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Abstract Organic acidurias are inherited metabolic dis-

eases due to the deficiency of an enzyme or a transport

protein involved in one of the several cellular metabolic

pathways devoted to the catabolism of amino acids, car-

bohydrates or lipids. These deficiencies result in abnormal

accumulation of organic acids in the body and their

abnormal excretion in urine. More than 65 organic acid-

urias have been described; the incidence varies, individu-

ally, from 1 out of 10,000 to[1 out of 1000,000 live births.

Collectively, their incidence approximates 1 out of 3000

live births. Among these disorders, methyl malonic acid-

uria, propionic aciduria, maple syrup urine disease and

isovaleric aciduria are sometimes referred to as classical

organic acidurias. In this review, we focused on the basic

GC–MS-based methodologies employed in the diagnosis of

classical organic acidurias and provided updated reference

values for the most common involved organic acids. We

also attempted to provide the most recent updates on the

pathogenetic bases of these diseases.
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Introduction

Organic acidurias or organic acidemias are inherited dis-

orders of intermediary metabolism resulting from defi-

ciency of an enzyme or a transport protein required in one

of the several cellular metabolic pathways involved in the

catabolism of amino acids, carbohydrates or lipids [1–4].

Since organic acids occur as physiologic intermediates in

these pathways, the enzyme/protein deficiency in patients

results in abnormal accumulation of organic acids in the

body; these excess metabolites are excreted in urine.

Therefore, in these patients, urinary organic acid profiling

reveals elevated excretion of defined patterns of organic

acids that, hence, are considered biomarkers for this class

of metabolic diseases.

More than 65 organic acidurias have been described

affecting amino acid metabolism, lipid metabolism, purine

and pyrimidine metabolism, the urea cycle, the Krebs cycle

and fatty acid oxidation. Although most of them are

autosomal recessive disorders, some are X-linked. The

incidence of the inborn errors of organic acid metabolism

varies from 1 out of 10,000 to [1 out of 1000,000 live

births. Collectively, their incidence approximates 1 out of

3000 live births [5]. Important organic acidurias include

propionic aciduria (PA), methylmalonic acidurias (MMA),

isovaleric aciduria (IVA), Maple syrup urine disease

(MSUD), glutaric aciduria type I and multiple carboxylase

deficiency. Propionic aciduria, methylmalonic aciduria,

isovaleric aciduria and MSUD are sometimes referred to as

classical organic acidurias.

Accumulation of organic acids in biologic fluids disturbs

acid–base balance and alters intracellular biochemical

pathways. The clinical phenotype reflects the systemic

disease and progressive encephalopathy. Organic acidurias

typically occur with either an acute life-threatening illness
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in early infancy or unexplained developmental delay with

intercurrent episodes of metabolic decompensation in later

childhood. These disorders are characterized by a wide

variety of symptoms, such as lethargy, coma, hypotonia,

seizures, ataxia, vomiting, failure to thrive, developmental

delay, liver disease, neutropenia, thrombocytopenia,

osteomalacia and osteoporosis. Severity of presentation is

highly variable as it is age of the onset, and patients may

not present with the most characteristic features; however,

condition of severe and persistent metabolic acidosis of

unexplained origin, elevated anion gap and severe neuro-

logic manifestations, such as seizures, are considered

strong diagnostic indicators of one of these diseases.

Urinary organic acid analysis for metabolic profiling has

traditionally been used to assess and define organic acid-

urias. More than 100 different organic acids are excreted in

urine in abnormal amounts in these diseases. The deter-

mination of relative concentration of urinary organic acids,

indeed, allows the simultaneous assessment of mitochon-

drial energy production efficiency, functional vitamin,

mineral and amino acid deficiencies, neurotransmitter

metabolism, clinically significant dysbiosis and metabolic

toxicity problems. The test is usually performed on an

overnight urine sample, although to be sure to have the

most informative sample, urine should be collected during

a metabolic decompensation. The organic compounds are

extracted and then analyzed by gas chromatography with

mass spectrometric detection. The basic methodologies are

well known and will be reviewed here, providing the

detailed protocol adopted in our laboratory and updated

reference values for the most common organic acids. We

then will focus, in particular, on the diagnosis of classical

acidurias, for them we will also try to provide the most

recent updates on the pathogenetic bases of these diseases.

Methods

Principles and concepts

Organic acids are important metabolites participating in

almost all pathways of the intermediary metabolism. The

term organic acids is generally used to describe all car-

boxylic acids and some nitrogen containing compounds

such as pyroglutamate or amino conjugates like hippurate

(benzoylglycine) and other glycine derivatives; further-

more, short-chain fatty acids are also ascribed to this group

of organic substances. Organic acids are water-soluble

compounds presenting one or more carboxyl groups and

other functional groups [6]; conjugates with glycine, i.e.,

acylglycines, are obtained by the action of the mitochon-

drial enzyme glycine N-acylase [7] and are usually present

at low levels of excretion. The analysis of the organic acids

is usually performed on urine samples, since in this fluid,

they are detectable at the greatest concentration. The

analysis on physiological fluids other than urine (cere-

brospinal fluid or plasma) is generally performed when

urine samples are not available (for example in dead

children) or for the diagnosis of cerebral organic acid

disorders; therefore, poor bibliography is available to

evaluate the effective diagnostic significance of the organic

acids quantization in these fluids. Table 1 shows the most

common organic acids and acylglycines considered

biomarkers of classical organic acidurias and their age-

related reference values. These values were obtained in our

laboratory by analyzing more than 1500 urine samples

from Italian infants/children as discussed in ‘‘Reference

values of the organic acids elevated in classical organic

acidemias’’ section.

Although several methods for urine organic acids anal-

ysis have been reported (capillary electrophoresis [8], high-

resolution proton nuclear magnetic resonance [9] and tan-

dem mass spectrometry [10]), the most complete separation

and identification of these metabolites is suitable by gas

chromatography–mass spectrometry (GC–MS).

Several protocols have been developed in the last years

to perform the analysis of the organic acids from urine

specimens. Usually, each of them includes five steps:

(1) Oximation by exposure to hydroxylamine: This step,

although optional, is required to stabilize 2-keto

acids, thus allowing a better recovery.

(2) Organic acids separation by liquid–liquid extraction:

At this purpose, ethyl acetate is mixed to the aqueous

phase after acidification of the samples (the acidifi-

cation is performed in order to decrease the solubil-

ity in the water phase of the organic acids, thus

allowing their transfer to the ethyl acetate phase).

(3) Trimethylsilyl (TMS) derivatization of the dried

samples, obtained by adding BSTFA (N,O-

bis(trimethylsilyl)trifluoroacetamide): It is per-

formed to improve the thermal stability and volatility

of the organic acids that is weak due to the presence

of polar functional groups, such as carboxylic and

hydroxylic groups, which are able to form hydrogen

bonds in-between compounds. Moreover, TMS

derivatization improves detectability in complex

matrix samples, such as urine, thus allowing to

obtain, from each derivatized molecule, recognizable

fragments following the ionization in the mass

spectrometer source. The molecular ions of the

organic acids TMS derivatives are generally small or

absent, with M-15 ions produced by the loss of CH3
�

fragment. Moreover, TMS derivatives are character-

ized by an intense ion at m/z 73 related to the

(CH3)3Si
? (TMS) ion fragment; molecules with two
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or more TMS groups produce also an intense ion

with m/z 147 that is formed by rearrangement to give

TMS-O?=Si(CH3)2. Hence, the presence of these

two ions in the spectrum allows to identify deriva-

tized species, while the other fragments are used for

the final identification of the original molecule.

(4) Injection into the GC/MS (Gas Chromatograph/Mass

Spectrometer) apparatus: To obtain, in the gas

chromatograph, the separation of the analytes, and,

in the mass spectrometer, the ionization and frag-

mentation of molecules outgoing from the chro-

matograph; the scanning of the produced ions, based

on the different mass/charge values, allows to

construct, ideally from each molecule (indeed, from

each peak, since different analytes may coelute), a

fragmentation profile (the mass spectrum).

