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A B S T R A C T

Metachromatic leukodystrophy (MLD) is a human neurodegenerative disorder characterized by progressive
damage on the myelin band in the nervous system. MLD is caused by the impaired function of the lysosomal
enzyme Arylsulphatase A (ARSA). The physiopathology mechanisms and the biochemical consequences in the
brain of ARSA deficiency are not entirely understood. In recent years, the use of genome-scale metabolic (GEM)
models has been explored as a tool for the study of the biochemical alterations in MLD. Previously, we modeled
the metabolic consequences of different lysosomal storage diseases using single GEMs. In the case of MLD, using a
glia GEM, we previously predicted that the metabolism of glycosphingolipids and neurotransmitters was altered.
The results also suggested that mitochondrial metabolism and amino acid transport were the main reactions
affected. In this study, we extended the modeling of the metabolic consequences of ARSA deficiency through the
integration of neuron and glial cell metabolic models. Cell-specific models were generated from Recon2, and these
were used to create a neuron-glial bi-cellular model. We propose a workflow for the integration of this type of
model and its subsequent study. The results predicted the impairment pathways involved in the transport of
amino acids, lipids metabolism, and catabolism of purines and pyrimidines. The use of this neuron-glial GEM
metabolic reconstruction allowed to improve the prediction capacity of the metabolic consequences of ARSA
deficiency, which might pave the way for the modeling of the biochemical alterations of other inborn errors of
metabolism with central nervous system involvement.
1. Introduction

Myelin sheath is a protein-lipid band that covers neural axons and
facilitates the transmission of the nervous impulse. This band is formed
by the cell membrane of the oligodendrocytes in the central nervous
system (CNS) or Schwann cells in the peripheral nervous system. Myelin
membrane is rich in lipids with a composition that varies significantly
from other biological membranes. Since myelination requires a high level
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of lipid synthesis, the integrity of myelin is susceptible to numerous lipid
metabolism disorders [1]. One of the few described myelin metabolic
pathways is the beginning of the catabolism of the lipids present in the
myelin sheath [2]. The lysosomal enzyme arylsulfatase A (ARSA) cata-
lyzes the first step in the degradation of galactosyl-3-sulfate ceramide
(cerebroside sulfate or sulfatide), one of the significant membrane lipids
of the myelin sheaths [3]. Sulfatide located on the surface of the myelin
sheaths loses the sulfate group located in the 3 position by the action of
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ARSA, releasing galactosylceramide that later is transformed into cer-
amide by the action of galactocerebrosidase [2]. Deficiency of ARSA
leads to the neurodegenerative disease Metachromatic Leukodystrophy
(MLD) [4]. A clear genotype-phenotype relationship has not been
described for MLD patients, and there is not a direct relationship between
the severity of the disease and the residual enzymatic activity [2, 4, 5, 6].
In addition, the physiopathology of the disease cannot be explained
exclusively by the lysosomal accumulation of the non-degraded sub-
strate, as evidenced by reports that currently describe new mechanisms
of cell damage [6, 7].

Advances in genomics, transcriptomics, proteomics, metabolomics,
and other omics sciences, in addition to the increase of the computational
power, allowed GEMmodels to became a useful approach to increase our
understanding of several cellular processes [8]. One aspect of the appli-
cation of GEM is the study of the complexity of the human brain and
associated diseases, a field in which we have been working on for several
years [9, 10, 11], as well as other authors [8, 12]. One of the most
popular and used human GEM reconstruction is Recon2 [13], which has
7440 metabolic reactions, 5063 metabolites, and eight compartments.
This model has allowed the construction of different tissue-specific
models, including cells from CNS, such as neurons and glial cells from
the cortex, hippocampus, and lateral ventricle tissue [14].

