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Abstract

Inborn errors of metabolism (IEMs) are the hereditary metabolic disorders often
leading to life threatening conditions when left un-treated. IEMs not only demand
better diagnostic methods and efficient therapeutic regimen, but also, a high level
understanding of the precise biochemical pathology involved. Constraint-based
metabolic network reconstruction and modeling is the core systems biology meth-
ods to analyze the complex interactions between cellular components that maintain
cellular homeostasis. Simultaneously, the global human metabolic networks, Re-
con 1 and Recon 2, are landmarks in this regard. The work presented in this thesis
discusses the combined bottom-up and module approaches to expand and refine the
mother networks. It also highlights the importance of transport proteins in network
reconstruction, their associated properties, and their involvement in various IEMs.
Thereafter, we focused on expansion of Recon 1 with acylcarnitine metabolism, via
the Ac/FAO module, which enabled mapping of newborn screening data, facilitating
the use of in silico models in IEMs diagnosis. Additionally, a compendium of IEMs
was assembled for interrogation of 235 IEMs using this expanded network. IEMs
are mainly treated by specific diet and medication. The impact of diet and IEMs
on cellular metabolism was explored by manually building a metabolic network of
small intestinal epithelial cells (SIEC), taking into account the correct representation
of the biochemical, anatomical and physiological attributes of the human small in-
testine. Limiting constituent of specific diets that deranged the metabolic capability
of sIEC was revealed. Subjecting the sIEC to particular diet and IEM, lead to further
understanding of the biochemical relatedness to the clinical picture of IEMs, iden-
tification of novel comorbid patterns, as well as, studying cellular adaptive mech-
anisms employed by cells to bypass the metabolic block. The role of medications
was analyzed through a drug module; further expanding Recon 2 to account for the
metabolism of commonly used drugs. Administering a defined combination of diet
and drug under IEMs, their effect on drug metabolism and elimination was studied.
Further, statin-associated myopathy in mitochondrial energy disorders was found to
be linked to hindrance of statin metabolism. The statin-cyclosporine interaction in
IEMs cases was predicted to be related to common metabolic and transport proteins
involved in their metabolism. Finally, we observed that the cellular energy level
being compromised in order to enable elimination of drugs, like antihypertensives,
analgesics and midazolam. This signifies the potential of metabolic modeling for
biomedical applications, and the presented work can be extended to predict better
therapy in terms of diet and medications, as well as their combination to combat
various enzyme deficiencies.