(5) Identification of the mass spectra by interrogating

one or more libraries (usually commercially

obtained).

Procedure in use in our laboratory

In the following paragraph is described in detail the pro-

cedure used in our laboratory, adapted from protocols

already published [11–16].

Organic acids extraction

– Urine samples are quantified for creatinine in order to

determine the amount of sample to be analyzed,

equivalent to 0.5 lmol of creatinine. Sample mix is

completed by adding, in glass tubes, ultrapure water to

a final volume of 1.5 ml.

– NaOH 30 % is added to the samples, checking for a

final pH of 14.0.

– Five hundred microliters of hydroxylamine hydrochlo-

ride 2.5 g/L (in water) is added to each sample and,

after mixing, reaction is performed in a 60 �C water

bath for one hour.

– After cooling, samples are acidified with H2SO4 2.5 N

to a final pH of 1.0 and internal standards (IS) are added

(molecules chosen as IS may be different in different

laboratories):

(a) Dimethylmalonic acid: 10 ll of a 100 lg/ml

solution in water/ethanol (1:1 v/v).

(b) Tropic acid: 20 ll of a 100 lg/ml solution in

water.

(c) Pentadecanoic acid (PDA): 20 ll of a 100 lg/ml

solution in ethanol.

– Extraction of the organic acids is performed by mixing

vigorously each sample with 2 ml of ethyl acetate

followed by centrifugation at 3000 rpm for 5 min; the

upper organic phase is transferred in another tube; this

extraction step is repeated three times.

– To completely remove any trace of the aqueous phase,

one scoop of Na2SO4 (equal to about 1.0 g) is added to

each tube; tubes stand undisturbed for 1 h at room

temperature. If necessary, the extraction procedure may

be interrupted at this step and samples are stored at

Table 1 Reference values (mean; 2.5 and 97.5th percentiles), in Italian population, for analytes found altered in classical organic acidurias

Analyte Premature infants

\36 weeks

(n = 24)

Term newborns

[36 weeks

(n = 75)

Children

\5 years

(n = 880)

Subjects

5–18 years

(N = 511)

Adults

(n = 60)

RT (min)*

Isovalerylglutamic acid nd nd nd nd nd 18.35 (2TMS)

3-OH-Propionic acid 4.21; 1–6 4.26; 0–11 4.65; 0–13 3.66; 0–11 2.19; 0–5 8.3 (2TMS)

Tiglylglycine nd 0.11; 0–1 0.30; 0–2 0.01; 0–2 0.01; 0–1 14.05 (2TMS) 14.14 (1TMS)

2-OH-Isovaleric acid 1.00; 0–4 0.01; 0–0.41 0.01; 0–1 0.01; 0–3 0.01; 0–2 8.62 (2TMS)

3-OH-Isovaleric acid 0.68; 0–10 0.23; 0–4 2.00; 0–11 1.00; 0–8 0.01; 0–3 9.33 (2TMS)

Methylmalonic acid nd 2.00; 0–5 1.29; 0–5 1.00; 0–3 0.01; 0–2 9.43 (2TMS) 12.31 (3TMS)

Propionylglycine nd nd nd nd nd 11.49 (1TMS) 12.37 (2TMS)

Isovalerylglycine nd nd 0.15; 0–1 0.01; 0–1 nd 13.11 (1TMS) 13.49 (2TMS)

2-keto-isovaleric acid nd nd 0.01; 0–0 0.01; 0–0 nd 10.23 (2TMS) 9.43 (2TMS oxime)

2-Keto-3-Me-valeric acid nd 0.03; 0–1 0.04; 0–1 0.11; 0–2 0.01; 0–1 10.29 (2TMS oxime)

2-Keto-isocaproic acid nd 0.17; 0–1 0.20; 0–1 0.13; 0–1 0.1; 0–1 10.51 (2TMS oxime)

2-OH-isocaproic acid nd nd nd nd nd 9.75 (2TMS)

2-OH-3-Me-valeric acid nd nd nd nd nd 9.83 (2TMS)

2-Methylcitric acid nd nd 0.02; 0–0 0.01; 0–0 0.01; 0–0 17.31 (4TMS)� 17.39 (4TMS)

* Retention time (±0.2) according to conditions reported in the text. � RT refers to different stereoisomers; nd not detectable. TMS Trimethylsilyl

group; in brackets, the number of TMS groups linked to the analyte after derivatization
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4 �C: The organic acids are stable at least 24 h in ethyl

acetate.

– After centrifuging for 10 min at 3000 rpm, the organic

phase is transferred to a new clean glass tube and

completely evaporated in thermal block at 40 �C under

a gentle nitrogen flow. Samples can be stored dried

indefinitely at room temperature.

– Fifty microliters of BSTFA is added to each dried

sample; samples are mixed carefully and allowed to

react in a heating block for 30 min at 60 �C.
– After cooling to room temperature, samples are trans-

ferred to 250-ll conical glass inserts placed in the vials

and are suitable to GC/MS injection (1 ll injection

volume injected with a 10-ll Hamilton syringe).

Analysis

For routine analysis in our laboratory, an Agilent Tech-

nologies Model 7890A gas chromatograph is combined

with a 5975C mass spectrometer system and equipped with

a split-mode capillary injection port held at 280 �C with a

split ratio of 10:1. The column, an Agilent J&W GC col-

umn HP-5MS (30 m 9 0.250 mm 9 0.25 lm; catalog:

19091S-433), is directly interfaced to the ion source. The

oven temperature is programed from 70� to 280 �C at a rate

of 10 �C/min, and the helium flow program is 1 ml/min.

Data are acquired by repetitive scanning over a range of

50–550 amu; the retention time and area of each peak are

automatically determined and printed out by the MSD

Productivity Chemstation software. Molecule identity is

obtained by interrogating the NIST database. To minimize

the impact of any change to the column (trimmering,

substitution), for the above-reported method is applied the

retention time locking (RTL) procedure and method is

locked to succinic acid (retention time: 10.84 min).

Quantitation of each analyte is performed referring to the

injected PDA quantity according to Tanaka et al. [12, 13].

Due to the complexity of the urine organic acid frac-

tion, the interpretation of the final chromatogram is the

critical phase of the analysis. The commonly adopted

approach to identify all the analytes obtained from the

chromatogram is to extract from the TIC (Total Ion

Current) profile the mass spectra of all peaks and to per-

form a computer-assisted identification of each mass

spectrum. The identification arises both from the retention

time of the analyte and from its ion fragmentation profile.

Although several specific softwares are now available for

the automatic identification of the mass spectra, visual

evaluation is always required, mainly in the case of crit-

ical overlaps. Finally, interpretation of the acid organics

profile is based on the recognition of abnormal patterns

related to specific pathologies.

It should be noted that an abnormal organic acids profile

is not sufficient to conclusively establish a diagnosis of a

particular disorder. It is very important to seek confirma-

tion by an independent method, typically by in vitro

enzyme assay (on blood or cultured cells, tissue biopsy) or

by molecular analysis.

Disorders of branched-chain amino acid
metabolism

Valine, leucine and isoleucine are branched-chain amino

acids (BCAA). Classical organic acidurias include disor-

ders of BCAA metabolism. Enzymes required for their

processing may be deficient resulting in accumulation of

organic acids and, therefore, in organic acidurias [17].

Methylmalonic acidurias (MMAs)

Methylmalonic acidurias are a genetically heterogeneous

group of inborn errors of propionate metabolism all pre-

senting with excretion of methylmalonic acid in urine [18].

MMAs can be classified into two main areas: isolated

MMAs and combined MMAs.