Due to the possibility of integration between different Recon2
models, multi-cell-type metabolic networks have modeled the study of
brain metabolism. For instance, Lewis et al. [15], modeled the integra-
tion of astrocytes, glutamatergic, GABAergic, and cholinergic neurons to
study Alzheimer's disease and cholinergic neurotransmission. They also
presented a workflow for generating tissue-specific multicellular meta-
bolic models. The integration of these cell models has been used to study
mechanisms of neurotransmission or hypoxia [16]. A dynamic model to
analyze the interaction between the astrocytes and neurons by employing
a different approach was recently reported [6], in which astrocytes were
modeled as units without compartmentalization, while the neurons were
represented as spot-like stimuli defined with a set of mathematical
equations to resemble the neuronal firing behavior. Cakir et al. [17],
constructed a central metabolism, lipid metabolism, reactive oxygen
species (ROS), detoxification, amino acid metabolism,
glutamate-glutamine cycle, and neurotransmitter metabolism for neu-
rons and astrocytes. The integration of neuron and glial cell metabolic
reconstruction models has been reported and used to model specific
processes such as the role of lactate between neurons and glial cells [18,
19]. The integration of neuron and glial cell models may allow us to
increase our understanding of the cellular process involved in the rela-
tionship between these cells, and also to model diseases or conditions in
which these cells are affected.

Previously, we used a GEM of a glial cell to study the metabolic
consequences of ARSA deficiency. The results predicted that the meta-
bolism of glycosphingolipids and neurotransmitters were the main
impairment pathways [10]. In this study, we constructed a bi-cellular
GEM of glial and neuron cells from the human cortex. This bi-cellular
GEM allowed us to understand how ARSA enzyme deficiency alters the
metabolic communication between both cell types. The results predict
that ARSA deficiency resulted in the impairment of several metabolic
pathways in both cell types. ARSA deficiency affected 370 and 293 re-
actions in the neuron and glial cell models, respectively, which represent
about 16 % of the reactions of each model. In addition, the results
showed that ARSA deficiency induced changes in the flux distributions of
several metabolic pathways in a different way to that observed for the
independent cellular models. To the best of our knowledge, this is the
first time that the integration of neuron and glial cell metabolic re-
constructions has been used to explore the impact of the impairment of
lipids metabolism, such as that produced by ARSA deficiency, on cell
metabolism. This integration will not only allow us to model, at the
cellular level, the alterations observed in MLD but also may serve as a
starting point to model other lipid metabolic diseases or inborn errors of
metabolism in which neuron and glial cells are affected.
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2. Methods

For the construction of the bi-cellular model, we used the previously
constructed glial (Biomodels Database number: MODEL1310110064)
and neuron cortex (Biomodel Database number: MODEL1310110033)
metabolic reconstructions [14], which were originally derived from
expression data from the Human Protein Atlas [20, 21]. We share the
code and the model (xls and xml format) in the following link: https
://github.com/dasalazarb/Neuro-Glia_GEM. The following procedure
describes the steps used to reconstruct the glia-neuron bi-cellular model:

Step 1. Individualization of models.
Recon2 model has a standard annotation to describe all the derived

cell tissue models [22]. Based on that, the nomenclature of models was
individualized by adding the prefixes ‘n_’ and ‘g_’ to the reactions,
compartments, and metabolites of the neuron and glia metabolic recon-
struction, respectively. In this sense, for an rxnx reaction, which is equal
in both models, specific reactions ‘n_rxnx’ and ‘g_rxnx’ were created
within the neuron and glia models, respectively. In addition, the
compartmentalization of metabolites in each model was also differenti-
ated. For instance, a metabolite x[c], which is allocated in the cytosol in
both models, was changed to x [c_n] and x[c_g] within the neuron and glia
models, respectively (Figure 1a). Finally, we differentiated between
names of metabolites using the prefix ‘g_’ for glial but not for neuron
metabolites because once the glia metabolites have been differentiated,
there is no need to change the neuron metabolites. For example, for an ‘x’
metabolite, the new nomenclature was ‘g_x’ and ‘x’ (Figure 1a).

Step 2. Interaction between models.
The coupling of metabolic models is based on the metabolites that are

shared (i.e., consumed and produced) by glia and neuron cortex models
[23]. In this sense, to integrate both metabolic reconstructions, we took
all the exchange metabolites from the neuron and glia model as metab-
olites that allow communication between the cells. The nomenclature of
extracellular metabolites and transport reactions allowed the creation of
a common space for both cells, i.e., an extracellular compartment. For
instance, for two hypothetical extracellular transport reactions as
‘n_rxnx: a[c_n] ↔ a[e]’ and ‘g_rxnx: a[e] ↔ g_a[c_g]’, the common metabolite
is ‘a[e]’. In this sense, the glia and neuron models were able to share
metabolites in the extracellular compartment, producing the interaction
of the models (Figure 1b).

