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Abstract
Maple syrup urine disease (MSUD) is an autosomal recessive inherited disorder that affects branched-chain amino acid (BCAA)
catabolism and is associated with acute and chronic brain dysfunction. Recent studies have shown that inflammation may be involved
in the neuropathology ofMSUD.However, these studies havemainly focused on single or small subsets of proteins ormolecules. Here
we performed a case-control study, including 12 treated-MSUD patients, in order to investigate the plasmatic biomarkers of inflam-
mation, to help to establish a possible relationship between these biomarkers and the disease. Our results showed thatMSUDpatients in
treatment with restricted protein diets have high levels of pro-inflammatory cytokines [IFN-γ, TNF-α, IL-1β and IL-6] and cell
adhesion molecules [sICAM-1 and sVCAM-1] compared to the control group. However, no significant alterations were found in
the levels of IL-2, IL-4, IL-5, IL-7, IL-8, and IL-10 between healthy controls and MSUD patients. Moreover, we found a positive
correlation between number of metabolic crisis and IL-1β levels and sICAM-1 in MSUD patients. In conclusion, our findings in
plasma of patients with MSUD suggest that inflammation may play an important role in the pathogenesis of MSUD, although this
process is not directly associated with BCAA blood levels. Overall, data reported here are consistent with the working hypothesis that
inflammation may be involved in the pathophysiological mechanism underlying the brain damage observed in MSUD patients.

Communicated by: Eva Morava

Electronic supplementary material The online version of this article
(https://doi.org/10.1007/s10545-018-0188-x) contains supplementary
material, which is available to authorized users.

* Emilio Luiz Streck
emiliostreck@gmail.com

1 Laboratório de Bioenergética e Núcleo de Excelência em
Neurociências Aplicadas de Santa Catarina (NENASC), Programa de
Pós-Graduação em Ciências da Saúde, Universidade do Extremo Sul
Catarinense, Av. Universitária, 1105, Criciúma, SC 88806-000,
Brazil

2 BRAIN Laboratory (Basic Research and Advanced Investigations in
Neurosciences), Hospital de Clínicas de Porto Alegre, Porto
Alegre, Brazil

3 Post Graduation Program in Medicine: Medical Sciences,
Universidade Federal do Rio Grande do Sul, Porto Alegre, Brazil

4 Medical Genetics Service, Hospital de Clínicas de Porto Alegre,
Porto Alegre, RS, Brazil

5 Laboratório de Erros Inatos do Metabolismo, Programa de
Pós-Graduação em Ciências da Saúde, Universidade do Extremo Sul
Catarinense, Criciúma, SC, Brazil

6 Laboratório de Neuroquímica, Instituto de Biofísica Carlos Chagas,
Universidade Federal do Rio de Janeiro, Rio de Janeiro, Brazil

7 Laboratory of Neurosciences, Graduate Program in Health Sciences,
Health Sciences Unit, University of Southern Santa Catarina
(UNESC), Criciúma, SC, Brazil

8 Hospital Sirio Libanes, São Paulo, Brazil
9 Associação de Pais e Amigos dos Excepcionais (APAE),

Salvador, Brazil
10 Pediatrics Department, Ribeirão Preto Medical School, University of

São Paulo, Ribeirão Preto, Brazil
11 Programa de Pós-Graduação em Genética e Biologia Molecular,

Universidade Federal do Rio Grande do Sul (UFRGS), Porto
Alegre, Brazil

12 Pediatrics Department, Hospital Universitário Pedro Ernesto,
Universidade do Estado do Rio de Janeiro, Rio de Janeiro, Brazil

13 Unidade Acadêmica de Medicina, Hospital Universitário Alcides
Carneiro, Universidade Federal de Campina Grande, Campina
Grande, Brazil

Journal of Inherited Metabolic Disease (2018) 41:631–640
https://doi.org/10.1007/s10545-018-0188-x

http://crossmark.crossref.org/dialog/?doi=10.1007/s10545-018-0188-x&domain=pdf
https://doi.org/10.1007/s10545-018-0188-x
mailto:emiliostreck@gmail.com


Keywords Maple syrup urine disease . Branched-chain amino acid . Inflammation . Pro-inflammatory cytokines . Cell adhesion
molecules