Isolated MMAs

Isolated MMAs are caused by one of the following defects

(Fig. 1):

– Vitamin B12-unresponsive MMA is due to complete

(mut0 enzymatic subtype) or partial (mut- enzymatic

subtype) deficiency of the enzyme methylmalonyl-CoA

mutase (MCM, EC 5.4.99.2) encoded by MUT gene;

– Vitamin B12-responsive MMA is due to impaired

synthesis of MCM cofactor 5’-deoxyadenosylcobal-

amin (AdoCbl, one of the coenzymes derivatives of

vitamin B12), associated with cblA, cblB or cblD-

variant 2 complementation [19];

– Another extremely rare MMA variant is due to

deficiency of methylmalonyl-CoA epimerase.

All the isolated methylmalonic acidurias are inherited in

an autosomal recessive manner.

MCM is a key enzyme of the catabolic pathway of the

amino acids L-isoleucine, L-valine, L-methionine and L-

threonine, as well as of odd-chain fatty acids and the side

chain of cholesterol. It catalyzes the biochemical trans-

formation of L-methyl-malonyl-CoA to succinyl-CoA

(Fig. 1).

Since MCM is an AdoCbl-dependent enzyme, defi-

ciency of MCM activity results either from acquired vita-

min B12 deficiency or from genetic alterations of the MUT
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gene or of one of the genes involved in the AdoCbl syn-

thesis. In the last case, the cblA type of MMA is caused by

mutations in the MMAA gene encoding a protein of par-

tially known function, mainly involved in carrying cobal-

amin into the mitochondrion as a component of a

transporter or an accessory protein [20], while the cblB

variant results from mutations in the MMAB gene encod-

ing cobalamin adenosyltransferase; cblD-V2 variant is

caused by mutations in the MMADHC gene (Fig. 1). CblA

and cblB variants are responsive to cobalamin

supplementation.

It is also known a very rare form of isolated MMA due

to mutations on the MCEE gene, encoding for methyl-

malonyl-CoA epimerase, the enzyme that transforms the

D-methylmalonyl-CoA isomer arisen by the catabolism of

amino acids or odd-chain fatty acids into the L-methyl-

malonyl-CoA form, i.e., the substrate of the methyl-

malonyl-CoA mutase (Fig. 1).

The age of onset of the above-reported variants of MMA

is variable. Although there are late-onset forms with

chronic progressive disease, most of the patients present

with an acute life-threatening metabolic crisis in the first

years of life. Clinical signs during crisis include vomiting,

followed by lethargy and coma; patients present with

metabolic acidosis, hyperammonemia, hyperglycinemia

and hypoglycemia. In the most common phenotype of

isolated methylmalonic acidemia, infantile/non-B12-re-

sponsive phenotype (mut0 enzymatic subtype), newborns

are normal at birth but rapidly develop lethargy, vomiting

and dehydration on initiation of protein-containing feeds.

At presentation, they exhibit hepatomegaly, hypotonia and,

usually, hyperammonemic encephalopathy. Notably, all

individuals with isolated methylmalonic acidemia are

likely to develop tubulointerstitial nephritis with progres-

sive impairment of renal function and renal insufficiency

[21, 22].

Besides the above-reported well-defined conditions,

there are few reports describing atypical methylmalonic

acidemias with increased, usually mild urinary excretion of

methylmalonate. Mild MMA due to succinate-CoA ligase

(SUCL, EC 6.2.1.5) deficiency was reported caused by

mutations in SUCLA2 and SUCLG1 genes coding for

subunits of an enzyme catalyzing the conversion of suc-

cinyl-CoA to succinate [23]. Methylmalonate semialde-

hyde dehydrogenase (MMSDH, EC 1.2.1.27) converts (S)-

methylmalonic semialdehyde to propionyl-CoA in the last

enzymatic steps in the valine degradation pathway; its

deficiency can also lead, in a small number of patients, to

transient methylmalonic acidemia/aciduria [24]. Finally,

moderately elevated methylmalonate and traces of

methylcitric acid without other propionate metabolites

were observed in urine from patients affected by defect of

the transcobalamin receptor (TCblR/CD320) [25].

Combined MMAs

MMAs with homocystinuria Combined methylmalonic

aciduria and homocystinuria (MMA-HC) is caused by

impaired hepatic conversion of dietary cobalamin to

methylcobalamin and adenosylcobalamin, resulting in

Fig. 1 Pathway of the

conversion of propionyl-CoA

into succinyl-CoA. Propionyl-

CoA carboxylase converts

propionyl-CoA into

D-methylmalonyl-CoA, which

is then racemized into

L-methylmalonyl-CoA by the

methylmalonyl-CoA epimerase

and isomerized into succinyl-

CoA by the adenosylcobalamin

(AdoCbl)-dependent enzyme

methylmalonyl-CoA mutase.

Methylcobalamin (MeCbl) is

the cofactor of the reaction

catalyzed by the methionine

synthase
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decreased activity of methionine synthase and methyl-

malonyl-CoA mutase. This impairment arises from genetic

defects in the cbl complementation classes C, D, F and J:

cblC is caused by mutations in the MMACHC gene, cblD

by mutations in the MMADHC gene and cblF by mutations

in the LMBRD1 gene, encoding for a lysosomal membrane

transporter; finally, cblJ is due to mutations in the ABCD4

gene which, as the cblF defect caused by LMBRD1 muta-

tions, result in failure to release vitamin B12 from lyso-

somes [26] (Fig. 1). All these four genetic defects are

autosomal recessive. In MMA-HC disorders, MMA

excretion does not appear to be a major determinant of the

symptoms; the combined diseases are very different from

isolated MMA and are not further considered in this paper,

except as part of the differential diagnosis.

MMA with malonic aciduria Combined malonic and

methylmalonic aciduria (CMAMMA) is caused by defi-

ciency of a member of acyl-CoA synthetase family, namely

acyl-CoA synthetase family, member 3, ACSF3. This

enzyme, that is a methylmalonyl- and malonyl-CoA syn-

thetase, produces the malonyl-CoA required for fatty acid

synthesis. Patients with CMAMMA show high malonic

acid (MA) and methylmalonic acid levels in their urine or

plasma (methylmalonic acid/MA[ 5) [27].

Urinary biomarkers for methylmalonic aciduria

Measurement of urinary organic acids helps to establish the

diagnosis of MMA [11]. In fact, direct or indirect block of

the MCM activity leads to the accumulation of its sub-

strate, the L-methylmalonyl-CoA: The epimerase retrans-

forms the L-isoform in the D- isoform which is hydrolyzed,

by a D-methylmalonyl-CoA hydrolase, to methylmalonic

acid. Therefore, methylmalonic acid accumulates in tissues

and organic fluids, representing the most important bio-

marker of the disease: A classical organic acids profile

from an MMA patient shows a very large peak eluting just

before the urea’s peak (Fig. 2, arrow 1).

In addition to methylmalonic acid, in GC/MS analysis of

urine from MMA patients other nonspecific alterations can

be observed: The secondary metabolites of propionic acid,

namely 3-hydroxypropionic and 2-methylcitric acid (2-

MCA), and tiglylglycine are frequently detected at

Fig. 2 Representative chromatogram of an organic acid profile

obtained from the urine of a patient affected by MMA. 1 Methyl-

malonic acid (RT 9.50 min: 2TMS; RT 12.31: 3TMS), 2 3OH-

propionic acid (RT 8.29), 3 2-methylcitric acid (RT 17.32: 4TMS,

isomer I; RT 17.38: 4TMS, isomer II) and 4 tiglylglycine (RT 14.06:

2TMS)
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abnormal levels (Fig. 2, arrows 2, 3 and 4, respectively). In

fact, methylmalonyl-CoA is predominantly metabolized to

succinyl-CoA, which subsequently enters the TCA cycle, if

MCM activity is intact. But in MMA patients, propionyl-

CoA cannot be transformed into succinyl-CoA and accu-

mulates; moreover, the accumulation of propionyl-CoA

and its metabolites is also due to the secondary inhibition

of the propionyl-CoA carboxylase. In these conditions,

minor metabolic pathways for propionyl-CoA metabolism

are activated: 3-Hydroxypropionic acid is formed by either

b- or x-oxidation of propionyl-CoA, while 2-methylcitric

acid is produced by condensation of propionyl-CoA with

oxaloacetate; tiglylglycine derives from the isoleucine

catabolic pathway [28].