Step 3. Testing the mathematical bi-cellular model.
The integration of the two metabolic reconstructions represents the

union of the corresponding stoichiometric matrices which allows the use
of a Flux Balance Analysis (FBA) to solve the same optimization problem
used for the single metabolic models [24]. The optimization problem
consists of a stoichiometric matrix (S), of sizem*n, wherem corresponds
to metabolites and n corresponds to reactions, linked by stoichiometric
coefficients, in which a negative coefficient means consumption of a
metabolite in a reaction and a positive coefficient means production. The
optimization problem indicated that in a steady-state exist a vector of
fluxes ( v!) that optimize the objective function (cTv, where c is a vector
of weights, indicating how much each reaction contributes to the
objective function) to a maximum or minimum. In addition, the fluxes (v)
are subject to constraints (mass or thermodynamic) that limit the solu-
tions of the problem. In a mathematical language, it is defined as:

Maximize/minimize cTv
Subject to S* v! ¼ 0
and lower bound � v � upper bound

When the optimization problem is feasible, a flux distribution (v) is
obtained, which shows the contribution of each reaction to the objective
function. For reading, debugging, joining the models, and FBA compu-
tation, we used COBRA (COnstraint-Based Reconstruction and Analysis)
Toolbox [25, 26] implemented in MATLAB software.

https://github.com/dasalazarb/Neuro-Glia_GEM
https://github.com/dasalazarb/Neuro-Glia_GEM


Figure 1. Construction of metabolic bi-cellular model. (a) Individualization of the models into compartments. (b) Adding of the extracellular reactions for
communication between models.
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Step 4. Manual curation and annotation of the model
The glia and neuron metabolic reconstructions were manually

curated by adding reactions to complete the metabolic pathways corre-
sponding to the sulfatide degradation from the myelin band, which
correspond to the beginning of the myelin degradation within a cortical
neuron and glia cells [27]. Hence, the glia model is not only representing
the oligodendrocyte metabolism but also the interaction of
astrocyte-oligodendrocyte since these cells are gap junction-coupled in
the central nervous system [28]. In addition, the network formed by
these cells favors the regulation of ions, also providing nutrients for
axonal metabolism [27]. This bi-cellular model does not contain an axon
compartment but is intended to stimulate the metabolism and interaction
of glia and neuron cells. Although the metabolism of these cells is not
fully understood, certain metabolic features are known, such as the
presence of a high pentose phosphate activity or the anaplerotic
replenishment of the tricarboxylic acid (TCA) cycle with the recycling of
pyruvate [29]. Metabolic pathways of glycolysis, TCA cycle, pentose
phosphate, and oxidative phosphorylation were completed within the
glia and neuron models. Synthesis and degradation pathways of glycogen
were added to the glia model [30, 31, 32], while the reactions that were
not well annotated in both models were completed based on the infor-
mation from Recon2. The medium conditions used and the reactions
added in simulations are described in Supplementary File 1.

Step 5. Context-specific bi-cellular model simulation
To study the effect of model integration, we performed a FBA for the

bi-cellular model and each cellular model separately and compared the
flow distributions obtained. In all scenarios, the objective function was
ATP synthesis, taking into account that we did not intend to simulate any
scenario related to other processes such as synapses or neuronal excita-
tion. Since the solution of FBA is not unique, we performed a random
3

sampling of the flow distribution in the space of possible solutions
defined by the stoichiometric matrix using the Hit and Run algorithm
implemented in COBRA [29, 33]. From a sampling of 5,000 points within
this space, for each reaction, the mean and standard deviation were
determined, and a Z-score where the difference between the means in
each of the conditions divided by the standard deviation of this differ-
ence, was calculated as reported by Bordel et al. [33], which quantifies
the significance of the change in each flux between the evaluated con-
ditions [33]. A t-test was carried out in R, and the interpretation analysis
was performed using score with a p-value < 0.05.

