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Abstract

There is an unmet need for the development and validation of biomarkers and

surrogate endpoints for clinical trials in propionic acidemia (PA) and met-

hylmalonic acidemia (MMA). This review examines the pathophysiology and

clinical consequences of PA and MMA that could form the basis for potential

biomarkers and surrogate endpoints. Changes in primary metabolites such as

methylcitric acid (MCA), MCA:citric acid ratio, oxidation of 13C-propionate

(exhaled 13CO2), and propionylcarnitine (C3) have demonstrated clinical rele-

vance in patients with PA or MMA. Methylmalonic acid, another primary

metabolite, is a potential biomarker, but only in patients with MMA. Other

potential biomarkers in patients with either PA and MMA include secondary

metabolites, such as ammonium, or the mitochondrial disease marker, fibro-

blast growth factor 21. Additional research is needed to validate these bio-

markers as surrogate endpoints, and to determine whether other metabolites

or markers of organ damage could also be useful biomarkers for clinical trials

of investigational drug treatments in patients with PA or MMA. This review

examines the evidence supporting a variety of possible biomarkers for drug

development in propionic and methylmalonic acidemias.
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1 | INTRODUCTION

Organic acidemias include a heterogenous group of inborn
errors of metabolism resulting in elevated organic acids in
body fluids.1,2 Propionic acidemia (PA) and methylmalonic
acidemia (MMA) are the “classic” organic acidemias and
will be discussed here. There are numerous challenges to
conducting clinical trials in patients with inherited meta-
bolic diseases such as organic acidemias. Due to the rarity
of these conditions, a limited number of patients—at a lim-
ited number of centers—are available to enroll in clinical

trials. These conditions are heterogeneous, with substantial
overlap within the organic acidemias, and there can be
intrafamilial variability. Patients can be diagnosed by neo-
natal screening within days of birth or might not be diag-
nosed until adulthood. Mortality rates are high, and the
clinical phenotype can evolve over time within a single
patient. After patients are identified and enrolled in clinical
trials, it is difficult to predict the rate of disease progression,
further complicating efforts to assign patients evenly to
different treatment arms and identify the contribution of an
experimental treatment to observed outcomes.
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PA affects approximately 1:240 000 live births in
United States.3 Approximately 70% to 90% of cases of PA
are neonatal.4-7 Common manifestations in addition to the
acute crisis—with vomiting and lethargy progressing to
coma—include hypotonia, poor feeding, and delays in
development. Neurological complications caused by meta-
bolic strokes can result in movement disorders or seizures,
with delays in development resulting from the chronic
exposure to toxic organic acids or their downstream effects
on cell functioning. Worsening metabolic acidosis,
hyperammonemia, hypoglycemia, hyperketonemia, hyper-
glycinemia, neutropenia, and thrombocytopenia are com-
mon biochemical/laboratory findings. Without appropriate
treatment, coma and death often occur. Intellectual disabil-
ity, cardiac conduction abnormalities, cardiomyopathy,
recurrent pancreatitis, diabetes, optic atrophy, and deafness
can occur in older individuals (Figure 1).4-8

MMA occurs in 1:110 000 live births.3 It is usually dis-
covered through neonatal screening, but later onset vari-
ants have been described.9 The clinical presentation of
MMA is generally similar to that of PA, but end-stage
kidney disease is much more common in MMA.10 Intel-
lectual disability, chronic kidney disease, pancreatitis,
diabetes mellitus, feeding problems, metabolic stroke,
and optic neuropathy can occur.

In 2001, a working group of the National Institutes
of Health Director’s Initiative on Biomarkers and Sur-
rogate Endpoints defined a biomarker as a laboratory
result that “is objectively measured and evaluated as
an indicator of normal biological processes, patho-
genic processes, or pharmacologic responses to a ther-
apeutic intervention.”11 The working group noted that
biomarkers may have the greatest value in early effi-
cacy and safety evaluations such as in vitro studies in
tissue samples, in vivo studies in animal models, and
early-phase clinical trials to establish proof of
concept.11

As summarized by Gulbukan et al., there are several
key parameters for reliable and informative biomarkers
in the clinical setting.12 A biomarker needs to have clini-
cal and analytical validity. A biomarker should be mea-
sured by tests that are reliable, accurate, and
reproducible and capable of distinguishing between the
pathologic and healthy state. A biomarker should also be
able to indicate changes in the status of the disease in a
consistent manner, without being influenced by outside
parameters. A clinically validated biomarker that satisfies
these conditions can be used to indicate the prognosis of
a disease or an individual’s response to a therapeutic
intervention. To have the greatest clinical utility, a clini-
cal biomarker ideally should be measurable in biological
samples obtained by less invasive methods such as urine,
plasma, serum, stool, or saliva, rather than in tissue
biopsies.