It should be noted that, in addition to mild elevated

methylmalonic acid in plasma and urine, several other

metabolites were reported to be elevated also in urine from

patients affected by SUCL deficiency: Besides 2-methyl-

citric acid, 3-methylglutaconic acid, 3-hydroxyisovaleric

acid, succinate, fumarate and 2-oxoglutaric acid often

present increased levels [23].

Differential biochemical diagnosis of MMA has to dis-

tinguish among acquired vitamin B12 deficiency, vitamin

B12-responsive and vitamin B12-unresponsive methyl-

malonic aciduria, combined methylmalonic aciduria and

homocystinuria, combined malonic and methylmalonic

aciduria and SUCL, MMSDH and CD320 deficiency.

Therefore, combination of significant and persistent

methylmalonic aciduria, responsiveness to vitamin B12

treatment, high levels of plasma homocysteine or malonic

acid levels and normal serum cobalamin concentrations is

required to distinguish patients. Diagnosis is then confirmed

by complementation analysis on cultured patient fibroblasts

or by identification of mutations in the relative genes.

Pathophysiology of MMA

Concerning the pathogenesis of MMA, several studies have

been performed in the last years, and most of them have

tried to elucidate the mechanisms underlying the neuro-

logical complications that are significant in affected

patients [2]. One of the effects to be considered in the

pathogenesis of MMA concerns the loss of an important

anaplerotic pathway for the TCA cycle due to the block of

one of the final steps of propionate metabolism; in fact, via

propionyl-CoA and its metabolite methylmalonyl-CoA,

succinyl-CoA is fueled into the TCA cycle, accounting for

a significant amount of total adenosine triphosphate (ATP)

production [29]. Moreover, succinyl-CoA synthesis defi-

ciency, together with methylmalonyl-CoA-induced inhibi-

tion of mitochondrial dicarboxylate carrier, while resulting

in decreased gluconeogenesis and heme synthesis and in

glycine increase could be related to growth retardation and

neurological abnormalities, as suggested [30, 31].

Methylmalonyl-CoA was also associated with deficiencies

of respiratory chain and megamitochondria formation

[32, 33], and with changes in mitochondrial energy meta-

bolism [34, 35]. Interestingly, human and mouse studies

have shown a cell-specific mitochondrial pathology, pri-

marily in the proximal tubules of kidney, associated with

cytochrome c oxidase deficiency and increased markers of

oxidative stress in the urine and plasma [33, 36].

Several studies also underline that oxidative stress is a

pathogenetic mechanism in MMA. Concalves et al. [37]

demonstrated that methylmalonic acid injection in the stria-

tum of young rats resulted in lipid and protein oxidative

damage and impairment of the antioxidant defenses, andmore

recently, other laboratories reported disruption of redox

homeostasis in vivo resulting from intracerebroventricular

injection of methylmalonic acid in rats [38]. Accordingly,

Salmi [39] reported that patients with organic acidemias have

an altered thiol status with relative glutathione deficiency.

Oxic nitric (NO) overproduction and NO-mediated protein

damage were also demonstrated, and evidences were found

that methylmalonic acid-induced seizures decrease in

knockout mice defective for inducible nitric oxide synthase

[40, 41]. Together with increased production of NO, methyl-

malonic acid administration seems also able to increase pro-

inflammatory markers in the cerebral cortex and to reduce

immune defenses [42]. Interestingly, Colin-Gonzales et al.

[43] reported that agonists of cannabinoid receptors have

protective effects on methylmalonic acid-induced mitochon-

drial dysfunction and oxidative stress.

Neuronal apoptosis is probably another mechanism

involved in the progressive neurological deterioration

characterizing MMA. Gene expression profiles, obtained

using the microarray technology for in vitro studies on rat

cortical neurons, evidenced that high levels of methyl-

malonic acid significantly altered cell morphology,

decreased neurons viability and increased cell apoptosis; in

these studies, the MAPK and p53 signaling pathways

appeared to be involved in the neuronal damage [44], while

previous data supported the hypothesis that microRNAs,

particularly miRNA-9, are also involved in regulating

neuronal apoptosis via targeting the pro-apoptotic

BCL2L11 protein [45].

Even the impairment of intracellular trafficking could be

involved in the MMA pathogenesis, as suggested by De

Mattos-Dutra et al. [46]. These authors, indeed, demon-

strated that methylmalonic acid in the cerebral cortex of

rats impairs the in vitro phosphorylation of cytoskeletal

proteins by inhibiting the activities of proteins, namely

PKA, CAMKII and PP1, associated with the cytoskeletal

system. Accordingly, Almeida et al. [47] reported that

methylmalonic acid significantly decreased the in vitro

phosphorylation of intermediate filament proteins.
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Pathogenetic effects may be ascribed also to other

neurotoxic metabolites accumulating in MMA. Methyl-

malonic acid, in fact, was first considered as the main

neurotoxic metabolite, but other studies suggested that

toxic effects on the energy metabolism, i.e., inhibition of

TCA cycle and of mitochondrial respiratory chain, could be

synergistically mediated by methylmalonic acid, propi-

onyl-CoA and 2-methylcitric acid [28, 48, 49].

Recently, Jafari et al. focused on 2-MCA and reported, in

an in vitro study, that 2-MCA, and not methylmalonate, is the

most toxic metabolite, able to generate delayed axonal

growth, apoptosis of glial cells and ammonium increase [50].

According to the above-reported evidences, proteomic

studies performed in our and other laboratories on cells

from cblC-deficient patients or on mut0 patients reported

deregulation of glutathione metabolism and alterations of

proteins involved in intracellular trafficking and protein

folding, energy metabolism, cytoskeleton assembly and

signaling pathways [51–53].

Propionic aciduria (PA)

PA is an autosomal recessive inherited disease caused by

deficiency of propionyl-CoA carboxylase (PCC), a mito-

chondrial biotin-dependent carboxylase that catalyzes the

conversion of propionyl-CoA, derived from the catabolism

of isoleucine, valine, methionine, threonine and odd-chain

fatty acids, to methylmalonyl-CoA; methylmalonyl-CoA

then enters the Krebs cycle via succinyl-CoA, as described

in the MMA section (Fig. 1) [54]. PCC is a heterodode-

camer including six alpha subunits (encoded by the PCCA

gene and harboring a region for binding to the biotin) and

six beta subunits (encoded by the PCCB gene).

Based on the onset of the disease, PA may be distin-

guished in:

Neonatal-onset PA the most common form; it presents

with poor feeding and vomiting in the first days of life,

followed by lethargy, seizures, coma and death. Patients

usually show metabolic acidosis related to the accumu-

lation of propionic acid in blood.

Late-onset PA it presents with developmental regression,

chronic vomiting, protein intolerance, failure to thrive,

hypotonia and cardiomyopathy, while chronic renal

failure is very rare [55]. Cardiomyopathy, a common

complication, can also be isolated, without metabolic

acidosis or any evidence of neurological impairment

[56]. Affected children can also have acute phases that

look like the neonatal presentation. Neurological com-

plications include seizures, abnormalities in the basal

ganglia, extrapyramidal symptoms and brain atrophy;

long-term chronic complications include intellectual

disability, spastic quadriplegia and athetosis.