For modeling the ARSA deficiency, as a first approximation to a
pathological state, and an initial use of a bi-cellular model designed, the
lower and upper flux limits for the reaction catalyzed by ARSA enzyme
(EC 3.1.6.8) were set to zero. The ATP synthesis was selected as the
objective function to model an excited neuron that releases neurotrans-
mitters and therefore presents a highly oxidative metabolism. In addi-
tion, the biological scenario was the neuronal excitation, where sufficient
energy is required (ATP synthesis optimization).
3. Results

3.1. Metabolic construction and integration of models

The coupling of metabolic reconstructions of glia and neuron cortex
cells might allow us to understand how these cells communicate and how
an enzyme deficiency can alter the homeostasis between both cells [34].
Although other metabolic models of integration of these cell types have
been reported, the number of studied pathways is reduced. Therefore, it
is not possible to have a broad picture of the interaction between these
two cells [35]. Although the model was manually debugged, expression
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data obtained from different omics could enrich the present model [36]
and allows further predictions. For blocked reactions, orphan metabo-
lites, and dead-end metabolites, we used the memote tool [37] which
reports in detail the composition of a GEM to determine errors and ensure
that the model meets the minimum requirements for use. We found 227
blocked reactions, 16 orphan-metabolites, and 8 dead-end metabolites
(Supplementary File 1). These reactions correspond to the degradation of
keratan, heparan, and chondroitin sulfates, in addition to exchange and
transport reactions.

The bi-cellular GEM consisted of two types of brain cells, neurons, and
glial cells. The glial cell within the model was adapted to resemble the
astrocyte-oligodendrocyte network, which is the main actor of neuron
maintenance [38]. The bi-cellular model consisted of three large com-
partments: neuron, glial, and extracellular compartment; with the latter
being responsible for metabolites exchange (i.e. communication) be-
tween the two cell models (Supplementary File 2 in formats .xls and
.xml). The model has a total of 3845 reactions (1911 neuron, 1615 glia,
and 319 extracellular reactions). The neuron and glia models were
compartmentalized individually in seven sub-compartments (cytosol [c],
mitochondria [m], endoplasmic reticulum [r], peroxisome [x], nucleus
[N], lysosome [l] and Golgi [g]). In total, 2460metabolites were found in
the bi-cellular model, with 1192, 939, and 329 metabolites present in
neuron, glial, and extracellular compartments, respectively (Supple-
mentary File 2 in formats .xls and .xml).

We initially tested the hypothesis that the integration of neuron and
glial cell models will affect the reaction fluxes of each model. For this
purpose, we compared the FBA results of independent (i.e. neuron and
glial cell models) and the bi-cellular models (Supplementary File 3). The
results show that the integration of the models affected 34 % and 39 % of
the reactions in the neuron and glial cell compartments, respectively
(Table 1). In this sense, these results suggest that neuron and glial cell
compartments, in the bi-cellular model, were connected through the
extracellular compartment by the exchange of metabolites.

From this comparison, we found that 160 metabolic pathways were
altered in the bi-cellular model, with 76, 83, and 1 pathways present in
the glial, neuron, and extracellular compartments, respectively. The
structure of these pathways is listed in Supplementary File 4. The
sphingolipids metabolism is one of the pathways that was different be-
tween the neuron and glial cell models, which is an expected result due to
the role of sphingolipids in the synthesis of the axon by glial cells [39].
The neuron contains 44 sphingolipid reactions, including synthesis of
sphinganine, phytosphingosine, sphingosine, ceramide, glucosylcer-
amide, sulfatides, galactosylceramide, and digalactosylceramide sulfate.
On the other hand, the glia contains 11 reactions, including the synthesis
of phosphoethanolamine, sphingosine, phytosphingosine, sphinganine,
ceramide, galactosylceramide, sulfatide, and digalactosylceramide sul-
fate [10].

3.2. Modeling of ARSA deficiency

Previously, we predicted that ARSA deficiency (i.e a total flux
blockage of the reaction catalyzed by ARSA) in a glia GEM, affected
amino acids transport and neurotransmitters metabolism, without any
effect in the sphingolipids pathway [10]. As a continuation, in this study,
Table 1. Comparison between independent and bi-cellular model fluxes. The FBA ob
model. The fluxes of the reactions changed concerning the bi-cellular model.

Total reactions in bi-cellular model

Number of reactions with different flux in the bi-cellular model

Number of on/off reactions in bi-cellular but not in the individual model

Number of reactions with different value between model bicellular and individual model

4

we analyzed the metabolic consequences of ARSA deficiency in the
neuron-glia bi-cellular GEM. It is important to mention that this
bi-cellular model predicts the relationship between a glial cell (cerebral
cortex glial cell) and a neuron in an excited state (cerebral cortex neuron
cell), in the complete absence of ARSA. Therefore, this model partially
represents the real condition of a MLD patient, not only because of the
cell types present but also because the total absence of enzyme activity is
not a common feature of this disorder.