Introduction

Maple syrup urine disease (MSUD) is an autosomal recessive
amino acid disorder caused by mutations in genes that encode
the components of the branched-chain α-ketoacid dehydroge-
nase (BCKDH) complex, which catalyzes the first irreversible
step in branched-chain amino acid (BCAA) catabolism
(Menkes 1959; Dancis et al 1977). The resulting metabolic
block leads to elevated plasma concentrations of BCAA (leu-
cine, isoleucine and valine) and the corresponding branched-
chain α-ketoacids (α-ketoisocaproic acid, α-keto-β-
methylvaleric acid and α-ketoisovaleric acid) (Treacy et al
1992; Chuang and Shih 2001). If untreated, affected individ-
uals accumulate substantial BCAA and their corresponding
ketoacids—mostly leucine and α-ketoisocaproic acid—and
suffer encephalopathy within the first week of life as well as
cerebral oedema and dysmyelination with chronic brain injury
(Crome et al 1961; Silberman et al 1961; Chuang and Shih
2001). The global frequency is approximately one in 185,000
live newborns (Mackenzie and Woolf 1959; Chuang and Shih
2001; Zinnanti et al 2009), although data retrieved from new-
born screenings suggest this rate can be higher (Simon et al
2006; Fingerhut 2009; Quental et al 2010).

Although numerous factors and mechanisms have been
proposed to understand the pathogenesis of MSUD, its
aetiopathology remains unknown. However, several studies
have proposed that leucine and/or its ketoacid are the main
neurotoxic metabolites inMSUD since the appearance of neu-
rological symptoms is related to increased plasma concentra-
tions of these compounds. Indeed, the elevated BCAA level
may saturate the LAT-1 transporter and block the uptake of
other large neutral amino acids, leading to decreased synthesis
of neurotransmitters such as dopamine, serotonin, norepi-
nephrine, and histamine (Wajner and Vargas 1999; Tavares
et al 2000; Wajner et al 2000; Araujo et al 2001; Zielke et al
2002). Moreover, it has been demonstrated that metabolite
accumulation in MSUD causes mitochondrial bioenergetics
dysfunction (Sgaravatti et al 2003; Funchal et al 2006a, b;
Wajner et al 2007; Ribeiro et al 2008; Amaral et al 2010),
oxidative stress (Bridi et al 2003, 2005; Funchal et al 2006a,
b; Barschak et al 2008, 2009; Mescka et al 2013, 2015a, b;
Sitta et al 2014), apoptosis of neural cells (Jouvet et al 1998,
2000a, b), and alterations in the cholinergic system (Scaini
et al 2012), in neurotrophin levels (Scaini et al 2013a, b,
2015) and in lysosomal proteases (Scaini et al 2016).

Inflammation has been recognized as a risk factor for age-
related neurodegenerative diseases (Amor et al 2010, 2014;
Fakhoury 2015), and high inflammatory profiles at baseline
assessment may increase risk of conversion to dementia at

long-term follow-up (Schmidt et al 2002; Cunningham and
Hennessy 2015). A growing body of evidence demonstrates
that higher levels of circulating inflammatory markers, espe-
cially interleukin-6 (IL-6) and C-reactive protein, are associ-
ated with greater cognitive decline (Yaffe et al 2003; Singh-
Manoux et al 2014; Palta et al 2015). Moreover, studies have
shown that modulators of the peripheral immune system can
induce psychiatric symptoms in animal models and humans
(Dantzer et al 2008; Laske et al 2008; Harrison et al 2009;
Eisenberger et al 2010; Raison andMiller 2011). For example,
healthy participants exposed to low-dose endotoxin
(Escherichia coli) showed greater increases in self-reported
and observer-rated depressed mood, suggesting that inflam-
mation alters reward-related neural responses in humans and
these in turn mediate the effects of inflammation on depressed
mood (Eisenberger et al 2010). In this line, previous studies
have shown that inflammatory processes play an integral role
in the pathophysiology of certain inborn errors of metabolism,
including phenylketonuria (Deon et al 2015), glutaric
acidemia type I (Seminotti et al 2016), and methylmalonic
acidemia (Ribeiro et al 2013). It has been shown that patients
with MSUD treated with restricted protein diets have high
levels of pro-inflammatory cytokines (Mescka et al 2015a,
b). Moreover, studies using animal models and cell cultures
have also demonstrated that BCAAs alter the balance between
pro-inflammatory and anti-inflammatory cytokines (De
Simone et al 2013; Rosa et al 2016).