Potential biomarkers in patients with propionic
acidemia (PA) or methylmalonic acidemia (MMA) are
readily identified from the disruptions of metabolic path-
ways in PA/MMA (Figure 2). Metabolites that accumu-
late behind the primary metabolic block include organic
acids (propionic acid, 3-hydroxypropionic acid, 2-MCA),
glycine conjugates (propionylglycine, tiglylglycine) and
acylcarnitines (C2, C3) (Table 1). Additional metabolic
abnormalities can be induced by the primary deficiency
(eg, ammonium, lactic acid, amino acids, tricarboxylic
acid [TCA] cycle intermediates), thought to derive in
most cases from inhibition of the urea cycle due to
acetyl-CoA depletion with consequent defective synthesis
of N-acetylglutamic acid and the enzymes of the mito-
chondrial tricarboxylic acid cycle by accumulated pri-
mary metabolites (Table 1). This review summarizes
these potential primary and secondary metabolite abnor-
malities, as well as other biochemical effects of PA/MMA,
and implications for diagnosis, timely adjustment of
treatment regimens, prediction of patient metabolic sta-
tus, and evaluation of the effects of organ transplantation
in patients with PA/MMA. Potential utility of these bio-
markers as surrogate endpoints for clinical trials is also
discussed.

FIGURE 1 Clinical manifestations of propionic acidemia or

methylmalonic acidemia
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2 | BIOMARKERS—PRIMARY
METABOLITES

2.1 | Organic acids

2.1.1 | Methylcitric acid

Methylcitric acid (MCA) is a tricarboxylic acid derived
from the condensation of propionyl-coenzyme A (CoA),
with oxaloacetic acid, an intermediate of the Krebs cycle,
by the enzyme citrate synthase.13 MCA behaves as a
potent inhibitor of glutamate oxidation by inhibiting glu-
tamate dehydrogenase activity and as a permeability
transition inducer, disturbing mitochondrial energy
homeostasis.14 MCA-induced deleterious mitochondrial
effects might contribute to the pathogenesis of brain

damage in patients with PA and MMA.14 Plasma MCA is
generally considered a useful biomarker for the diagnosis
and monitoring of inherited diseases of propionic acid
metabolism because MCA levels are directly correlated
with disease burden in PA.15,16

Higher MCA levels are seen in patients with severe
phenotype and significant long-term complications, and
MCA levels are generally higher in patients with PA than
with MMA.13 Disease burden shows a direct correlation
with MCA and fibroblast growth factor 21 (FGF21; see
Section 4.1) in both PA and MMA.13 In MMA, MCA is
higher in elderly patients and, along with FGF21 and
plasma methylmalonic acid, negatively correlate with
GFR.13 In both diseases, MCA correlates with ammo-
nium, glycine, lysine, C3, C3/C2, and C3/C16.13

Decreases in MCA from baseline are similar after liver

FIGURE 2 Metabolic pathways affected by propionic acidemia or methylmalonic acidemia. Genetic mutations causing propionyl-CoA

carboxylase deficiency result in propionic acidemia (accumulation of propionic acid), and mutations causing methylmalonyl-CoA mutase

deficiency result in methylmalonic acidemia (accumulation of methylmalonic acid). Both conditions result in accumulation of propionyl-

CoA, which inhibits the TCA cycle and urea cycle as indicated by “X.” Conversion of excess propionyl-CoA to 2-MCA leads to additional

inhibitory effects on the TCA cycle, as indicated. By-products that accumulate in patients with propionic acidemia or methylmalonic

acidemia are indicated with red text and red arrows. 2-MCA, 2-methylcitric acid; CoA/CoASH, coenzyme A; CPS, carbamyl phosphate

synthetase; GABA, gamma-aminobutyric acid; GDP, MMA, methylmalonic acid; MM-CoA, methylmalonyl-coenzyme A; NAD[PH],

nicotinamide adenine dinucleotide [phosphate]; NAG, N-acetylglutamate; NO, nitrous oxide; OLCFA, odd-numbered long-chain fatty acid;