The results predicted that within the bi-cellular model, ARSA defi-
ciency resulted in the impairment of 370 and 293 reactions in the neuron
and glial compartments, respectively. These impaired reactions represent
about 16 % of the total reaction present in each compartment (Table 2).
We found changes in different metabolisms such as amino acids, carbo-
hydrates, and mitochondrial pathways among others might suggest that
the functional alteration of ARSA in the bi-cellular model, significantly
impairs the cell homeostasis.

To continue the analysis of ARSA deficiency within the bi-cellular
model, we considered that the biological function of a reaction is pre-
served when the reaction conserves the original direction (i.e., A → B).
On the other hand, when the direction of a reaction is inverted (i.e., A
← B) the biological function may be affected, which might be reflected
in the disease phenotype. In this sense, since most of the affected
reactions (90,4 %) maintained the original direction, these results may
suggest that the cells within the model (i.e., neuron and glia) may
undergo metabolic changes to adjust their metabolism and retain the
functionality and exchange between them. From a physiological point
of view, it is usual that in neurodegenerative disorders, the disease
onset is followed by a symptomatology stabilization period [4, 6, 40].
This period could be associated with a nervous system adjustment to
the new myelin condition to conserve the functionality as much as
possible.

3.3. Metabolic changes in glial and neuron compartments

For the glial cell compartment within the bi-cellular model, the ARSA
deficiency reduced the flux of 72 reactions compared to a model with
normal ARSA activity (Table 3). These were mainly grouped within the
following pathways: glycolysis/gluconeogenesis, lysine degradation,
fatty acid degradation, tyrosine metabolism, and metabolism of xenobi-
otics by cytochrome P450. On the other hand, the ARSA deficiency
increased the flux of 44 reactions compared to a model with normal
ARSA activity (Table 4). These reactions were associated with several
pathways, such as pyrimidines, purines, lysine, carbon, β-alanine, and
pyruvate metabolism (Table 4) [41, 42, 43, 44, 45, 46, 47].

The most affected in the ARSA deficient bi-cellular model were
glycolysis/gluconeogenesis, the metabolism of purine, pyrimidine, py-
ruvate, citric acid and beta-alanine, fatty acids degradation, and the
metabolism of some amino acids (Leu, Val, Iso, Gly, Ser, Thr, Lys, and
Tyr).

In the neuron compartment within the bi-cellular model, 35 reactions
had lower flux values (Table 5); while 52 reactions had higher flux values
(Table 6) in ARSA deficient model compared to the model with normal
ARSA activity. The latter compromises several pathways including py-
ruvate, citrate cycle, glycolysis, and fatty acids.
tained for the individual models was compared with the FBA of the bi-cellular

Neuron Glial

1906 1609

Higher 270 251

Lower 258 220

On 127 116

Off 124 158

652 629



Table 2. Characteristics of the affected reactions in the ARSA deficient bi-cellular model compared to ARSA activated bi-cellular model. The number of affected re-
actions is expressed as a percentage of the total number of reactions for each compartment.

Cell Type Neuron Glial

Total reactions 1906 1609

Number of reactions with different flux (p-value > 0.05) 17.0 % 16.5 %

Percentage of increased reactions in deficiency ARSA model vs ARSA activated model 41.7 % 51.5 %

Percentage of decreased reactions in deficiency ARSA model vs ARSA activated model 46.2 % 42.3 %

Percentage of reactions with inverted flux 12.1 % 6.2 %

Table 3. Metabolic pathways in glia cell compartment with reactions that had lower flux values in the ARSA deficient bi-cellular model compared to the model with
normal ARSA activity. The adjusted p-value corresponds to Fisher's exact test for genes.

Metabolic Pathway Count % Adjusted p-value

Glycolysis/Gluconeogenesis 20 29,4 6,4E-23

Lysine degradation 16 23,5 3,2E-18

Fatty acid degradation 13 19,1 1,1E-14

Tyrosine metabolism 11 16,2 2,3E-12

Metabolism of xenobiotics by cytochrome P450 12 17,6 2,7E-10

Table 4. Metabolic pathways in neuron cell compartment with reactions that had higher flux values in ARSA deficient bi-cellular model compared to the model with
normal ARSA activity. The adjusted p-value corresponds to Fisher's exact test for genes.