Considering the hypothesis that BCAAs themselves and/or
one of their metabolites could be responsible for MSUD’s
central nervous system (CNS) dysfunction and that there are
few studies about inflammation in this disease, the aim of this
study was to investigate plasma biomarkers of inflammation
from patients with MSUD in treatment to establish a possible
relationship between these biomarkers and the disease.

Material and methods

Sample and subjects

Plasma specimens from 12 treated patients with MSUD with
the classic form and nine healthy individuals (control group)
were used to evaluate the inflammatory markers and concen-
trations of amino acids. The diagnosis ofMSUDwas based on
the high concentration of leucine and alloisoleucine in plasma,
or by DNA analysis. The patients were between 15 days and
2 months old at diagnosis and followed a treatment that
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consisted of a natural, protein-restricted diet with low BCAAs
and supplemented with a semi-synthetic formula of essential
amino acids containing small amounts of vitamins and min-
erals. In addition, the patients withMSUDwere supplemented
with isoleucine and valine capsules (Table 1). Table 2 displays
the age at diagnosis, age at testing, length of treatment, geno-
types, and clinical profiles of the patients with MSUD at pre-
sentation and under treatment. In addition, this study included
a control group, comprising nine subjects, age- and gender-
controlled. The present study was approved by the Ethics
Committee of the Hospital de Clínicas de Porto Alegre, RS,
Brazil. All parents of the patients included in the present study
provided informed consent according to the guidelines of our
committee.

Plasma preparation

Human blood samples were collected in heparin-coated col-
lection tubes from fasting patients with MSUD (2 h) or nine
healthy individuals (control group) by venous puncture during
the baseline visits. Whole blood was centrifuged at 1000×g,
and plasma was removed by aspiration and frozen at −80 °C
until analysis.

Amino acid determination

The free amino acids in plasma were determined by HPLC
according to Joseph and Marsden (1986), with slight modifi-
cations (Wajner et al 2000). Amino acids were quantified by
comparing their chromatographic peak area to those obtained
from a known standard mixture and to that of an internal
standard peak area (homocysteic acid).

Gene sequencing

A DNA sample was extracted from the peripheral blood of
each proband and their biological parents. BCKDHA,
BCKDHB, and DBT were amplified by polymerase chain re-
action (PCR) with specific oligonucleotides, including exons
and exon-intron boundaries. The amplification products were
purified and sequenced by Sanger method in an ABI 3130
Genetic Analyzer (Applied Biosystems). Genetic variants
were identified by comparison with reference sequences
NG_013004.1 (BCKDHA), NG_009775.1 (BCKDHB), and
NG_011852.2 (DBT) (GenBank/NCBI). Most pathogenic
variations occur within coding regions or consensus splice
and branch sites, and thus our approach can detect most but
not all mutations. Moreover, this method does not detect large
genomic deletions or deletions involving oligonucleotide
primer sequences.

Inflammatory markers

Samples were randomized based on diagnostic group
and plasma inflammatory markers (GM-CSF, RANTES,
sICAM1, sVCAM1, IL-1β, IL-2, IL-4, IL-5, IL-6, IL-7,
IL-8, IL-10, INF-ɣ, and TNF-α) were assayed in dupli-
cate with Luminex xMAP Technology (Millipore, USA
& Canada). The xMAP platform used here was based
on the Rules-Based Medicine (RBM) fluorescent beads
and antibody pairs. These are sensitive, specific, and
widely used reagents sourced by numerous manufac-
turers, and data collected using xMAP multiplex beads
have been widely reported in the literature in studies
with simultaneous assay of multiple proteins.

The assays were conducted in 96-well polystyrene, round-
bottom microplates. Initially, 200 μL of wash buffer was
added to each well of the plate, and the plate was sealed and
mixed on a plate shaker for 10 min at room temperature.
Subsequently, 50 μL of the standard and 25 μL of the sample
were added to the appropriate wells. A 25-μL aliquot of the
working beadmixture was transferred into the wells. The plate
was incubated with agitation on a plate shaker overnight (16–
18 h) at 4 °C. The plate was then placed into the magnetic
separator and left to separate for 60 s. The supernatant was
carefully removed from each well by manual inversion. Beads
were washed three times by adding 100 μL of assay buffer
into each well to ensure absence of any undesirable or non-
specifically bound antibodies. Following the protocol, 50 μL
of a detection antibody was added to each well. Incubation
was again performed in darkness and at RT on a plate shaker
(850 rpm) for 60 min. Finally, 50 μL of streptavidin-PE was
added to each well. The plate was incubated on a plate shaker
(850 rpm) in the dark at RT for 30 min. The supernatant was
carefully removed after magnetic separation of the beads by
manual inversion, and washing was performed as previously