Urinary biomarkers for PA

A classical organic acids profile from a PA patient is shown

in Fig. 3. Testing of urine organic acids reveals elevated

levels of 3-hydroxypropionic acid and the presence of

2-methylcitric acid, tiglylglycine and propionylglycine,

which are not observed in urine from healthy subjects [11]

(Fig. 3, arrow 1, 2, 3, 4, respectively). 3-hydroxypropionic

acid and propionylglycine directly originate by the propi-

onyl-CoA accumulation, while the other organic acids

accumulate as described for methylmalonic acidemia.

Propionic acid in urine is not normally detected as a TMS

derivative because of its high volatility. When the patient is

in stable condition, presence of methylcitric acid is often

the only detectable diagnostic marker, while in patients in

episodes of metabolic crisis, several other organic acids can

be elevated. Besides 3-hydroxypropionic acid, 2-methyl-

citric acid, propionylglycine and tiglylglycine, some non-

specific metabolites can also be altered: 3-hydroxybutyric

acid (RT: 8.57 min, in our conditions), acetoacetic acid

(main peak at RT 10.12), p-hydroxyphenylacetic acid (RT:

14.99), 2-methyl-3-hydroxybutyric acid (RT: 9.16), 3-ke-

tovaleric acid (RT: 10.28), 2-methyl-3-ketovaleric acid

(RT: 10.89) and 2-methyl-3-hydroxyvaleric acid (RT:

10.21).

3-Hydroxypropionic acid is not a biomarker specific

only for PA since it accumulates also in other metabolic

defects. Therefore, the differential diagnosis of propionic

acidemia has to distinguish other pathologies in the

absence of a classical PA profile, i.e., when only 3-hy-

droxypropionic acid is elevated: biotin disorders, MMAs

and 3-hydroxyisobutyric aciduria. Biotin disorders also

show elevation of 3-hydroxyvalerate and 3-methyl-

crotonylglycine; biotinidase and holocarboxylase syn-

thetase activities differentiate between biotinidase defi-

ciency and multiple carboxylase deficiency. MMAs

additionally show massive elevations of methylmalonic

acid, as discussed before, while 3-hydroxyisobutyric acid-

uria also has elevation of 3-hydroxyisobutyric acid. It is

noteworthy that an increase in 3-hydroxypropionic acid

and 2-methylcitric acid, as well as several other organic

acids, may also be associated with bacterial contamination

[57].

Confirmation of diagnosis of propionic acidemia relies

on detection of either deficient PCC enzymatic activity or

biallelic mutations in PCCA or PCCB.

Pathophysiology of PA

Pathophysiology in PA is not completely understood, par-

ticularly with respect to neurologic symptoms; however, in

recent years, several observations suggest that, similarly to

MMA, different mechanisms can be implied.
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The toxic effect of the compounds that accumulate in

PA (propionyl-CoA, propionic acid, 2-methylcitric acid,

ketones), as well as in MMA and other organic acidurias,

includes disruption of mitochondrial homeostasis through

depletion of the cellular energy stores, inhibition of the

electron transfer in the respiratory chain and inhibition of

the TCA cycle enzymes [34]. The intermediate metabolism

block due to the propionyl-CoA carboxylase deficiency

results in the impairment of important biochemical path-

ways, such as citric acid and urea cycles, and this, in turn,

leads to alterations of the amino acid metabolism, probably

due to disturbance of anaplerosis [58]. Indeed, it is well

known that the TCA cycle flux is impaired either by the

lack of anaplerotic propionic acid pathway, as better above

described for MMA, or by 2-methylcitric acid-related

inhibition of citrate synthase, aconitase and isocitrate

dehydrogenase [28], while propionyl-CoA induces inhibi-

tion of succinate-CoA ligase [58] and of pyruvate dehy-

drogenase complex [59, 60] and impairs ureagenesis, as

well as the methylmalonyl-CoA, via N-acetylglutamate

synthase [61, 62]. Moreover, propionyl-CoA appears to be

an efficient inhibitor of the respiratory chain: Multiple

OXPHOS deficiencies, in particular deficiencies of bc1

complex and cytochrome c oxidase, have been described

also in extraneurological tissues, as liver, skeletal muscle,

heart muscle and kidney in patients with propionic and

methylmalonic aciduria [60, 63, 64]. Interestingly, various

studies have also demonstrated a coenzyme Q10 defect in

liver [65] and heart [66] of PA-affected patients.

The involvement of oxidative stress in the PA patho-

genesis also seems to be well established. Indeed, propi-

onic acid may be a mediator of oxidative stress, as

suggested by studies in vitro, on PA patient-derived

fibroblasts, demonstrating increased ROS levels and the

scavenger ability of several molecules [67], and in vivo,

reporting the protective effects of ascorbic acid on learning

ability of rats injected with propionic acid; conversely, in

the propionic acid-treated, not protected animals, seizures

and increased protein carbonyl content (a marker of protein

oxidative damage) were reported [68]. Accordingly, other

studies demonstrated a reduction in the antioxidative

defenses in PA-affected patients [39]. In addition, in vivo

studies in adult rats also suggested that propionic acid may

cause seizures and oxidative damage, evaluated as

increased protein carbonyl content, by NMDA receptor-

mediated mechanisms [69].

Fig. 3 Representative chromatogram of an organic acid profile

obtained from the urine of a patient affected by PA. 1 3OH-Propionic

acid (RT 8.49 min: 2TMS), 2 2-methylcitric acid (RT 17.28: 4TMS,

isomer I), 3 tiglylglycine (RT 14.01: 2TMS; RT 14.15: 1TMS) and 4

propionylglycine (RT 11.47: 1TMS; RT 12.40: 2TMS)
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In addition to the above-reported mechanisms, propionic

acid seems to develop its neurotoxicity also through

apoptotic activities, as demonstrated in vitro, in neurob-

lastoma cells [70]. Moreover, it can alter intermediate fil-

ament phosphorylation by acting on protein phosphatases

and kinases, thus resulting in cytoskeletal reorganization

and morphological alterations in cerebral cortex astrocytes

[47, 71]. Finally, propionic acid appears to be able to alter

both neuronal and glial gene expression by affecting his-

tone acetylation [72], while both methylmalonic and pro-

pionic acid can significantly reduce, when injected in brain

of rats, the concentration of several ganglioside species,

thus impairing synaptogenesis [73].

Isovaleric aciduria (IVA)

Isovaleric acidemia (IVA), the first organic acidemia

described in humans, is an autosomal recessive inborn error

of amino acids metabolism due to deficiency of isovaleryl-

CoA dehydrogenase (IVD). IVD is a mitochondrial

homotetrameric flavoenzyme which catalyzes the third step

in the leucine catabolism, i.e., the dehydrogenation of

isovaleryl-CoA to 3-methylcrotonyl-CoA [74] (Fig. 4).

Therefore, deficiency of this enzyme results in the failure

of isovaleryl-CoA to be oxidized to 3-methylcrotonyl-CoA

and in the accumulation of isovaleryl-CoA and its deriva-

tives; isovaleryl-CoA, in turn, is an inhibitor of N-acetyl-

glutamate synthetase, thus leading to reduced N-

acetylglutamate synthesis, impairment of the urea cycle

and, finally, hyperammonemia [61].

Neonatal symptomsof IVA include poor feeding, vomiting

and seizures. A peculiar smell of ‘‘dirty socks’’ may be

appreciated only in the acute phases, due to the accumulation

of unconjugated isovaleric acid. Acidosiswith an unexplained

anion gap is a characteristic feature. Children diagnosed later

in their life, affected by the chronic intermittent form, may

present failure to thrive and/or developmental delay ormental

retardation. Acute pancreatitis, myeloproliferative syndrome,

Fanconi syndrome and cardiac arrhythmias have also been

reported [74]. It should be noted, however, that this disorder

shows a great variability of clinical phenotypes, with forms

that can remain undiagnosed until adulthood. For example,

subjects harboring the very common recurring missense

mutation p.A282 V on the IVD gene result asymptomatic,

with a very mild increase in isovaleryl-CoA-related metabo-

lites in plasma and urine [75].