Pi, inorganic phosphate; propionyl-CoA, propionyl-coenzyme A; ROS, reactive oxygen species; TCA cycle, tricarboxylic acid cycle (also

known as the citric acid cycle or Krebs cycle)
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transplant (in patients with PA/MMA) or kidney trans-
plant (in patients with MMA), and greater after com-
bined liver/kidney transplant (in patients with MMA).13

However, MCA concentrations are highly variable and
affected by dietary protein intake and kidney function,17

which might limit the use of MCA as a surrogate end-
point, particularly in patients with impaired kidney func-
tion. Additionally, plasma levels of MCA are not
influenced by metabolic status.13

2.1.2 | Methylcitric acid:citric acid ratio
(MCA:CA)

Both PA and MMA can lead to pathologic accumula-
tion of propionyl-CoA and MCA. In healthy

individuals with physiologic levels of propionyl-CoA,
oxaloacetic acid in mitochondria reacts with acetyl-
CoA to produce citric acid, a normal Krebs cycle inter-
mediate. The competitive synthesis of citric acid and
MCA through the same enzymatic mechanism implies
that an increase in MCA production should be accom-
panied by a decrease in citric acid levels. Thus, an
increase in the ratio of MCA (indicative of PA or
MMA) to citric acid (indicative of normal function) in
plasma has been suggested as an important indicator
to assess the disease course and/or severity in
patients.18 The use of MCA:CA ratio, which depends
on two competitively synthesized and inversely related
markers, might allow for improved ascertainment of
patients with milder disease variants associated with
stable MCA elevations.

TABLE 1 Biochemical effects of propionic acidemia and methylmalonic acidemia: potential biomarkers for early drug development

Association Potential biomarkers Usual changea

Primary metabolites • Organic acids: 2‐methylcitric acid, methylmalonic acid (only in
patients with MMA), propionic acid, 3‐hydroxypropionic acid

"

• Conjugates: propionylglycine, tiglylglycine "
• Carnitine panel:

acetylcarnitine (C2) #
palmitoylcarnitine #
propionylcarnitine (C3) and C3/C2 ratio "
methylmalonylcarnitine (only in patients with MMA) "

• 13C‐propionate oxidation (breath test) #
• Acyl‐CoAs: propionyl‐CoA, methylmalonyl‐CoA "
• Odd‐numbered long‐chain fatty acids "

Secondary metabolites • Acetyl‐CoA #
• Tricyclic acid (TCA) cycle intermediates: citric, ketoglutaric, succinic,

and malic acid
#

• Ammonium "
• Lactic acid "
• Blood gas analysis #
• Amino acids:

alanine:serine "
alanine:lysine #
alanine:(phenylalanine + tyrosine) #
glycine "

Other effects • Mitochondrial injury—fibroblast growth factor 21 (FGF21) "
• Mitochondrial injury—growth differentiation factor 15 (GDF15) "
• Brain injury markers "
• B‐type natriuretic peptide (BNP) "
• Cystatin C "

aA uniform classification for all markers is difficult because it depends on circumstances. For example, methylmalonylcarnitine is not always elevated in

patients with MMA.
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2.1.3 | Methylmalonic acid

Impaired conversion of methylmalonyl-CoA to succinyl-
CoA leads to accumulation of methylmalonic acid in the
plasma of patients with MMA. Methylmalonic acid has
been shown to increase DNA damage in the cerebral cor-
tex and kidneys of rats, suggesting a possible link
between methylmalonic acid and both neurotoxicity and
nephrotoxicity in patients with MMA.19 Elevated met-
hylmalonic acid (usually 10- to 100-fold elevated) leaves
patients at risk for kidney disease; patients with MMA
are also at risk for metabolic strokes.20 Thus, met-
hylmalonic acid in plasma might be useful to monitor
response to treatment in patients with MMA.

In normal controls, serum MMA increases mildly with
age and deteriorating kidney function.21,22 In patients with
MMA, levels of serum methylmalonic acid increase dra-
matically23 as kidney function (measured as eGFR)
decreases below 50 mL/min/1.73 m2 and are reduced by
kidney or combined liver/kidney transplant.24,25

2.1.4 | 3-Hydroxypropionic acid

Elevated 3-hydroxypropionic acid in urine, combined with
the presence of 2-MCA in urine, is diagnostic of PA or
MMA (if methylmalonic acid is elevated).2 Dried blood spots
from most newborns with PA or MMA also show elevation
of 3-hydroxypropionic acid.26 During episodes of acute meta-
bolic decompensation, increased 3-hydroxypropionic acid in
plasma is directly correlated with plasma ammonium.16

Because it is difficult to measure clinical status by changes
in 3-hydroxypropionic acid, it is not suitable for use as a bio-
marker in patients with PA or MMA.