Table 1 Doses of valine and isoleucine supplementation (mg/day)

Patients Valine (mg/kg) Isoleucine (mg/kg)

1 2.824 2.824

2 7.299 9.124

3 4.016 4.016

4 2.777 2.777

5 3.521 0

6 1.766 6.183

7 NA NA

8 16.949 16.949

9 NA NA

10 3.500 16.336

11 NA NA

12 1.020 2.040

NA not available
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described. Sheath fluid (150 μL) was added into each well,
and the plate was placed onto a plate shaker for approximately
5 min to achieve gentle agitation of the beads. Samples were
run in duplicate using a Luminex 200™ system (Millipore,
USA & Canada), and data analysis was conducted in
MILLIPLEX® Analyst 5.1 software using a 5-parameter lo-
gistic regression model. Inflammatory markers were
expressed as pg/mL.

Statistical analysis

The association between dichotomous variables was assessed
with the Fisher exact test. All variables were tested for
Gaussian distribution by the Kolmogorov-Smirnov normality
test. The initial comparisons between the two groups (patients
vs. controls) were determined using Mann-Whitney or
Student’s t tests when non-normally or normally distributed,

Table 2 Age at diagnosis, age at testing, length of treatment and clinical findings of MSUD patients

Patients Sex
Age at
diagnosis

Age at
testing

Length of
treatment

Genotypes Clinical Features

At diagnosis At inclusion

1 F 2 months 8 years 7.10 years NA Poor feeding, poor sucking, changes in
respiratory pattern, hypertonia,
encephalopathy, psychomotor
developmental delay

Cognitive
impairment

2 M 17 days 11.5 years 11.4 years NA Seizures, vomiting, psychomotor and
neurodevelopmental delay

Cognitive
impairment

3 F 17 days 6.7 years 6.6 years BCKDHB
c.[498G>C];[595_596delAG]

p.[(Lys166Asn)];[(Pro200Ter)]

Vomiting, irritability Normal
development

4 M 15 days 11.8 years 11.7 years DBT
c.[346G>A];[346G>A]
p.[(Gly116Arg)];[(Gly116Arg)]

Poor feeding, poor sucking, changes in
respiratory pattern, hypotonia,
vomiting, hypoactivity,
psychomotor and
neurodevelopmental delay

Cognitive
impairment

5 F 15 days 3.8 years 3.7 years NA Irritability, sleep disturbances Neuropsychomotor
development
delay

6 M 24 days 2.2 years 2.1 years NA Irritability, poor sucking, growth
failure, pallor, nystagmus

Neuropsychomotor
development
delay

7 M 4 days 0.3 years 0.2 years NA Asymptomatic Neuropsychomotor
development
delay

8 F 1 month
and 16
days

3 years 2.11 years BCKDHA
c.[109-3575_288+

4del];[859C>T]
p.[?];[(Arg242Ter)]

Poor feeding, poor sucking,
characteristic odor, metabolic
acidosis, seizures, changes in
respiratory pattern, apnea, upper
respiratory tract infection

Neuropsychomotor
development
delay

9 M 27 days 1.5 year 1.4 year BCKDHB
c. [502C>T];[595_596delAG]

p.[(Arg168Cys)];[(Pro200Ter)]

Poor feeding, poor sucking,
characteristic odor, hypotonia,
hypertonia, lethargy, metabolic
acidosis, seizures, coma, changes in
respiratory pattern, skin lesions,
psychomotor developmental delay

Neuropsychomotor
development
delay

10 F 16 days 1.11 year 1.10 year BCKDHB c.[743delC;c.764_
840+22delinsGTAG;c.932+
9_+22del]; [743delC;c.764_
840+22delinsGTAG;c.932+
9_+22del]

p.[?];[?]

