acetylgalactosamine-6-sulfate sulfatase 

GSD = Glycogen Storage Disease 

HCS = Holocarboxylase synthetase 

HDL = High-Density Lipoprotein 

HSCT = Hematopoietic Stem Cell Transplantation 

IQ = Intelligence Quotient 

KS = Keratin Sulfate 

LALD = Lysosomal Acid Lipase Deficiency 

LDL = Low-Density Lipoprotein 

LSD = Lysosomal Storage Disorder 

MCD = Multiple Carboxylase Deficiency 

MELAS = Mitochondrial Encephalomyopathy, Lactic 
Acidosis, and Stroke-like episodes 

NO = Nitric Oxide 

MLD = Metachromatic Leukodystrophy 

MPS = Mucopolysaccharidosis 

MSUD = Maple Syrup Urine Disease 

PD = Pompe Disease 

PFKD = Phosphofructokinase Deficiency 

Phe = Phenylalanine 

PKU = Phenylketonuria 

PNS = Peripheral Nervous System 

rhAAG = Recombinant Human AAG 

TCA = Tricarboxylic Acid 

WD = Wolman Disease 
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