2.2 | Conjugates: propionylglycine and
tiglylglycine

The presence of propionylglycine and tiglylglycine in
urine can be used to support a diagnosis of PA or
MMA,27-29 but they are not suitable for use as bio-
markers. Like 3-hydroxypropionic acid, propionylglycine
levels are positively correlated with plasma ammonium,
but changes in propionylglycine levels are highly variable
and do not provide consistent evidence to monitor treat-
ment outcomes in these patients.16

2.3 | Acylcarnitines

Acylcarnitines are intermediates of oxidative metabolism
that consist of an acyl group esterified to a carnitine

molecule.30 They derive from acyl-CoAs and are generated
by both mitochondrial and peroxisomal enzymes, including
carnitine palmitoyltransferase 1 (CPT-1), carnitine
palmitoyltransferase 2 (CPT-2), carnitine acetyltransferase
and other not fully characterized enzymes whose primary
purpose is transporting long-chain fatty acids across the
mitochondrial membrane for β-oxidation, or to bind and
remove abnormal metabolites.30 Patients with defects in
branched-chain amino acid catabolism or inherited disor-
ders of fatty acid metabolism accumulate disease-specific
acylcarnitines in body fluids.31

Long-chain acylcarnitines (LCACs) are implicated in
several biological processes, including cardiac function,
ion balance, insulin signaling in muscle, inflammation,
cellular stress, and modulation of protein kinase C.30

However, a specific physiologic role or toxicity of C3 has
not been demonstrated. Probably the most well charac-
terized clinical application of measurement of C3 is in
newborn screening, where it is elevated in MMA and
PA.32-34 In an affected newborn, acetylcarnitine (C2) is
usually normal, and thus the C3/C2 ratio (a proxy for
propionyl-CoA/acetyl-CoA) can be elevated up to
20-fold.16 A C3/C2 ratio of >0.4 suggests a diagnosis of
PA/MMA,33 but the false-positive rate is high.34 In gen-
eral, the level of C3 reflects disease severity, but the rela-
tionship is imperfect as it can also vary according to diet
and is affected by kidney disease.17

Other acylcarnitines and ratios can also be altered in
PA/MMA. 2-Hexenoylcarnitine (C6:1) can be increased
in PA.35 Methylmalonylcarnitine (one of the compounds
of C4-DC) can be increased in MMA,36 but not in PA,35

and thus can be useful to differentiate the two. Met-
hylmalonic acid, however, is not well conjugated with
carnitine, and thus variable. 3-Hydroxyhexadecenoyl-
carnitine (C16:1-OH) is elevated in newborns with
MMA.37 Heptadecanoylcarnitine (C17) in dried blood
spots is significantly higher in newborns with MMA com-
pared with healthy newborns.38

2.4 | 13C-propionate oxidation

Stable isotope techniques allow for determination of
whole-body protein turnover and amino acid oxidation.
Potential applications in a clinical research setting include
assessing the functional implications of genetic variants of
unknown clinical significance, establishing guidelines for
evidence-based practice by assessing the effect of therapeu-
tic interventions in randomized clinical trials, and moni-
toring therapeutic interventions in patients with disorders
of intermediary amino acid catabolism.39 Animal models
of PA show markedly elevated 13C-labeled 3-hydroxy-
propionate in rat liver after infusion of 13C-propionate.40
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13C-propionate oxidation can also be measured in blood
samples from patients with PA or MMA.41 In primary
fibroblasts, the activity of propionate incorporation in acid
precipitable material has been shown to correlate nega-
tively with PA/MMA disease severity.42

A noninvasive “breath test” administers 13C-
propionate orally and measures the percentage of 13CO2

exhaled in 2-hour breath samples by mass spectrometry.
Exhaled 13CO2 is decreased in PA17 and, to a lesser
extent, in MMA.43 Lower 13CO2, which indicates lower
13C-propionate oxidation, is associated with severe PA
genotypes and more adverse outcomes.43 Patients with
PA/MMA have significantly higher oxidized 13C-
propionate after liver transplant (or liver-kidney trans-
plant) than non-transplanted patients.17,43 In PA/MMA,
13C-propionate breath test results correlate with plasma
MCA or plasma C3.17,43 Combining 13C-propionate
breath test with four clinical parameters (WBC, RBC,
height z-score, and total protein intake) has high accu-
racy to predict severity of PA.17 13C-propionate breath
test also appears to be a more reliable biomarker to assess
the efficacy of liver-directed therapies compared with
plasma MCA or C3 in PA,17 or plasma methylmalonic
acid in MMA.43