Asymptomatic Normal
development

11 M 1 month 0.2 years 0.1 years NA Refusal of food, poor sucking,
characteristic odor, lethargy,
changes in respiratory pattern,
seizures, coma

Neuropsychomotor
development
delay

12 M 26 days 15.2 years 15.1 years NA Refusal of food, characteristic odor,
lethargy, seizures, cerebral edema

Cognitive
impairment
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respectively. Linear regression was used to adjust for possible
confounding variables. We considered all variables associated
with diagnostic group and biomarkers with p < 0.20 as possi-
ble confounding factors (Victora et al 1997). Spearman’s
Rho(r) correlation analyses were performed to examine the
relationship between clinical variables and plasma levels of
inflammatory markers. Data are presented as the means and
95% confidence intervals. All statistical tests were two-tailed
and were performed using a significance level of α = 0.05.
Statistical analyses were performed using SPSS software ver-
sion 22.0 (SPSS Inc., Chicago, IL, USA) as well as GraphPad
Prism 5.0 (GraphPad Software, Inc., La Jolla, CA, USA).

Results

The variants involving premature stop codons and deletions as
observed in patients 3, 8, and 10 usually cause a substantial
impact on the enzyme activity, with significant or total loss of
function. These findings are consistent with the phenotype
observed in Bage of diagnosis^ of the patients, with severe
symptoms (Table 2). However, the p.Pro200Ter mutation in
the BCKDHB gene has already been associated with a mild
phenotype (Henneke et al 2003). The p.Lys166Asn and
p.Arg168Cys mutations in the BCKDHB gene have already
been associated with the classical phenotype of the disease
(Imtiaz et al 2017). Functional or expression studies of alleles
have not been performed.Maintaining goodmetabolic control
and early diagnosis does not provide knowledge on the natural
history of the disease and the phenotypic impact of the
mutations found. Flaschker et al (2007) suggest that changes
in the BCKDHA gene are more severe than in the BCKDHB
and DTB genes; however, this observation is directly related
to the mutations found, and many patients with alterations in
the last two genes present the severe phenotype. The com-
pound heterozygotes, (as observed in many of our patients)
present the combination of the two different altered alleles,
affecting individual predictions about alleles.

Notably, no significant differences in age or gender
emerged between groups (Table 3). The levels of leucine in
the MSUD group were 166.43 μmol/l ± 27.85, and their mean
isoleucine and valine levels were 180.00 μmol/l ± 27.72 and
207.08 μmol/l ± 48.92, respectively. At the time of the study,
all patients with MSUD were in treatment with a protein-
restricted diet with isoleucine and valine supplementation as
shown in Table 1. In this context, no significant alterations in
leucine and valine levels were found between the healthy con-
trols and the patients with MSUD, while isoleucine levels
were significantly higher in the patients with MSUD.
Moreover, phenylalanine, serine, ornithine, glutamate, and as-
partate levels were significantly reduced, and glycine/threo-
nine/arginine levels were increased in the patients withMSUD
compared with the healthy controls (Table 3).

The role of inflammatory markers in MSUD was investi-
gated by analyzing the protein levels of GM-CSF, RANTES,
sICAM1, sVCAM1, IL-1β, IL-2, IL-4, IL-5, IL-6, IL-7, IL-8,
IL-10, INF-ɣ, and TNF-α using a Luminex xMAP kit. As
seen in Table 4, a significant increase in pro-inflammatory
cytokines IL-1β and IL-6 were found in the patients with
MSUD compared to the control group in the adjusted analy-
ses. However, no significant alterations in the levels of IL-2,
IL-4, IL-5, IL-7, IL-8, and IL-10 were found between the
healthy controls and the patients with MSUD. On the other
hand, we found increased levels of TNF-α and INF-ɣ as well
as an increase in cell adhesion molecules, sICAM1 and
sVCAM1 in the patients with MSUD when compared to the
controls. In addition, IL-1β, IL-6, TNF-α, INF-ɣ, sICAM1,
and sVCAM1 remained significantly increased in the patients
with MUSD in comparison with the control group after con-
trolling for age (linear regression model). To further investi-
gate the cytokine profile in MSUD, we also compared cyto-
kine ratios. The patients with MSUD showed higher IFN-γ/
IL-4, IL-2/IL-4, and IFN-γ/IL-10 ratios than the controls, sug-
gesting a bias toward a Th1 profile. There was no significant
difference regarding the IL-6/IL-10 ratio and TNF/IL-10 ratio.