Utdrattur

Medfeddir efnaskiptagallar eru genagallar sem oft leida til lifshaettulegs dstands
séu peir ekki medhondladir. Medfaddir efnaskiptagallar krefjast betri greininga
og ahrifarikrari medferda, auk riks skilnings 4 peim lifefnafreedilegu meinafredum
sem peir eiga adild ad. Endursmidi og likanagerdir efnaskiptaneta byggdar 4 tak-
morkunum eru grundvallaradferdir kerfisliffredinnar til ad greina fldkin samskipti
4 milli peirra frumuhluta sem vidhalda samvagi { frumunni. Efnaskiptanetin Re-
con 1 og Recon 2 eru kennileiti ad pessu leyti. Hér verda raeddar grasrdtar- og
einingaadferdir til ad auka pekkingu og hreinsa til i pessum médurnetum. Ein-
nig verdur fjallad um mikilveegi flutningsproéteina 1 smidi efnaskiptaneta, eiginleika
peirra og adild ad ymsum medfeddum efnaskiptagdllum. Par 4 eftir jukum vid
ut Recon 1 med asylkarnitin efnaskiptum { gegn um Ac/FAO eininguna. Petta
gerdi okkur kleift ad kortlegga skimunargdgn ur nyfeddum bérnum og leiddi til
audveldunar 4 notkun in silico reiknilikana vid greiningu 4 medfeeddum efnaskip-
tagéllum. Ad lokum settum vid saman yfirlit yfir medfedda efnaskiptagalla, til
rannsékna 4 235 godllum med notkun pessa stekkada nets. Medfaddir efnaskipta-
gallar eru medhondladir med sérstoku mataradi og lyfjamedferd. Ahrif matarzedis
og medfaddra efnaskiptagalla 4 efnaskipti voru konnud med pvi bia handvirkt til
efnaskiptanet af pekjufrumum 1 smapormunum (sIEC). Liffera-, lifefna- og lifedl-
isfreedilegir eiginleikar smdparma { monnum voru tekin til greina vid byggingu
likansins.I 1j6s kom takmarkandi péttur sérstaks mataredis sem trufladi efnask-
iptah@fni sIEC. Likanid var préfad med dkvednu mataraedi og medfeddum ef-
naskiptagallum, og leiddi pad til frekari skilnings 4 lifefnafredilegum tengslum
vid kliniska mynd medfaddra efnaskiptagalla, greiningu 4 nyjum samsldandi myn-
strum, auk rannsékna 4 adlagandi ferlum sem frumurnar beita til ad komast framhja
efnaskiptatdlmum. Hlutverk lyfja var greint med lyfjaeiningu, og var Recon 2 par
med steekkad til ad innihalda efnaskipti algengra lyfja. Ahrif mataradis og medfzed-
dra efnaskiptagalla & efnaskipti og brottndm lyfja voru rannsokud med pvi ad gefa
inn skilgreinda blondu mataredis og lyfja. Ad auki var statin-tengdur vodvakvilli
hvatberaorku roskunum tengdur vid truflun 4 statin efnaskiptum. Statin-syklésporin
samskipti { medfeddum efnaskipta tilfellum voru spad fyrir ad vera tengd algengum
efnaskipta og flutningsprétinum sem koma vid sogu 1 efnaskiptum peirra. Ad lokum
sdum vid ad orkustig frumunnar var skert svo fruman geti virkjad brotthvarf lyfja;
haprystingslyfja, verkjalyfja og midazolam. Allt petta stydur mogleika efnask-
iptalikana 1 lifleknisfredi. Pessa rannsékn ma tutvikka til ad spa betur fyrir um
medferdir vegan skorts 4 ymsum ensimum.
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1 Introduction

1.1 Short introduction on |IEMs, classification, data
acquisition

Metabolism remains a common factor for a myriad of human diseases. While a
whole majority of them are related to diet and lifestyle patterns (e.g., diabetes, obe-
sity, atherosclerosis), there exists very high proportion that are caused due to spe-
cific mutations in the genome. Such disorders that have a genetic base are called
inborn errors of metabolism (IEMs). An error or defect in a metabolic pathway can
be either due to missing enzyme(s) or deficiency of the enzyme function(s). How-
ever even if the enzyme/protein is present at optimum concentrations, the transport
system might fail, or the regulation of the metabolic pathway may be disrupted,
all of which may be associated with an IEM. IEMs were first described by Sir
Archibald Garrod in 1908, during the famous Croonian lectures on the inborn errors
of metabolism, i.e., alkaptonuira, cystinuria, albinism and pentosuria [1]. Following
this, the world of IEMs has been ever expanding, both in terms of diagnosing new
affected phenotypes and in their therapeutic measures. They have also been coined
different names, e.g., inherited metabolic disorders, hereditary metabolic disorders,
or congenital metabolic diseases. For simplicity we shall use IEMs.

Although there exist various forms of classification scheme for IEMs, they can also
be classified according to pathophysiology as disorders (i) giving rise to intoxica-
tion, (ii) involving energy metabolism, (iii) involving complex molecules [2] (Figure
1.1A). The first group of disorders results in accumulation of the toxic metabolite,
proximal to the metabolic block, and include aminoacidopathies (phenylketonuria,
maple syrup urine disease etc.), organic acidemias (methylmalonic-acidemia, isova-
leric acidemia etc..), urea cycle disorders, porphyrias, mineral metabolism disorders
(Menkes disease, Wilsons disease etc.), sugar intolerances (galactosemias, fructose
intolerance etc.), as well as synthesis defects of neurotransmitters (GABA, glycine
etc.) and amino acids (serine, glutamine, proline etc.). The diagnosis of this class
of IEMs includes simple tests, such as blood and urine amino acid, organic acid
and acylcarnitine profiling. Additionally, this group is often amenable to treatment
either by specific dietary patterns or medications. The second group comprises
mitochondrial and cytoplasmic energy defects, e.g., pyruvate dehydrogenase defi-
ciency, alpha-ketoglutarate dehydrogenase deficiency, mitochondrial electron trans-