Urinary biomarkers for isovaleric aciduria

Several isovaleryl-CoA-derived metabolites have been

found in blood and urine from patients with IVA. Partic-

ularly, isovaleryl conjugates of multiple amino acids have

been frequently detected in urine [76–78]. In fact, free

isovaleric acid in blood can reach very high values but is

rapidly conjugated to other compounds, such as glu-

curonide, glutamic acid and glycine. An urinary organic

acids profile from a patient affected by IVA is reported in

Fig. 5. The major derivative of isovaleryl-CoA is the iso-

valerylglycine produced by the conjugation with the amino

group of glycine, reaction that is catalyzed by the enzyme

glycine N-acylase. Isovalerylglycine represents the urinary

biomarker of this disorder and is always elevated in IVA

patients (Fig. 5, arrow 1); when the patient is in ketoaci-

dotic crisis, large excretion of several additional metabo-

lites can be also observed: lactic acid, 3-hydroxybutyric

acid, acetoacetic acid, 3-hydroxyisovaleric acid (Fig. 5,

arrow 2), isovalerylglutamic acid (Fig. 5, arrow 3).

Several direct and indirect methods to assay IVD

activity have been published [79, 80] and, in addition to

molecular genetic analysis, can be used to confirm a

diagnosis of IVA.

Pathophysiology of IVA

Although IVA was the first identified organic aciduria in

humans, very few details are available concerning its

pathogenetic causes that still remain unclear. Mechanisms

underlying neurological impairment in IVA are under

investigation. The available data suggest that also for IVA,

the accumulating metabolites are able to affect the normal

mitochondrial function. In fact, isovaleric acid is an inhi-

bitor of succinate/CoA ligase in the TCA cycle [81] and

appears to be also an inhibitor of citrate synthase and of

Na?, K?-ATPase, as suggested by experimental results

obtained in vivo by intracerebroventricular administration

of isovaleric acid to rats [82]. In addition, Loots [83]

Fig. 4 Pathway of leucine catabolism. IVD Isovaleryl-CoA dehydro-

genase, BCKDH branched-chain alpha-ketoacid dehydrogenase

complex

314 Clin Exp Med (2017) 17:305–323

123



identified new diagnostic markers in IVA, namely (2R,

3R)-methylcitric acid and 2-methyl-cis-aconitic acid-

derived 2-methylisocitric acid, that appear to be able to

impair normal TCA cycle metabolism by inhibiting citrate

synthase and isocitrate dehydrogenase, respectively.

Oxidative stress could be involved in the pathogenesis

of IVA, too. In fact, in vitro studies performed on rat brain

homogenates reported oxidative damage induced by iso-

valeric acid and isovalerylglycine [84], and more recently,

decreased concentration of glutathione was reported in

plasma from IVA patients, as for MMA and PA patients,

and in cultured normal fibroblasts after exposure to

exogenous isovaleric acid [39]. Secondary hyperammone-

mia, also in IVA, is presumed to be due to inhibition of N-

acetylglutamate synthetase by isovaleryl-CoA and/or

intracellular depletion of acetyl-CoA resulting in reduced

N-acetylglutamate synthesis and impairment of the urea

cycle [61, 62].

Maple syrup disease (MSUD)

MSUD, also known as branched-chain ketoaciduria, is an

autosomal recessive disorder caused by deficient activity of

the branched-chain alpha-ketoacid dehydrogenase complex

(BCKDH), involved in the metabolism of the branched-

chain amino acids (BCAAs) leucine, isoleucine and valine

[85]. This complex catalyzes the oxidative decarboxylation

of the branched-chain ketoacids (BCKAs) (2-ketoiso-

caproic, 2-keto-3-methyl-valeric and 2-ketoisovaleric acid)

in the second step of the degradative pathway of the BCAAs

(Figs. 4 and 6). BCKDH is a large complex composed of

three catalytic components: a thiamine pyrophosphate-de-

pendent decarboxylase (E1), which is a heterotatramer of

alpha and beta subunits, a dihydrolipoyl transacetylase

(E2), which is a homo-24-mer, and a lipoamide dehydro-

genase (E3), which is a homodimer shared with the pyru-

vate and alpha-ketoglutarate dehydrogenases complexes. In

addition, the BCKDH complex contains two regulatory

enzymes, a kinase and a phosphatase, that control the

activity of the complex. The three catalytic components are

encoded by four unlinked genes: BCKDHA, encoding the

alpha subunit of E1, BCKDHB, encoding the beta subunit

of E1, DBT, encoding E2, and DLD, encoding E3; muta-

tions in any of these four genes reduce or eliminate the

function of the protein complex resulting in MSUD type

1A, MSUD type 1B, MSUD type 2 and MSUD type 3,

Fig. 5 Representative chromatogram of an organic acid profile obtained from the urine of a patient affected by IVA. 1 Isovalerylglycine (RT

13.07 min: 1TMS; RT 13.60: 2TMS), 2 3OH-isovaleric acid (RT 9.58: 2TMS) and 3 isovalerylglutamic acid (RT 18.32: 2TMS)
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respectively. Patients are always homozygous or compound

heterozygous for mutations in the same gene; no

heterozygotes for mutations in two different genes have

been reported [86]. BCKDK and PPM1K encode for the

regulatory kinase and phosphatase, respectively, and their

alteration also results in BCAA deficiency.

Clinically, MSUD phenotypes are usually classified into

five subtypes. Although BACKDH enzyme activities

overlap to some degree in these subtypes, usually lower

enzyme activity is associated with more severe disorder.

Patients affected by the classic neonatal severe form

(residual enzyme activity\2 %), which is the most com-

mon form of the disorder, appear normal at birth, with

symptoms developing between 4 and 7 days of age:

lethargy, irritability, weight loss and severe encephalopa-

thy; cerumen and urine present with a characteristic odor

resembling maple syrup since 12 h after birth; acute leu-

cine intoxication (leucinosis) can arise at any age and lead

to brain edema and neurological signs eventually resulting

in coma. Coma and central respiratory failure may also

occur by age 7–10 days, before newborn screening results

are available. Patients with intermittent MSUD (enzyme

activity 5–20 %) have normal growth and intellectual

development throughout infancy and childhood; occasion-

ally, during physiologic stress (for example, infections),

they can present the clinical features of classic MSUD.

Individuals with intermediate MSUD (residual BACKDH

activity 3–30 %) may appear healthy during the neonatal

period but have gradual neurological problems, eventually

resulting in mental retardation. Ketonuria and branched-

chain alpha ketoacids may appear in the urine only during

decompensation. Patients with thiamine-responsive MSUD

have residual BCKADH enzyme activity of up to 40 %

normal and a clinical course similar to those with inter-

mediate MSUD; in these patients, the concentrations of

BCAAs and BCKAs decrease with thiamine therapy. E3-

deficient MSUD is a very rare condition, clinically similar

to the intermediate MSUD but with severe lactic acidosis;

patients affected by this variant of MSUD have a combined

deficiency of BCKDA, pyruvate and alpha-ketoglutarate

complexes, leading to more complex phenotype.

Urinary biomarkers for MSUD

MSUD is diagnosed by the presence of clinical features

and biochemical signs. Quantitative plasma amino acids

analysis is the most informative diagnostic tool, and it

reveals, in MSUD patients, elevated BCAAs (leucine,

isoleucine and valine) and, as pathognomonic finding, allo-

isoleucine. Sometimes, plasma concentrations of isoleucine

or valine may be low or normal, but plasma concentration

of leucine is invariably elevated accompanied by decreased

concentrations of other essential and non-essential amino

acids, thus differentiating from some other pathological

conditions also showing increased levels of BCAAs in

plasma. In diabetic ketoacidosis, for example, plasma

concentration of glutamic acid, aspartic acid, leucine, iso-

leucine and, particularly, valine is significantly increased;

these patients also show increased levels of urinary

excretion of branched-chain amino acids, histidine, serine

and threonine, while levels of glutamic acid, glutamine,

glycine and taurine are reduced [87].