Finally, to explore the potential clinical correlates of our
findings, we tested possible correlations between the number
of metabolic crises and LNAA levels with inflammatory
markers. Our results showed a positive correlation between
the number of metabolic crises and IL-1β levels (rho =
0.788, p = 0.0052, Fig. 1a) and sICAM-1 (rho = 0.816, p =
0.0030, Fig. 1b). However, no associations were found be-
tween protein levels of IL-6, TNF-α, INF-ɣ, and sVCAM1
and metabolic crisis (Suppl. Table 1). Moreover, the results of
Spearman’s rank correlation showed no correlations between
LNAA blood levels and IL-1β, IL-6, TNF-α, INF-ɣ,
sICAM1, and sVCAM1 levels (Suppl. Table 2).

Discussion

MSUD treatment involves long-term dietary management by
restricting BCAA intake along with optimal nutritional supply
to keep the plasma branched-chain metabolites continually
close to normal range, protecting the brain from functional
disturbances and structural damage (Strauss et al 2010).
Abnormalities of immune function and cytokine levels are
implicated in the pathophysiology of MSUD. The
abnormalities of immune function that have been suggested
to occur in MSUD are based on both direct and indirect
evidence. For example, De Simone et al (2013) showed that
H-BCAA microglial cells exhibit a peculiar phenotype char-
acterized by a partial skewing toward the anti-inflammatory
state, with enhanced IL-10 expression and phagocytic activity
and increased free radical generation and decreased neuropro-
tective function. Consistent with this result, we have recently
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verified that chronic administration of H-BCAA decreases
pro-inflammatory cytokine levels in the brains of rats; how-
ever, acute administration of H-BCAA increases IL-1β, IL-6,
and TNF-α levels and decreases IL-10 levels in the brains of
infant rats but not in those of young rats (Rosa et al 2016).

To extend this investigation and better understand the
involvement of inflammation in the pathophysiology of
MSUD, in the present study, we measured inflammatory
markers in plasma from treated patients with the classic
form of MSUD. We also investigated whether alterations
of those parameters were correlated with plasma leucine,
isoleucine, and valine concentrations. We demonstrated
that patients with MSUD in treatment with restricted pro-
tein diets have elevated levels of pro-inflammatory cyto-
kines [IFN-γ, TNF-α, IL-1β, and IL-6] and cell adhesion
molecules [sICAM-1 and sVCAM-1] compared to con-
trols. Our study corroborates previous work published
by Mescka et al (2015a, b), which demonstrated that pa-
tients with MSUD in treatment with restricted protein di-
ets and without L-carnitine supplementation have in-
creased levels of pro-inflammatory cytokines IL-1β, IL-
6, and IFN-ɣ in comparison to controls, and L-carnitine
supplementation improved cellular defense against in-
flammation and oxidative stress. Moreover, we observed
that patients with MSUD showed increased ratios of
IFN-γ/IL-4, IL-2/IL-4, and IFN-γ/IL-10 in comparison
to controls, suggesting a bias toward a Th1 profile in

MSUD. When activated, Th cells can differentiate into
Th1, Th2, and Th17 cells. These have different immune
responses via different patterns of cytokine production;
Th1 cells act mainly in macrophage and T cytotoxic cell
activation, Th2 cells contribute to B lymphocyte activa-
tion, while Th17 cells are responsible for tissue inflam-
mation induction and protection against extracellular path-
ogens (Striz et al 2014). The bias toward a Th1 profile
seen in MSUD reinforces the hypothesis that MSUD is
associated with immunological imbalance or dysfunction.
The combinations of IFN-γ with TNF-α or IL-1 can strik-
ingly upregulate the expression of two Ig family adhesion
molecules: ICAM-1 and VCAM-1. To the best of our
knowledge, this is the first report to describe elevated
levels of cell adhesion molecules [sICAM-1 and
sVCAM-1] in patients with MSUD compared to controls.
Thus, we could consider that altered levels of sICAM-1
and sVCAM-1 could be a result of a chronic low-grade
inflammation mediated by immune markers that were pre-
viously reported to promote Th1 dominance and influence
cellular adhesion in MSUD.