port chain disorders, etc.. The cytoplasmic energy defects as compared to the mi-
tochondrial ones are less severe, and include pyruvate kinase deficiency, glucose-
6-phosphate dehydrogenase deficiency, transketolase deficiency, etc.. Mostly un-
treatable, this group of disorders is identified by enzyme analysis, tissue biopsies
or molecular testing. Interestingly, the first group of IEMs does not interfere with
embryo-fetal development, in comparison to the second group that causes congen-
ital malformations and dysmorphism. The third group is the most diverse and in-
cludes lysosomal storage disorders, peroxisomal biogenesis disorders, congenital
disorders of glycosylation, cholesterol synthesis defects etc.. Usually the diagnosis
involves molecular testing methods. Majority of the disorders of the third group are
difficult to treat, and mostly rely on enzyme replacement therapy (lysosomal storage
disorders) [2].

’Being individually rare, but collectively numerous’ [2], the current incidence of
IEMs stand at 1:800 live births [3]. They can be present at any age, from infancy
(e.g., peroxisome biogenesis disorders) to adult (e.g., late onset forms of pyruvate
dehydrogenase deficiency), and can affect either individual (for e.g. primary hy-
peroxaluria type 2 without end-stage renal disease affects only kidney) or multi-
ple organs (e.g., lysinuric protein intolerance affects liver, spleen, muscle, kidney,
pancreas, gastrointestinal system, respiratory system, nervous system, and immune
system). However, in ~ 50% of patients with IEMs, the symptom free period is
>1 year that extends into adulthood [2]. Depending on the severity of the disorder,
they usually affect several organs. The various diagnostic tests are shown in Figure
1.1B, where the newborn screening (NBS) program is routinely performed. NBS
depends on estimation of specific analyte or their ratios, usually called biomarkers,
and thereby, aims for an early and rapid detection of IEMs, in order to reduce infant
mortality and morbidity. With the advent of tandem mass spectrometry (MS/MS),
NBS saw a tremendous rise in the detection of IEMs in infants, as this could rapidly
detect several analytes. NBS includes the process of sample collection, identifica-
tion of an affected infant, commencement of treatment procedures, and finally the
overall outcome [2]. Usually, blood spots (>1 ml of whole blood sample) are col-
lected when the infant is between 24-48 hours old, by a heel-prick test and then
sent for MS/MS analysis, where the precision of the quantitative results depends
highly on the sample used (i.e., paper sample less precise than the plasma or serum
sample) [2]. NBS currently covers estimation of amino acids, amino acid ratios,
acylcarnitines, and acylcarnitine ratios for 64 different conditions (20 primary con-
ditions in the ACMG panel, 21 secondary, eight maternal and 15 other conditions)
that is usually adopted worldwide via collaborative projects [4].
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Figure 1.1: IEMs classification and diagnostics. A. Classification scheme of IEMs.
B. Diagnostic tests for IEMs. (Both the figures have been adapted and modified
from [2]).

1.2 Systems biology and constraint-based modeling

Living cells comprise different metabolic (e.g., metabolites) and non-metabolic (e.g.,
genes and proteins) components (Figure 1.2). Systems biology deals with studying
the complex interactions or links between the different cellular components, mainly
with a holistic view. However, contrary to the component view, the systems view
takes into account of the state of the whole system, rather than of individual compo-
nent [5]. The publication of whole genome sequence of the bacterium Haemophilus
influenzae Rd. [6], and later the first whole human genome sequence [7], made it
possible to identify all the genes and their gene products, ultimately meaning that
important physiological processes involving these components can now be studied,
and the wealth of information be harnessed.