Metabolic Pathway Count % Adjusted p-value

Pyrimidine metabolism 10 30,3 5,5E-9

Purine metabolism 10 30,3 3,8E-7

Lysine degradation 7 21,2 5,7E-7

Carbon metabolism 7 21,2 4,8E-5

beta-Alanine metabolism 5 15,2 4,5E-5

Pyruvate metabolism 5 15,2 1,1E-4

Table 5. Metabolic pathways in neuron cell compartment with reactions that had lower flux values in ARSA deficient bi-cellular model compared to the model with
normal ARSA activity. The adjusted p-value corresponds to Fisher's exact test for genes.

Metabolic Pathway Count % Adjusted p-value

Fatty acid degradation 12 24,0 2,8E-14

PPAR signaling-pathway 12 24,0 5,3E-12

Fatty acid metabolism 11 22,0 4,3E-12

Table 6. Metabolic pathways in neuron cell compartment with reactions that had higher flux values in ARSA deficient bi-cellular model compared to the model with
normal ARSA activity. The adjusted p-value corresponds to Fisher's exact test for genes.

Metabolic Pathway Count % Adjusted p-value

Carbon metabolism 15 38,5 6,1E-15

Pyruvate metabolism 11 28,2 8,3E-14

Glynlysis Gluconeogenesis 11 28,2 1,8E-11

Citrate cycle (TCA cam) 9 23,1 2,3E-11

Glyosylphosphatidylinositol (GPO-anchor biosynthesis 6 15,4 2,0E-6

Table 7. Enzyme type affected in the ARSA deficient bi-cellular model.

Compartment Neuron (%) Glial (%)

Oxidoreductases 45 37

Transferases 48 35

Hydrolases 16 18

Lyases 4 5

Isomerases 2 1

Ligases 1 3

O.Y. Echeverri-Pe~na et al. Heliyon 7 (2021) e07671
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Figure 2. Type of reactions affected in the neuron and glial cell compartments
within the bi-cellular model.
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The model predicted that oxidoreductases have the highest number of
affected reactions in both types of cells (Table 7). Noteworthy, it was not
observed an important effect on the lysosomal hydrolases after ARSA
knock-out (i.e., 15 % and 1 % of the glycosphingolipids reactions in the
neuron and glial compartments, respectively), an unexpected result due
to the impairment of the lysosomal metabolism induced by the glyco-
sphingolipids accumulation.

When the nature of the affected reactions was explored within bi-
cellular model, we observed that the main affected reactions were
related to amino acids transport, mitochondrial metabolism, and carbo-
hydrate metabolism (Figure 2).

4. Discussion

In this paper, we described the generation of a GEM produced by the
integration of metabolic models of glial and neuron cells. Only a few
bioinformatics studies have described the integration of the metabolic
models of these two cell types. For instance, Cakir et. al., modeled the
glutamate/glutamine/GABA cycle fluxes using minimization of meta-
bolic adjustments, an alternative method to FBA, that allowed to find
sub-optimal flux distributions after a gene knock-out [17]. In 2014,
Sertbas et. al., extend this model to include metabolic pathways such as
glycolysis, amino acid, and inositol, and modeled six diseases based on
transcriptional data. Noteworthy, they found disease-specific metabolites
and processes, such as the alteration of the sphingolipid metabolism in
Parkinson's disease [48].

The bi-cellular GEM generated in this study integrates three com-
partments that are part of the neuronal synapse, i.e. neuron, glial, and the
extracellular space. The latter compartment allows the communication
between glial and neuron cells, which is required for the regulation of
neurotrophic factors and the control of neurotransmitters, metabolites,
and ions involved in neurotransmission, among others [49]. Our model
comprises different metabolic pathways that are important for cell sur-
vival such as carbon and tricarboxylic acid cycles, as well as specialized
ones such as those related to sphingolipids. Despite that the glial cell
model was obtained from transcriptome data, this model is not distin-
guished as a specific glial cell (i.e. astrocyte, microglia, or oligodendro-
cyte), and by incorporating sphingolipid and ceramide metabolisms we
could evaluate the behavior of ARSA enzyme deficiency. Our model was
able to optimize the target function of producing ATP in the electron
transport chain in the mitochondria, showing a significant metabolic
change when ARSA knocked out. However, it is important to note that
the present model corresponds to a complete absence of ARSA activity,
which is a rare finding in MLD patients.