Cell adhesion molecules such as sICAM-1 and sVCAM-1
increase Tcell infiltration and have been shown to be involved
in the development of demyelinating diseases (Zameer and
Hoffman 2003; Deem and Cook-Mills 2004; Bullard et al
2007). Ivkovic et al (2017) showed an involvement of
sICAM-1 in state and sVCAM-1 in trait vulnerability to mood

Table 3 Plasma concentrations of amino acids (μmol/L) in MSUD patients and controls

MSUD patients Controls P value Plasma amino acid reference values (μmol/l)

Age 5.459 ± 5.097 9.10 ± 4.86 0.104

Gender (female/male) 5/7 4/5 0.623

Alloisoleucine (μmol/L) 137.33 ± 109.42 NA <2 nmol/mL

Amino acids levels

Alanine 373.20 ± 59.81 513.54 ± 72.11 0.166 152–547

Aspartate 10.60 ± 9.24.67* 48.18 ± 4.47 0.001 1–24

Glutamate 75.72 ± 15.61* 154.18 ± 24.75 0.016 5–150

Glutamine 558.34 ± 37.87 590.12 ± 69.61 0.669 254–823

Glycine/threonine/arginine 533.90 ± 40.04* 287.36 ± 33.51 0.001 172–707

Histidine 76.68 ± 4.94* 139.00 ± 30.23 0.010 41–125

Isoleucine 180.00 ± 27.72* 83.60 ± 17.78 0.011 22–107

Leucine 166.43 ± 27.85 205.54 ± 35.86 0.412 49–216

Lysine 183.40 ± 19.13 198.56 ± 33.27 0.680 48–284

Methionine 27.72 ± 2.62 28.14 ± 3.56 0.929 7–47

Ornithine 60.52 ± 5.54* 108.30 ± 17.35 0.004 10–163

Phenylalanine 63.63 ± 4.62* 130.90 ± 11.85 0.001 26–91

Serine 140.25 ± 10.17* 202.60 ± 25.73 0.015 69–187

Tryptophan 83.30 ± 8.98 78.32 ± 11.31 0.751 0–79

Tyrosine 91.47 ± 9.89 83.40 ± 5.50 0.608 24–115

Valine 207.08 ± 48.92 307.46 ± 33.55 0.214 74–321

All values are expressed as mean ± SD. P values stated have been calculated by Student’s t test. Different from control, *p < 0.05
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symptoms. Similarly, another study reported a vulnerability of
sICAM-1 to state symptoms in patients with schizophrenia
(Schwarz et al 2000). The association of low-grade inflammation
and endothelial dysfunction with depression was also demon-
strated in a study published by van Dooren et al (2016). In this
study, they showed that the levels of TNF-α, CRP, sICAM-1,
and low-grade inflammation were associated with depressive
disorder. Moreover, studies have shown that the plasma concen-
trations of sVCAM-1 and sICAM-1 are increased in AD
(Rentzos et al 2005; Zuliani et al 2008; Popp et al 2017), sug-
gesting that cell adhesion molecules play an essential role in Ab
aggregate-stimulated endothelial-monocyte adhesion (Gonzalez-
Velasquez et al 2010). Notably, generalized oedema in the CNS,
atrophy of the cerebral hemispheres, spongy degeneration of
white matter, and delayed myelinisation, followed by
neurocognitive deficits, have been observed in patients with
MSUD (Treacy et al 1992; Jan et al 2003; Strauss et al 2010;
Shellmer et al 2011; Klee et al 2013; Muelly et al 2013). Taking
these findings and the present results together, we suggest that the
generalized spongy degeneration of white matter, delayed
myelinisation, cognitive impairment, and neuropsychiatric illness
observed in patients with MSUD may be mediated by inflam-
matory responses and endothelial dysfunction.

In an attempt to explore the potential clinical correlates of
our findings we tested possible correlations between clinical

characteristics and inflammatorymarkers.We found a positive
correlation between IL-1β and sICAM-1 levels and metabolic
crisis, suggesting that a higher number of metabolic crises
may be involved in the immunological imbalance by Th1
profile. Corroborating these results, a study with 35 patients
with neonatal-onset MSUD showed that the need for psycho-
logical follow-up was significantly associated with the num-
ber of lifetime metabolic decompensations (Abi-Warde et al
2017). Although correlation does not necessarily imply cau-
sation since we have confounding factors such as recurrent
infections, correlation could be evidence for causation, and
more work will be needed to explore these possibilities. On
the other hand, we observed no correlations between blood
amino acid levels and interleukin levels or cell adhesion mol-
ecules in this study. Taken together, it may be presumed that
leucine and the other BCAAs are not directly associated with
pro-inflammatory cytokine production in MSUD. In this line,
Mescka et al (2015a, b) suggested that oxidative stress ob-
served in patients with MSUD may be related, at least in part,
to the increase in pro-inflammatory cytokine plasma levels,
since a positive correlation was found between pro-
inflammatory cytokines and MDA values, the main marker
of lipid peroxidation, in the plasma of patients with MSUD.
Moreover, studies have shown evidence of long-term deficits
in neurocognition despite acceptable metabolic control