3 | BIOMARKERS—SECONDARY
METABOLITES

3.1 | Acetyl-CoA

As discussed in Section 2.3, an increase in the C3/C2
ratio is widely used as a proxy for an increase in
propionyl-CoA relative to acetyl-CoA in patients with
PA or MMA.16 Historically, propionyl-CoA and acetyl-
CoA were not assessed in patients with PA or MMA
due to a lack of reliable assays. In recent years, more
stable assays for whole-blood measurement of acetyl-
CoA have been developed.44 These assays might prove
to be useful to directly examine acetyl-CoA levels as a
biomarker in clinical trials of new therapies in PA or
MMA; however, the potential relevance of acetyl-CoA
as a biomarker in PA or MMA has yet to be
determined.

3.2 | TCA cycle intermediates

Propionic and methylmalonic acid metabolism generates
succinyl-CoA, an important intermediate of the TCA
cycle. Thus, this pathway represents an important mech-
anism for replenishing TCA cycle intermediates (ana-
plerosis). Anaplerotic deficiencies of the TCA cycle have

previously been described in PA and MMA, and
anaplerotic therapy has been suggested as a mechanism
of treatment in these disorders.15,45 These anaplerotic
deficiencies are intuitive, given that the metabolic flux of
propionyl-CoA metabolism is to succinyl-CoA (which
explains decreases in ketoglutaric acid, succinic acid, and
fumaric acid), leading to impaired generation of reducing
equivalents for oxidative phosphorylation. Proximal
defects in the TCA cycle, however, might represent defec-
tive conversion of pyruvic acid to acetyl-CoA at the step
of pyruvate dehydrogenase.35 Thus, the TCA cycle defects
in MMA cannot be solely due to limited flux of
propionyl-CoA into succinyl-CoA. Succinic acid is usu-
ally most severely decreased, but inconsistently so and
thus not particularly useful alone as an biomarker for
clinical trials.

3.3 | Ammonium

Ammonium is a waste product of amino acid catabolism
and is also a potent neurotoxin. Hyperammonemia,
which often occurs with episodes of metabolic decom-
pensation in PA or MMA, likely results from secondary
disruption of substrate balance in other biochemical
pathways, including the urea and TCA cycles.46

Accumulated metabolites (propionyl-CoA and
methylmalonyl-CoA) likely compete with acetyl-CoA to
inhibit activity of N-acetylglutamate synthase, thereby
diminishing synthesis of carbamoylphosphate. This sec-
ondary impairment of the urea cycle can lead to elevated
plasma ammonium levels, with neurotoxic effects dur-
ing metabolic decompensations.46 A chronic contributor
to hyperammonemia in patients with PA or MMA is the
release of ammonia from glutamine to generate glu-
tamic acid in an attempt to replenish alpha-ketoglutaric
acid in the TCA cycle.47

Hyperammonemia toxicity in the developing brain is
due to multiple mechanisms, including disruption of
amino acid and cerebral energy metabolism, and
increased oxidative stress.46 Repeated and frequent epi-
sodes of hyperammonemia (alongside metabolic decom-
pensations) can result in impaired growth and
intellectual disability, the severity of which increases
with longer duration of hyperammonemia, an effect that
likely is exacerbated by concurrent acidosis.

Hyperammonemia can lead to the identification and
diagnosis of PA/MMA, and it might be a useful bio-
marker to monitor the severity of metabolic crises.46

However, hyperammonemia is not specific for PA/MMA
and it is not by itself diagnostic. It likely is also not as
useful for monitoring PA/MMA at times of stability
between crises.
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3.4 | Lactic acid

Blood lactic acid levels and urinary excretion of lactic
acid increase during clinical decompensation episodes of
PA.16,48 However, both findings are non-specific and are
abnormal in a wide variety of chronic or acute medical
conditions; thus, it has limited utility as a biomarker for
PA or MMA.

3.5 | Blood gas analysis

Assessment of acid-base balance is recommended as part
of regular metabolic follow-up at clinic visits in patients
with PA or MMA, and during episodes of metabolic
decompensation.2 In the chronic setting, following serum
bicarbonate levels serves as a surrogate marker for
chronic acidosis. Formal blood gas analysis is often nec-
essary to monitor clinical status and response to therapy
acutely, but it is not expected to have utility as a bio-
marker for chronic monitoring.