A cell is typically under various biological constraints, i.e., the need to grow and
divide, interacting with the environment, running metabolic processes etc. [5]. The
intracellular environment further controls the functional state of the biological net-
work [5]. Hence, the concept of constraints existed since the beginning of life forms.
The various constraints can be categorized into: (i) physiochemical constraints that
are hard constraints, and include conservation of mass, energy, momentum, free
energy change etc., (ii) topological constraints that constrain the structural entity
of cell, e.g., definitive arrangement of DNA within the nucleus, (iii) environmental
constraints those are time dependent and include nutrient availability of a cell, pH
control, temperature, osmolarity maintenance etc., and (iv) regulatory constraints



that mainly involve evolutionary changes [5]. The regulatory constraints are oth-
erwise the non-metabolic ones, controlling ultimately the metabolic events (Figure
1.2B). These constraints together aid in proper functioning of a cell type.

The mathematical formulation of biological constraints is mainly in the form of bal-
ances and bounds. Balances are equality constraints and bounds are inequalities [5].
A typical example for balance constraint is the conservation of mass. This partic-
ularly hold true for a steady state, where there is no accumulation or depletion of
metabolites/compounds, indicating that rate of synthesis equals the rate of degra-
dation for each metabolite in the network [5]. Mathematical representation is as
S.v =0, where S is the stoichiometric matrix (m X n, m is the number of metabo-
lites, and 7 is the number of reactions in the network) and v is the flux through each
reaction in the network). Such balances can also be formulated for osmotic pres-
sure, electroneutrality, and free energy around biochemical loops [5]. In contrast, in
case of assigning bounds (usually done for concentration, flux or kinetic constants),
arange is given. Typical example include those done for flux values for every single
reaction in a metabolic network, such that V,,;, <V < V,,.x, irreversible reactions
being constrained as V,,j, = 0 and V4, = oo [5].

Application of these constraints will result in an underdetermined systems of linear
equations [8] necessitating the use of constraint-based analysis methods to deci-
pher the network properties. There exist a number of such methods discussed in [9]
and [8]. These methods otherwise known as constraint-based reconstruction and
analysis (COBRA) methods can be categorized as (i) biased methods and (ii) un-
biased methods. Biased methods depend on an objective function (usually denoted
by z, Figure 1.2C). In case of microbial cells, the objective function is usually the
biomass reaction (i.e., fractional contribution of all known biomass constituents to
the overall cellular biomass, unit being mmol ~gDW ,hr [10]. The biased methods
that are most explicitly used are flux balance analysis (FBA) [11], flux variability
analysis (FVA) [12], single gene deletion [13], and phenotypic phase plane analysis
(PhPP analysis) [5, 14]. The unbiased methods do not require an objective func-
tion, and include extreme pathway analysis (ExPa analysis) [15], elementary mode
analysis (EIMo analysis) [16], and random sampling [17]. The majority of biased
approaches, have been devised as a variation of FBA (e.g., FVA and single gene
deletion analysis). Once reconstructed, biochemical networks are effectively con-
verted into a stoichiometric matrix, S = m x n (as discussed above). Each row in § is
a metabolite and each column is a reaction, and each entry in S is coefficient of the
participating metabolite, where the negative coefficients represent consumption and
positive means production of the metabolite in the corresponding reaction/column.
Under a steady state with the given constraints, FBA seeks to either minimize or
maximize an objective function Z,subject to S.v =0, and Vi, <V < Vypr. While
there are alternative optimal solutions, FBA outputs one of the alternative optima.
On the other hand, FVA uses FBA to maximize and minimize each reaction in the



network, thereby giving a range of numerical values through which the flux can vary
(i.e., Vimin and V; 4y ). Single gene deletion analysis constrains the reactions that are
associated with the specified gene to be inactive, i.e., [b = ub = 0, and then uses
FBA to compute optimal flux values for the wild type and knock out strains/models.
However, only those reactions are turned off that are associated with either single
gene or with "and’ relationship in the gene-protein-reaction associations (GPRs), as
described below.