Table 4 Plasma levels of pro-
inflammatory [IL-1β, IL-2, IL-4,
IL-5, IL-6, IL-7, IL-8, TNF-α,
and IFN-γ], anti-inflammatory
[IL-10] cytokines, and cell adhe-
sion molecules [sICAM-1 and
sVCAM-1] in controls and treated
MSUD patients

Inflammatory markers

[pg/mg of protein]

MSUD patients Controls P value Multiple linear regression

IL-1β 0.445 ± 0.061* 0.284 ± 0.047 0.0139 0.020

IL-2 0.482 ± 0.103 0.491 ± 0.095 0.4399

IL-4 1.913 ± 0.180 1.802 ± 0.244 0.4470

IL-5 0.481 ± 0.055 0.504 ± 0.042 0.9028

IL-6 0.399 ± 0.026* 0.307 ± 0.024 0.0142 0.023

IL-7 2.086 ± 0.252 2.650 ± 0.192 0.2595

IL-8 2.185 ± 0.658 3.754 ± 0.980 0.1917

IL-10 1.004 ± 0.134 0.741 ± 0.095 0.0570

TNF-α 1.435 ± 0.195* 0.938 ± 0.078 0.0302 0.013

INF-ɣ 2.427 ± 0.182* 1.876 ± 0.199 0.0307 0.005

sICAM-1 249,552 ± 10192* 206,625 ± 13,644 0.0133 0.007

sVCAM-1 1,161,703 ± 102430* 710,939 ± 35,184 0.0028 0.001

INF-ɣ/IL-4 ratio 1.582 ± 0.182* 1.162 ± 0.146 0.0319

INF-ɣ/IL-10 ratio 2.504 ± 0.248* 1.820 ± 0.293 0.0354

TNF-α/IL-10 ratio 1.178 ± 0.274 1.327 ± 0.207 0.9787

IL-6/IL-10 ratio 0.394 ± 0.084 0.476 ± 0.079 0.8249

IL-2/IL-4 0.3977 ± 0.034* 0.263 ± 0.043 0.0076

Samples were randomized based on diagnostic group and assayed in duplicate on a Luminex 200™ system. Data
represent the mean ± standard error of the mean (SEM). Student’s t test was used to compare means between
controls andMSUD patients, andmultiple linear regressionwas used to adjust for possible confounders. *p < 0.05
compared to the control group

IFN interferon, IL interleukin, TNF tumor necrosis factor, sICAM-1 soluble intercellular adhesion molecule-1,
sVCAM-1 soluble vascular cell adhesion molecule-1
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(McLaughlin et al 2013; Vogel et al 2014), suggesting that
early lesions to the brain may have long-term consequences
(Muelly et al 2013). Additionally, a recent study showed that
lower levels of BDNF and PDGF-AA, and higher levels of
NCAM and cathepsin D, are not correlated with leucine levels
in patients with MSUD under treatment (Scaini et al 2016).

Our results should be interpreted considering their limita-
tions. The small number of patients and healthy controls may
be a factor preventing us from finding significant differences
in the biomarkers evaluated. Thus, a validation study compris-
ing a larger sample size is needed to confirm the current find-
ings. Moreover, we did not evaluate the impact of inflamma-
tory markers and their relation with cognitive impairment and
neuropsychiatric illness in patients with MSUD. Therefore,
future longitudinal studies involving inflammatory markers
levels related to the Th1 profile may help clarify the role of
inflammation in cognitive impairment and psychiatric symp-
toms among individuals with MSUD.

In conclusion, our study corroborates and expands evi-
dence from previous studies by showing significant changes
in inflammatory markers in patients with MSUD. Our data
together with previous studies corroborate the hypothesis that

immunological mechanisms are involved in the pathogenesis
and psychopathology of MSUD, but this process is not direct-
ly associated with the BCAA blood levels. A better knowl-
edge of these events may contribute to a more comprehensive
understanding of the biological processes in this disease and
provide new targets for future treatment strategies to improve
the quality of life of MSUD patients.
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