Fig. 6 Pathways of branched-

chain amino acid catabolism.

BCKDH: Branched-chain

alpha-ketoacid dehydrogenase

complex; E1: thiamine

pyrophosphate-dependent

decarboxylase coded by

BCKDHA and BCKDHB; E2:

dihydrolipoyl transacetylase

coded by DBT; E3: lipoamide

dehydrogenase coded by DLD;

BCKDK: branched-chain alpha-

ketoacid dehydrogenase kinase;

and PPM1K: protein

phosphatase, pp2c domain

containing, 1k
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Urinary excretion of branched-chain ketoacids and

hydroxy acids occurs in MSUD patients after 48–72 h from

birth. Figure 7 depicts a typical urinary organic acids

profile from a patient affected by classical MSUD type.

Gas chromatography–mass spectrometry corroborates the

diagnosis of MSUD by revealing and quantitatizing 2-ke-

toisocaproic acid (Fig. 7, arrow 1), 2-ketoisovaleric acid

(arrow 2), 2-keto-3-methylvaleric acid (arrow 3), 2-hy-

droxyisocaproic acid (arrow 4), 2-hydroxyisovaleric acid

(arrow 5) and 2-hydroxy-3-methylvaleric acid (arrow 6);

hydroxy-derivatives are presumably formed from the

reduction in the respective ketoacids [11]. Elevated

BCKAs, and particularly 2-ketoisovaleric acid, that is the

most important diagnostic peak, can be observed in all

clinical subtypes, although biochemical profile may be less

severe in the intermediate form as well as in the thiamine-

responsive subtype if the patient undergoes a thiamine

therapy, and can be normal in the intermittent subtype in

the absence of clinical signs. Since the E3 subunit of

BCKADH is shared with the pyruvate and alpha-ketoglu-

tarate dehydrogenase complexes, MSUD type 3 is

characterized by increased urinary excretion of BCKAs

and alpha-ketoglutarate associated with increased plasma

concentrations of lactate, pyruvate and alanine.

Diagnosis of MSUD has to be confirmed by evaluation

of BCKADH enzyme activity on fibroblasts or lympho-

cytes and by molecular genetic testing.

Pathophysiology of MSUD

Several studies have been performed in the last years

aiming to clarify the pathogenetic events of MSUD,

focusing, in particular, on the mechanisms underlying the

brain damage.

Blood–brain barrier (BBB) impairment could be among

the involved alterations. BCAAs appear to act by altering

the permeability of the BBB, probably by eliciting brain

inflammation [88–91]. Moreover, leucine and related

metabolites appear to interfere with the transport of other

amino acids across the blood–brain barrier, thus resulting

in cerebral amino acid deficiency with deleterious effects

on brain growth and synthesis/function of

Fig. 7 Representative chromatogram of an organic acid profile

obtained from the urine of a patient affected by MSUD. 1

2-Ketoisocaproic acid (RT 10.53 min: 2TMS oxime), 2 2-ketoisova-

leric acid (RT 9.43: 2TMS oxime); 3 2-keto-3-methyl-valeric acid

(RT 10.3: 2TMS oxime), 4 2OH-isocaproic acid (RT 9.75: 2TMS), 5

2OH-isovaleric acid (RT 8.69: 2TMS) and 6 2OH-3-methyl-valeric

acid (RT 9.85: 2TMS)
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neurotransmitters [92]. In a murine MSUD model, deple-

tion of cerebral glutamate, glutamine, GABA, pyruvate and

dopamine was reported by Zinnanti et al. [93]; depletion of

glutamate and glutamine can be in part ascribed to inter-

ference of 2-ketoisocaproic acid with transamination

reactions [94]. In addition, impairment of the normal

function of neurotransmitters was related to excitotoxicity,

since a leucine-, isoleucine-, 2-ketoisocaproic- and 2-keto-

3-methylvaleric acid-mediated inhibition of glutamate

uptake were observed in studies in vitro on synaptic vesi-

cles and on rat cerebral cortex slices [95, 96]. Accordingly,

2-ketoisocaproic acid, in particular, seems able to induce

seizures via glutamatergic and GABAergic mechanisms, as

demonstrated by pharmacological studies on rats [97].

The biochemical derangement in MSUD may also result

in dysfunction of the neuronal energy metabolism. 2-Ke-

toisocaproic appears to be an uncoupler of oxidative

phosphorylation and, together with leucine, an inhibitor of

the Krebs cycle [98]. Impairment of the electron transport

chain by BCKAs was also described [99]; conversely,

BCAAs, but not the BCKAs derivatives, were reported to

generate significant inhibition of creatine kinase activity in

cortex from rat brain [100]. More recently, Stranda et al.

[101] demonstrated, in fibroblasts from MSUD patients,

significant damage of mitochondrial and nuclear DNA

resulting in mitochondrial dysfunction.

As for the other organic acidurias reviewed here, several

evidences point also to oxidative stress as another impor-

tant pathogenetic mechanism involved in neurological

damage from MSUD [102]. Bridi et al. [103] firstly

demonstrated the induction of oxidative stress (increased

lipid peroxidation and impairment of the antioxidant

defenses) in vitro on cerebral cortex homogenates follow-

ing treatment with BCAAs. Scaini et al. [104] reported

increased DNA damage both in the hippocampus and in the

striatum of rats administered with branched amino acids.

Interestingly, the same group reported, in the same animal

model, increased levels of brain-derived neurotrophic fac-

tor (BDNF) in the hippocampus and cerebral cortex fol-

lowing branched amino acids administration, resulting in

memory impairment in spatial memory tasks; both the

effects, increased BDNF levels and memory deficit, were

prevented by antioxidant treatment; decreased NGF levels

were reported in hippocampus [105]. In a very recent

paper, the same authors report that 2-ketoisocaproic acid,

following intracerebroventricular administration, decreases

BDNF levels in hippocampus, striatum and cerebral cortex

and decreases the NGF levels only in hippocampus [106].

Other groups reported evidences of enhanced lipid and

protein oxidation and impairment of the antioxidants

defenses in brains of rats subjected to chronic BCAAs

administration and remarked the antioxidative effect of

treatment with L-carnitine [107]. Markers of oxidative

stress, namely increase in lipid peroxidation and reduction

in the antioxidant defenses, were also evidenced in plasma

from MSUD patients [108]. Increased carbonyl content in

plasma and increased DNA damage in patients’ leukocytes

and the presence of urinary biomarkers of oxidative dam-

age recently confirmed the involvement of oxidative stress

in MSUD pathogenesis [108–110]. Accordingly, all these

effects were decreased by L-carnitine supplementation.

Interestingly, it was also reported that L-carnitine treatment

is able to prevent the increase in several inflammatory

cytokines in patients’ plasma [109].

Finally, several experimental data suggest that BCAAs

and BCKAs accumulation can also result in alteration of

cerebral cytoskeleton and in apoptosis triggering. Jouvet

et al [111, 112] demonstrated, by in vitro studies, that

MSUD metabolites can induce apoptosis through a cyto-

chrome c-independent pathway. Evidences of apoptosis,

together with cell morphological alterations, were further

provided by Funchal et al. [113, 114] by experiments on rat

cultured astrocytes exposed to BCAAs and BCKAs.

Impairment of neuronal cytoskeleton has been suggested to

be related to neural cell death [115]. Enhanced amounts

and phosphorylation of neurofilaments induced in rat cor-

tical slices by 2-ketoisocaproic and 2-keto-3-methylvaleric

acid were firstly demonstrated by Pessoa-Pureur et al.