1.3 Human metabolic network reconstruction in
general

Genome scale metabolic network reconstruction (GENRE) is the heart of systems
biology methods to elucidate physiological properties of an organism. While >100
organism specific GENREs have been published, most notably the human specific
GENRES shall be the focus point of our discussion. The first global reconstruction
of the human metabolic network, Recon 1 [18] was published in 2007. It con-
tained 3744 reactions, 2744 metabolites distributed over seven intracellular (i.e.,
cytoplasm, mitochondrion, golgi apparatus, endoplasmic reticulum, lysosome, per-
oxisome, and nucleus) and one extracellular space, and 1496 genes. This network
was a generic reconstruction representing a biochemical transformation that could
occur in any cell of the human body (i.e., not cell/tissue specific). Since it was
based on >50 years of cumulated biochemical scientific literature and the human
genome annotation data, it effectively captured the sub-cellular localization of the
metabolic and transport reactions. Due to extensive manual curation of the bib-
liome, this network became one of the most successfully validated network (where
288 known metabolic functions of a human cell were tested and accomplished), and
hence, served as a platform for a series of studies that benefit not only the human
community but also provided useful insights about lower organisms, e.g., the mouse
metabolic network (Table 1.1).

Table 1.1: A few of the important biomedical applications of Recon 1

Subsequent Study area References
models that used
Recon 1
Biomarker A Red blood cell model was used to [19]
validation and validate metabolite concentration
identification changes, and Recon 1 used for large

scale prediction of biomarkers for

IEMs




Subsequent
models that used
Recon 1

Study area

References

Neuron-specific Systems level understanding of [20]
metabolic models | Alzheimer’s disease association with
disturbed cholinergic and
glutamatergic neurotransmission
Liver-specific Characterized liver specific functions [21]
metabolic (bile acid synthesis, ammonia
network, detoxification etc.), and liver
Hepatonetl homeostasis
Kidney-specific Off-target effects of torcetrapib [22]
metabolic model
Red blood cell Analyzed morbid SNPs and drug [23]
model targets in the network
Joint model of Investigated drug targets for different [24]
human alveolar stages of bacterial infections
macrophage-
Mycobacterium
tuberculosis
Mouse model Homolog gene mapping used to create | [25]
a metabolic network of five mammals
including mouse
Multi-tissue Metabolic profile of diabetic and [26]
integration of normal obese patients
hepatocyte,
myocyte &
adipocyte
Generic cancer Synthetic lethal pairs in renal cancer [27]
model
Heart-specific Epistatic interactions in heart, and [28]
model identified potential biomarkers for
cardiovascular diseases
Compendium of Ac/FAO module to map newborn [29]
IEMs screening data.
Compendium of IEMs, topological
analysis and metabolic hotspots
Small Effect of diet and IEMs on enterocyte [30]
intestine-specific | network, explained cellular adaptive
enterocyte mechanisms under IEMs, identified
metabolic novel co-morbidities
network
Recon 2 Predicted 54 biomarkers for 49 IEMs [31]

with high accuracy, generated 65
cell-specific metabolic models using
protein expression data
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Figure 1.2: Overview of cellular components, biological constraints and formula-
tion of mathematical constraints. A. Components of cells. The metabolic compo-
nents of cell include the metabolic and transport reactions, and the non-metabolic
ones are DNA, m-RNA and proteins. The central dogma of life is the flow of in-
formation from DNA to m-RNA to proteins, which catalyze the various metabolic
and transport reactions operating in a cell. Building of a genome scale metabolic
network reconstruction takes into account of the metabolic components. B. vari-
ous constraints governing a cell. Adapted from [5]. These biological constraints
are transformed into mathematical ones as bounds and balances, and applied as
model constraints to obtain a solution space. C. Application of constraints to ob-
tain a solution space, and finally the optimal solution. Sequential administration
of thermodynamic, mass balance and enzyme capacity constraints, gives in a solu-
tion space. Under these constraints, an objective (7) is maximized or minimized to
obtain an optimal solution point.