3.6 | Amino acids

PA and MMA are associated with a variety of amino acid
imbalances in end-organs.49 While the blood amino acid
profiles can differentiate hyperammonemia in PA/MMA
from that in urea cycle disorders,46 this is better done with
organic acid or acylcarnitine analysis, as discussed above.
Massive elevations in plasma glycine are commonly seen
in individuals with PA, while MMA patients show signifi-
cantly lower glycine levels.50 In fact, PA was originally
named “non-ketotic hyperglycinemia.”51 It has previously
been hypothesized that increased plasma glycine could be
due to inhibition of the glycine cleavage system.52 How-
ever, Anzmann et al., suggested that increased synthesis
from serine may contribute to elevated plasma levels of
glycine found in PA compared to MMA and unaffected
individuals.35,50 Elevated glycine is not specific to
PA/MMA and thus is not diagnostic, though it does corre-
late to some extent to increases in other metabolites.46

Alterations in biosynthesis of serine, including
increases in serine de novo synthesis and serine trans-
port, have been suggested as a novel area of cellular dys-
function in PA and MMA.35 Abnormally low plasma
serine has been reported in an individual with MMA
after liver/kidney transplant.53,54

Hyperlysinemia also is seen in PA, likely related to
chronic hyperammonemia.15,49 The precursor amino
acids to propionyl-CoA (Met, Thr, Ilu, and Val) are usu-
ally normal in patients with MMA and PA. However, iat-
rogenic deficiencies related to over restriction in
metabolic diets can lead to their deficiency.49 During

acute metabolic decompensation, branched-chain amino
acids such as leucine increase significantly due to protein
catabolism.16 Other amino acid abnormalities have been
reported including decreased glutamine in PA and
MMA,49 and alteration of alanine in MMA.49

The ratio of alanine: serine, which is increased in
patients with mitochondrial dysfunction,54 has been
shown to improve the accuracy of models to predict sever-
ity of PA.17 Decreased ratios of alanine:lysine and alanine:
(phenylalanine + tyrosine) also can be used as biomarkers
of mitochondrial disease in patients with PA or MMA.16

4 | OTHER POTENTIAL
BIOMARKERS

4.1 | Fibroblast growth factor 21 (FGF21)
and growth differentiation factor
15 (GDF15)

Long-term mitochondrial energy dysfunction has been
demonstrated in PA and MMA,55 but histologic and bio-
chemical assessment of a muscle biopsy to assess mito-
chondrial function is not practical for clinical trials or
clinical practice. FGF21 is a metabolism-regulating hor-
mone secreted by the liver, and an elevated serum level
of FGF21 has been suggested as a biomarker for mito-
chondrial disease.56 It is considered stable with respect to
processing and storage, has a higher specificity and sensi-
tivity compared to other biomarkers, and its measure-
ment is rapid and inexpensive. Plasma GDF15 is also
elevated in patients in mitochondrial disorders.57

Median plasma FGF21 concentration > 1500 pg/mL
has a positive predictive value of 0.83 and a negative pre-
dictive value of 1.00 for development of long-term compli-
cations in MMA and PA.55 FGF21 is a highly predictive
biomarker in MMA; restoration of liver MUT activity in
rats decreases plasma FGF21, and this change in humans
is associated with improved outcomes.58 Plasma FGF21 in
patients with MMA correlates with disease subtype, growth
indices, and markers of mitochondrial dysfunction.58 Liver
and/or kidney-transplanted patients with PA/MMA have
significantly lower plasma FGF21 than non-transplanted
patients with PA/MMA.13 A modeling study showed that
plasma FGF21 and GDF15 predicted severity of PA and
were lower in patients with PA after liver transplant.17

Thus, plasma FGF21 and GDF15 might be useful surrogate
endpoints for patients with PA or MMA.

4.2 | Brain injury markers

Neurological complications are common in patients with
PA or MMA, but advanced neuroimaging is not available
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at all centers and radiographic results can lag behind the
neurological changes.59 Possible biomarkers have been
identified for astroglial injury (S100B or glial fibrillary
acidic protein [GFAP]) and neuronal cell body injury
(neuron specific enolase [NSE] and ubiquitin C-terminal
hydrolase-L1 [UCH-L1]).60,61 It remains to be seen if
these proteins, whose presence in cerebrospinal fluid are
useful to determine the presence and timing of traumatic
brain injury,60 are biomarkers for neurological complica-
tions in patients with PA or MMA. An observational
cohort study (NCT04602325) is investigating systemic
biomarkers of brain injury in patients with PA or MMA
and other inherited disorders.