[116, 117]. In the same year, Funchal et al. [118] confirmed

the alteration of phosphorylation of intermediate filaments

induced by 2-ketoisocaproic acid and suggested that the

alteration was mediated by the ionotropic glutamatergic

receptors. Conversely, 2 years later, the same group

reported that in rat cerebral cortex, the gabaergic system

was involved in the enhancement of the intermediate fila-

ments phosphorylation elicited by treatment with 2-keto-3-

methylvaleric acid [114].

Reference values of the organic acids elevated
in classical organic acidemias

Reference values (mean, 2.5 and 97.5th percentiles) for

analytes mainly found altered in classical organic acidurias

were obtained by analyzing urine samples from healthy

subjects in Italian Campania region and are reported in

Table 1. Since organic acids excretion varies according to

age, the reference interval is divided into four ranges of

age: newborns (premature or term), children \5 years of

age, subjects aged between 5 and 18 years, and adults. For

each analyte is also provided the retention time observed

under the conditions described in the methods section and

reported in the figures related to the pathologies; in

brackets are reported the number of the trimethylsilyl esters

adducts usually obtained during the derivatization reaction

with BSTFA. As shown, among the analyzed molecules,
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isovalerylglutamic acid, propionylglycine, 2-OH-iso-

caproic acid and 2-OH-3-methyl-valeric acid appear to be

not detectable in normal population, while all the other

analytes are found in variable amounts also in normal

urines.

Discussion

The determination of relative concentration of organic

acids in body fluids, usually urine, is an assay of crucial

importance for the diagnosis and follow-up of several

inborn errors of metabolism characterized by abnormal

production and excretion of these substances. The quanti-

zation, commonly performed by GC–MS procedure, allows

the identification of more than 250 organic acids and gly-

cine conjugates, having the potential of evidencing the

pathophysiological status of several biochemical pathways.

Alterations in these pathways result in more than 65

inherited diseases, with classical organic acidemias repre-

senting the most common disorders of this group.

Diagnosis of pathological conditions requires availabil-

ity of references ranges for urinary organic acids in a

healthy pediatric population. However, literature reports

very few papers concerning urinary organic acid reference

values and, at our best knowledge, there are no papers

reporting reference ranges in Italian population. Here we

reported the reference values, obtained by analyzing more

than 1500 Italian healthy subjects and divided into age

groups, for the organic acids most commonly increased in

the classical organic acidemias. It should be noted, how-

ever, that urinary organic acids profiles can be often very

puzzling; patients with classical profiles are, indeed, not

very common: More often only some of the expected

metabolites show a significant increase; alternatively,

subtle or mild increase in several different metabolites can

be traced. Moreover, patients affected by an organic acid-

emia may sometimes present, during their clinical course,

with nearly normal profile, if urines were not collected in a

metabolic crisis phase or when they were preventively

administered with therapy; therefore, it is essential, if the

suspect of metabolic disease persists, to repeat the quan-

tization more times, possibly during a crisis and far from a

pharmacological administration, thus also avoiding, in the

last case, the presence of interfering peaks/substances.

Finally, the evaluation of a urinary organic acids profile has

always to take into account also the nutritional therapy

eventually administered to the patient, since both paren-

theral nutrition and several nutritional formulas are able to

alter the normal profile of excretion of organic acids in the

urine.

Concerning the pathogenetic basis of classical organic

acidurias, the data collected suggest the involvement of

different mechanisms in the pathophysiology of the meta-

bolic alterations underlying these diseases, which are

interconnected; most of them are shared by the different

pathologies.

Energy production alteration due to disruption

of mitochondrial homeostasis

Succinyl-CoA synthesis deficiency and methylmalonyl-

CoA overproduction in MMA have been associated with

changes in mitochondrial energy metabolism and with

deficiencies of TCA cycle and of respiratory chain, such as

impairment of cytochrome c oxidase. These pathogenetic

effects have to be ascribed also to other neurotoxic

metabolites, besides MMA, i.e., propionyl-CoA and

2-methylcitric acid. Since levels of these molecules also

increase in PA accompanied by disturbance of the ana-

plerotic functions of TCA, it is not surprising that this

pathogenetic mechanism, disruption of mitochondrial

homeostasis, has been suggested also in several studies

focused on PA pathophysiology. Finally, since metabolites

accumulating in IVA, mainly isovaleric acid, and in

MSUD, such as 2-ketoisocaproic acid, also appear to be

able to impair normal TCA cycle metabolism and/or

oxidative phosphorylation, mitochondrial dysfunction

should be considered also for the pathogenesis of the other

classical OAs.

Oxidative stress

Oxidative stress can be a pathogenetic mechanism in sev-

eral inborn errors of metabolism. Concerning classical

OAs, in vitro and in vivo studies demonstrated that

methylmalonic acid is able to trigger lipid and protein

oxidative damage and this effect seems to be linked to

stimulation of pro-inflammatory markers. This is also true

for propionic acid and for isovaleric acid and isovaleryl-

glycine, as well as for the branched-chain ketoacids; all of

them, by increasing ROS levels, appear to be mediators of

oxidative stress accompanied by impairment of the

antioxidant defenses.

Alterations of intracellular cytoskeleton

Several metabolites produced at increased levels in clas-

sical OAs appear to be able to alter, in neuronal and glial

cells, the phosphorylation of cytoskeletal proteins, above

all the intermediate filament proteins. Methylmalonic acid

and propionic acid interfere with cytoskeletal assembly by

acting on protein phosphatases and kinases. 2-Ketoiso-

caproic and 2-keto-3-methylvaleric acid in MSUD enhance

phosphorylation of neurofilaments, but in this case, the

alteration seems mediated by the ionotropic glutamatergic
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receptors or by the gabaergic system. The interference

leads to cytoskeletal reorganization and appears to be

related to impaired intracellular trafficking and neural cell

death.

Enhanced apoptosis of neuronal cells

Neuronal apoptosis is another mechanism involved in the

neurological deterioration characterizing classical OAs.

Methylmalonic acid significantly increases neuronal cell

apoptosis probably by interfering with MAPK and p53

signaling pathways. Also propionic acid appears to have

pro-apoptotic activity, as demonstrated in vitro, in neu-

roblastoma cells, while MSUD metabolites are able to

trigger apoptosis in neurons and astrocytes through a

cytochrome c-independent pathway. No data are available

concerning the possible pro-apoptotic role of isovaleric

acid.

MSUD-specific pathogenetic mechanisms

Some mechanisms, to date, have been reported only for

MSUD. BCAAs appear to impair BBB by altering its

permeability and by impairing the transport of amino acids

across. The resulting cerebral amino acid deficiency may

probably interfere with synthesis/function of neurotrans-

mitters, as demonstrated in vivo, in an animal model, by

the observed depletion of cerebral glutamate, glutamine,

GABA, pyruvate and dopamine; impairment of the normal

function of neurotransmitters appears also to be correlated

with excitotoxicity, by inhibition of glutamate uptake.

Finally, neurotrophins alterations also appear to be

involved in MSUD pathogenesis. Conflicting results have

been obtained by focusing on BDNF. Increased levels of

this neurotrophic factor were reported in the hippocampus

and cerebral cortex of animal models following branched

amino acids administration, resulting in memory impair-

ment in spatial memory tasks, while intracerebroventricular

administration of 2-ketoisocaproic acid resulted in

decreased levels of BNDF and NGF in brain of young rats,

and this was correlated with demyelination and impairment

of memory processes.

All the above-discussed mechanisms may underlie at

least in part the chronic and acute neurological symptoms

and abnormalities observed in classical organic acidurias.

The information already available, though partial, offers

new opportunities for the development of therapies for

these inborn errors of metabolism, but much more work is

still required.
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