Later another extensive human metabolic network was reconstructed, i.e., the Edin-
burgh human metabolic network [32] that contained 2823 reactions, 2671 metabo-
lites and 2322 genes, which was subsequently compartmentalized [33]. Simulta-
neously, liver-specific metabolic network was available, i.e., Hepatonetl [21] that
used Recon 1 as a starting point, and contained 2539 reactions and 777 metabolites.
Very recently community-driven global reconstruction of human metabolism, Re-
con 2 [31] was created. Not only did it integrate the above mentioned networks,
but also a human small intestinal erythrocytes reconstruction [30], an acylcarni-
tine/fatty acid oxidation module (Ac/FAO module) [29], and a transport/absorption
module, all together comprising 7440 reactions, 5063 metabolites and 1789 genes
(Figure 1.3A). With reaction content doubled, and 62% of the Recon 1 pathways
expanded, the increase in the pathway knowledge has been evident specifically for
xenobiotic metabolism, cholesterol metabolism and intracellular transporters (endo-
plasmic reticulum, mitochondrial, peroxisomal) to name a few. Additionally, nine
new pathways were added into Recon 2 [31]. A dead-end metabolite can only be
produced or consumed in a network, and a blocked reaction (usually associated
with a dead-end metabolite) is the one that cannot carry any non-zero flux under
steady state. Recon 2 resolved 307 dead-end metabolites and 827 blocked reactions
that were existent in Recon 1 [31]. Moreover, it successfully fulfilled 354 defined
metabolic tasks [31]. Hence, this recent reconstruction is an attempt to capture the
most up-to date knowledge on human metabolism. Although Recon 2 is extensive
and in-detailed representation of almost all the major biochemical transformations
occurring in man, there are certain knowledge gaps (Figure 1.3B), which paves the
road towards future investigations.
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Figure 1.3: Building of Recon 2, and remaining gaps. A. Recon 2 [31] was built
from Recon 1 [18], and combined all the large reconstructions available, along with
small scale modules (refer text). B. Metabolic pathways in Recon 2 that require
much more work for the different targeted applications. Any additions and updates
should always feedback to Recon 2 to profit the community directly and immediately.

1.3.1 Manual reconstruction

The process of building a high quality GENRE is essentially iterative, laying its
foundation on genome annotation data and scientific literature [10]. The basic steps
remain:

(1) Obtaining a draft reconstruction using genome annotation data: Collect the list of
reactions that are evident from the annotation of the corresponding metabolic genes.
Usually, organism specific databases and text books can be followed simultaneously.
Enzyme databases like BRENDA [34] and pathway databases like KEGG [35] are
also helpful.

(i1) Refinement of the draft reconstruction: This is done by verifying the substrate
and co-factor usage by the various enzymes, identifying the correct reaction stoi-
chiometry and directionality by manually curating the scientific literature. Further,
other information such as sub-cellular localization, as well as neutral and charged
states of the participating metabolites needs to be added. A very unique feature con-
tained in GENRE:s is the gene-protein-reaction (GPR) associations and the assign-
ment of confidence scores to the reactions. GPRs are Boolean logics that uses and’
association between the genes when the gene products form an enzyme complex



and all of them are necessary for the reaction to proceed (e.g., fatty acid synthase
complex containing seven enzyme activities catalyzes synthesis of fatty acids from
malonyl-CoA) . On the contrary ’or’ association is used to represent an isozyme,
where either of gene products can catalyze a single reaction (e.g., glucokinase and
hexokinase can catalyze phosphorylation of glucose to glucose-6-phosphate). Con-
fidence scoring system represents the level of evidence that is used to re-construct a
corresponding reaction. This ranges from 4 to 0, where 4 means highest level of bio-
chemical evidence exists (e.g. protein has been crystallized and its functions have
been characterized), 3 means genetic information is available (e.g., knockout stud-
ies performed), 2 indicates availability of sequence data or physiological evidence
of the reaction occurrence (e.g., secretion pattern in biofluids) and 0/1 indicates ad-
dition of reaction for modeling purpose only. This kind of scoring system becomes
extremely useful when one has to know the weaker areas of the network, hence,
furthering future research.