4.3 | Brain natriuretic peptide

B-type natriuretic peptide (BNP) can be produced in
both cardiac atria and ventricles and is upregulated in
failing ventricular myocardium. In response to
increased myocardial stretch and wall stretch, ventricu-
lar myocytes secret the pro-hormone pre-proBNP,
which is then cleaved into biologically active BNP and
the inactive by product N-terminal-pro-BNP (NT-
proBNP).62 Elevated BNP can be found in many cir-
cumstances involving left ventricular dysfunction or
hypertrophy, right ventricular dysfunction secondary to
pulmonary disease, cardiac inflammatory or infectious
diseases, endocrine diseases, and high cardiac output
status without decreased LV ejection fraction.62 How-
ever, this is an inconsistent finding in PA and likely of
more limited utility in PA patients without cardiac
dysfunction.

4.4 | Cystatin C

Estimation of glomerular function is usually based on
measurement of serum creatinine. However, patients
with PA and MMA are on a protein-restricted diet and
receive lesser amounts of creatine, the precursor of creati-
nine, in their diet since this is mostly present in meat.
For this reason, cystatin C measurements can be more
sensitive to measure renal function in these patients than
serum creatinine.63 Thus, it has been recommended that
laboratory measurements in patients with PA or MMA
should include measurements of cystatin C, plasma uric
acid, 25-OH-vitamin D, 1,25-OH-vitamin D, PTH, plasma
osmolality, and 24-hour protein excretion as part of kid-
ney disease surveillance.2,63 Plasma transthyretin
(prealbumin), which correlates positively with severity of
kidney disease, can also be useful as a biomarker for PA
disease severity.17

5 | ADDITIONAL
CONSIDERATIONS FOR DRUG
DEVELOPMENT

The complexity and heterogeneity of organic acidemias
provide significant challenges for clinical study design
and evaluation. One key factor in the evaluation of an
intervention in a controlled clinical trial is the clinical
relevance of the selected study endpoints or outcome
measures, together with an understanding of what com-
prises a minimal clinically important difference in these
endpoints.64 Correction or improvement of a biomarker
does not necessarily mean that the disease course also
improves. Unfortunately, many clinical trials in rare dis-
eases have used either subclinical parameters, rather
than clinical outcomes, or endpoints with unclear rele-
vance to patient outcomes.65 Draft guidance from FDA
for drug development in rare diseases emphasizes the
role of predictive biomarkers and surrogate endpoints for
clinical trials of patients with rare diseases, particularly
in early/mid-phase clinical trials, or to support acceler-
ated approval.66 Biomarkers that are shown to be associ-
ated with—or predict—clinical outcomes may be used as
surrogate endpoints for drug development.67-69 However,
there is no regulatory precedence for biomarkers or sur-
rogate endpoints in the investigation of new therapies for
patients with organic acidemias. The heterogeneity of the
patient population may complicate the prediction of ben-
efits of therapy, specifically in patients with milder dis-
ease. Additionally, initial trial data may show benefits in
short-term endpoints, but the real world situation may
reveal different outcomes.

Several potential biomarkers have been investigated
in patients with PA or MMA, including the use of bio-
markers as outcomes in ongoing drug development stud-
ies (Table 2). These and other biomarkers might serve as
surrogate endpoints based on evidence of their clinical
relevance (Table 3), but additional research is needed to
validate them.

The ideal surrogate endpoint for drug development
would be valid both for longitudinal analysis and for con-
tinuous changes. Some biomarkers that are useful to
diagnose PA/MMA or to identify acute decompensation
are discrete or insensitive tests that do not provide infor-
mation about the magnitude of change, limiting the util-
ity of these biomarkers to identify clinically meaningful
changes with new therapies. Additional information is
needed about the use of biomarkers as surrogate end-
points based on average changes over time.