The design of the bi-cellular model using neuron and glia GEM
permitted improvement in the modeling of ARSA deficiency in the CNS.
It was predicted that the knock-out of ARSA in glial cells led to the
downregulation of several metabolic pathways including glycolysis/
gluconeogenesis, the degradation of fatty acids, and the metabolism of
several amino acids. The impairment of β-oxidation of fatty acids com-
promises the entire oxidation cycle. Although acetyl-CoA is obtained
from both mitochondrial and extramitochondrial sources, the low bio-
logical activity of β-oxidation enzymes may lead to the low production of
acetyl-CoA whose ultimate purpose is the generation of ketones and
energy. Thus, the metabolic impairment of these enzymes may lead to a
decrease in energy production from fatty acids. Similarly, the model
predicted is a significant compromise in the metabolism of several amino
acids, such as Gly, Ser, Thr, Lis, and Tyr, which are directly involved in
the metabolism of neurotransmitters, and maybe the result of a blockage
in sulfatide catabolism present in the myelin band.

On the other hand, the knock-out of ARSA in glial cells led to the up-
regulation of a diversity of metabolic pathways, including glycolysis/
gluconeogenesis, the degradation of valine, leucine, and isoleucine, and
the metabolism of purine, pyrimidine, pyruvate, citric acid, and
β-alanine. The model also predicted the up-regulation of other important
pathways such as the synthesis and hydrolysis of carnosine and
6

homocarnosine, which could have the ability to protect neuron cells
against ischemic injury and oxidative stress, as well as to increase their
resistance to functional exhaustion [50, 51]. It has been postulated that
carnosine and homocarnosine protection mechanism lies in the
anti-glycating and antioxidant activities of these molecules [52, 53], as
well as on a membrane-protecting effect [54].

In neuron cells on their part, the knock-out of ARSA in neuron cells
led to a down-regulation of several metabolic pathways, including
lipolysis/lipogenesis, transport, storage, DNA synthesis, and glycolysis.
The main impairment occurred in lipolysis since the four main enzymes
that catalyze the initial step of β-oxidation of fatty acids were inhibited.
This involves both linear, or branched-chain fatty acids with short, me-
dium, long or very-long chains, long-chain dicarboxylic acids, and poly-
unsaturated fatty acids. The clinical impact of these deficiencies has been
evidenced using brain images showing progressive white matter demy-
elination [55, 56].

On the other hand, it was predicted that in neuron cells, up-
regulated metabolic pathways mainly involved the metabolism of
nucleotides, directly affecting the catabolism of purines and pyrimi-
dines and therefore the production of ATP for energy use. In addition
to the up-regulation of pyruvate metabolism, it was also observed the
impairment of glycolysis and gluconeogenesis pathways, which have a
positive feedback effect within each other, possibly seeking to
compensate for the lack of energy caused by reduction of ATP pro-
duction and in general of triphosphate nucleotides. Clinically it is to
be expected an important impact on organs that depend directly on
glucose as an energy source, such as the brain, kidney, testicles, and
erythrocytes; as well as in organs with high energy demand such as
muscle, heart, and liver.

This bi-cellular model agreed with the previous prediction using
the glia GEM, strongly suggesting that ARSA deficiency affects meta-
bolic pathways involved in the transport of amino acids, which could
lead to activation of neuroprotective mechanisms in response to the
metabolic blockage. In addition, the use of this bi-cellular model
allowed us to discard the previous prediction of the impairment in the
metabolism of several neurotransmitters as a consequence of ARSA
deficiency [10]. The bi-cellular model did not predict any alteration in
acetylcholine, dopamine, GABA, glycine, glutamate, epinephrine,
norepinephrine, and choline, which supports the concept that the
neurological compromise in MLD is a result of the distortion of the
myelin band caused by the accumulation of non-degraded sulfatide
rather that a change in neurotransmitters metabolism. However, the
limitations of our model are related to its debugging process, as this
may lead to imbalances in the reactions used. For example, we found
blocked reactions in glycosaminoglycan degradation metabolism,
which are incomplete in the original models. In summary, the use of a
neuron-glia metabolic reconstruction allowed to improve the predic-
tion capacity of the model to understand the metabolic consequences
of ARSA deficiency. This bi-cellular model may pave the way for
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modeling the biochemical alterations of other inborn errors of meta-
bolism with CNS involvement.
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