(iii) Conversion of the reconstruction into a computable format: This involves con-
version into stoichiometric matrix, usually done within the MATLAB environment
using COBRA toolbox [13]. rBioNet [36], which is a reconstruction tool can be
used as it ensures quality control along with various other add-on features (e.g.,
dead-end metabolite identification, visualization of metabolite connectivity and plot-
ting neighboring reactions). Thereafter, systems boundaries are defined (addition of
exchange reactions), demand and sink reactions added (if required), and the appro-
priate constraints are set. Exchange reactions are different from transport reactions,
in that they ensure availability of medium components, secretion and uptake patterns
of metabolites. Demand reactions are added when the metabolic fate is unknown/out
of the scope of a metabolic reconstruction, e.g., demand of nucleotide-triphosphates
for DNA synthesis in rapidly growing cells. Sink reactions are used when source or
synthesis reactions are unknown, but presence of the metabolite has been reported,
e.g., synthesis of unsaturated fatty acids, with unknown position of double bonds.
While exchange reactions can be either reversible or irreversible (depending on the
constraint set), demands by rule are irreversible, and sinks are reversible.

(iv) Network evaluation: This step analyzes the functional properties of the network.
Analysis of network gaps, checking for the production of biomass precursors, and
comparing with other experimental data (if available) are extensively carried out.
These steps have also been shown in Figure 1.4B, and further details can be followed
in [10].

Notably, at every step, there is continuous iteration, improving the metabolic qual-
ity of the reconstruction. It is this iterative nature that makes the final product (i.e.,
a functional condition specific model) highly valuable in terms of knowledge con-
tent. Although generation of draft reconstruction is semi-automated, its refinement
essentially involves an in-depth manual curation of the bibliome. The network de-
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bugging also warrants revisiting the scientific literature. What is required is some
prior information about the organism or the cell/tissue type of interest (Figure 1.4A).

A Availability of -
genome sequence [Start-up points ]
data

Organism/cell type
specific text books
and databases

Disease relevance

Basic physiological Unique metabolic [GENRE steps ]
propertiesof the

organism/cell type pathwaysoperating %
Transporters present

and metabolite
B exchange pattern

Computable
format

Draft
* reconstruction
Genome Manual curation

annotation == of scientific @ * ) ¢

data literature Validation Debugging

Refinement

Figure 1.4: Metabolic network reconstruction as a continuously iterative process.
Need of manual curation of scientific literature at crucial stages. A. Certain start-
up points for an effective GENRE building. B. Basic steps of GENRE building that
re continuously iterated. Note the use of manual curation in almost every step on
GENRE building.

1.3.2 Check list, what are the startup points

It’s very important to gather some basic knowledge about the organism/cell type of
interest, before getting started with the reconstruction. Since, the reconstruction is
based on genome annotation data, one should have an idea as to how much annotated
information is approximately there. This is an approximation of the network size, as
well as its metabolic content, e.g., a search query for metabolic genes annotated for
humans, in NCBI EntrezGene [37], using the term human’ and *metabolic’ returns
~21000 hits; and the number of unique gene contained in Recon 2 [31] is 1789,
and these numbers are fairly comparable. In-depth knowledge of the major and mi-
nor physiological processes operating or maintained are related to the underlying
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metabolic pathways operating within the cell, e.g., small intestine provides ~25%
of body’s glucose [38] and cholesterol [39] supply indicating that gluconeogenesis
and denovo cholesterol synthesis pathways might be functional in this organ. Ad-
ditionally, considering its role in digestion and absorption of food, the presence of
specific transport proteins are indicated. Additionally, in case of building a cell type
specific model these unique processes contribute to the maintenance of whole body
homeostasis. This information is relatively easy to obtain. The metabolic pathways
that are uniquely operating within the organism/cell type heavily depends on the
transport proteins present. The transporters impart the specific metabolite exchange
pattern to the organism/cell type, e.g., abundance of amino acids transporters in the
small intestinal epithelial cells, the enterocytes, makes them unique in the choice
of their energy source, where glutamine is the most preferred one [38]. Hence,
knowledge on transport proteins is equally important. However, organism/cell type
specific books serve as one of the best source of information, necessitating their
rapid usage during the GENRE building, as well in its validation and elucidation
of the resulting network properties. A very intriguing feature that not only helps in
enhancing the applicability of the final model, but also in the initial building of the
GENRE is its association with known pathological processes. Disease specific in-
formation pinpoints exactly what genes, and gene products are present in the organ-
ism/cell type, and also highlights important research work done in this regard, e.g.,
acute GI disturbances are caused in acute intermittent porphyria (OMIM: 176000),
concluding the presence of heme metabolism in the small intestine [40]. This will
further enhance the understanding of its metabolic content. But one needs to be
careful while cell type specific GENRE building, when the clinical symptoms are
primary (i.e., caused solely because of metabolic derangement in that particular cell
type) or secondary. Such information is indispensable for building a high quality
GENRE.