Dietary management has a central role for the treat-
ment of many inborn errors of metabolism, such as PA
and MMA. Treatment guidelines and regulatory guidance
for clinical investigations of these conditions include
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TABLE 2 Use of biomarkers as outcomes in drug development studies in PA or MMA

Study (clinicaltrials.gov identifier) Biomarkers assessed as outcomes

A Phase 2 open-label, dose escalation study of HST5040 in
subjects with propionic or methylmalonic acidemia followed by
a randomized, double-blind, placebo-controlled, 2-period
crossover study and an open-label, long-term extension study
(NCT04732429; ongoing)

MCA, C3, C3:C2, 3-hydroxypropionic acid, methylmalonic acid,
ammonium, anion gap

A first in human, dose escalation study to evaluate the safety and
tolerability of BBP-671 in healthy volunteers and patients with
propionic acidemia or methylmalonic acidemia (NCT04836494;
ongoing)

Whole blood acetyl-CoA, plasma pantothenic acid, amino acids,
ammonia, methylmalonic acid, MCA, brain natriuretic peptide,
lactic acid, carnitines, acylcarnitines, FGF21, organic acids, TCA
cycle intermediates, acylglycines

A global, phase 1/2, open-label, dose optimization study to
evaluate the safety, tolerability, pharmacodynamics, and
pharmacokinetics of mRNA-3705 in participants with isolated
methylmalonic acidemia due to methylmalonyl-CoA mutase
deficiency (NCT04899310; ongoing)

Methylmalonic acid, MCA

Open-label study of mRNA-3927 in participants with propionic
acidemia (NCT04159103; ongoing)

MCA, 3-hydroxypropionic acid

A phase 1/2 open-label clinical study of hLB-001 gene therapy in
pediatric patients with methylmalonic acidemia characterized
by MMUT mutations (NCT04581785; ongoing)

Methylmalonic acid, MCA, FGF21

Long-term outcome of N-carbamylglutamate treatment in
propionic acidemia and methylmalonic acidemia
(NCT01597440; terminated)

Ammonium

Abbreviations: C2, acetylcarnitine; C3, propionylcarnitine; FGF21, fibroblast growth factor 21; MCA, methylcitric acid; TCA, tricarboxylic acid cycle (also
known as the citric acid cycle or Krebs cycle).

TABLE 3 Biomarkers with possible utility as surrogate endpoints for PA or MMA

Biomarker Disorder Matrix Clinical relevance References

MCA PA/MMA Plasma MCA predicts disease burden, long-term complications,
and impact of organ transplantation

13

MCA:citric acid PA/MMA Plasma Indicator for disease course and/or severity 18

C3 PA/MMA Plasma C3 (measured as C3/C2) increases by up to ~20-fold in
patients with PA/MMA

16

Methylmalonic acid MMA Plasma Elevation associated with risk for kidney disease and
metabolic stroke

20

Ammonium PA/MMA Plasma Repeated and frequent episodes of hyperammonemia
can result in impaired growth and intellectual
disability

46

FGF21/GDF15 PA/MMA Plasma Elevation predicts long-term complications 13, 55

Higher in patients with severe vs mild PA; lower in
patients with PA after liver transplant

17

Concentration correlates with disease subtype, growth
indices, and markers of mitochondrial dysfunction
and is not affected by kidney disease

58

13C-propionate oxidation PA/MMA Breath Decreased in MMA or PA; larger decreases correlate
with more severe disease

43

Significantly higher in transplanted than non-
transplanted patients with PA, MMA

43

Abbreviations: C2, acetylcarnitine; C3, propionylcarnitine; FGF21, fibroblast growth factor 21; GDF15, growth differentiation factor 15; MCA, methylcitric
acid; MMA, methylmalonic acidemia; PA, propionic acidemia.
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optimizing, standardizing, and maintaining a stable diet
in addition to other supportive therapy or investigational
treatment.2,70 A diet low in natural protein (respecting
age-appropriate total protein requirements) is rec-
ommended to improve metabolic stability.2 However,
there is no single dietary prescription for these patients,
and maintenance of a low-protein diet is particularly dif-
ficult as children age. Diet history—including a detailed
description of natural protein intake, of protein provided
by amino acid mixture as well as of daily caloric intake—
should be recorded at each clinic visit, but inherent vari-
ability of patient recall and imprecision can complicate
the collection of an accurate diet history in a clinical trial.
Diet diaries can improve the accuracy and precision of
diet history in drug development studies.

6 | CONCLUSION AND OUTLOOK

It is highly complex to enroll and conduct a clinical trial
of a new drug treatment for PA or MMA, due to the rar-
ity, heterogeneity, mortality, and unpredictable outcomes
associated with these inborn errors of metabolism.
Selecting clinical endpoints for these trials is particularly
challenging. Thus, there is a clear need to identify which
biomarkers for PA/MMA could be surrogate endpoints to
support the investigation of new therapies for these rare
diseases.
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