1.3.3 Pit falls

The reconstruction methods described above is usually called the bottom-up recon-
struction approach. This is rigorous and labor intensive that requires significant
manual curation of the scientific literature. Therefore, this ensures (i) reliability for
its continuous usage for various biomedical applications as well it future expansion,
(ii) validation and correctness of its metabolic content, and (iii) obtaining mean-
ingful and physiologically relevant predictions by the final model. However, the
amount of time invested ranges from six months to one year in generating and vali-
dating such network. Alternatively, various automated methods have been described
(Model SEED, use of ’omics’ data etc.) that help generate a GENRE in a consider-
able less time. However, such models again require significant manual curation for
their validation. Additionally, these automated methods suffer from various limita-
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tions, and certain steps have not been fully automated (detailed in next chapter).

In case of manual reconstruction, most often, reaction directionality is assumed to
be bi-directional and localization as cytosol, whenever sufficient information isn’t
available. In case of transport reactions, non-availability of conclusive evidence of
transport mechanism, as well ambiguity in substrate coverage by a transport protein,
may occur. In such cases, based on physiological evidence of the presence of the
metabolite in the exometabolome (e.g., biofluids like urine, blood CSF etc. in case
of human cells), a diffusion reaction is usually added. Correct assignment of con-
fidence score keeps a quality-control check on this, highlighting the weaker areas
of a GENRE. However, there are organisms that are less studied, similarly, various
cell types for which enough information isn’t yet available. Under such conditions,
protein and gene expression data can serve as good starting points. Such limitations
in GENRE building needs to be addressed by high level biochemical experimenta-
tions, to aid in manual reconstruction for GENRE building.

However, one of the major considerations is that, one needs to be careful during
manual evaluation of the scientific literature, and transferring the information, i.e.,
distinguishing between in vitro experimental data and physiologically relevant in-
formation that can vary most often. A database search should always accompany
in thorough reading on the cited articles. Additionally, the reactions and pathways
most often mentioned in databases, biochemistry text books or primary literature
may not account for proton and water molecules, and at times co-factors and im-
portant co-substrates may be missing, which should be evaluated carefully. Never-
theless, books, primary literature, and review papers are one of the best sources for
achieving finesse in assembling organism/cell specific GENRE:s.

1.3.4 Need for transporters

Transporters contribute significantly in deciding the metabolic profile of a cell/organ-
ism. Additionally, they (i) aid in nutrient sensing in case of enteroendocrine cells
[41], (ii) regulation of the metabolic pathways, by either providing starting points
(in case external source, e.g., phenylalanine being an essential amino acids, needs
to be supplied via a LAT3 transport protein for the synthesis of tyrosine and its sub-
sequent products, i.e., norepinephrine and epinephrine that have various roles in the
body depending on the site of action), or co-factors (e.g., vitamins of the B-complex
chain are essential co-factors for various biochemical reactions, and depend on spe-
cific transporters for their entry into cell), and (iii) generating concentration and
membrane potential. Additionally, various diseases are caused due to faulty trans-
port systems (e.g., cystinuria caused due to defect in the intestinal dibasic amino
acid transporter, OMIM.220100). Knowledge on presence of specific transport pro-
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teins is therefore crucial not only in GENRE building but also in making meaning-
ful predictions by the final model. However, transporter content has been one of
the highly neglected areas of most automated and manually curated GENRE:s, par-
ticularly for the intracellular transport proteins, e.g., models generated using Model
SEED approach [42], adds reactions only into cytosol and extracellular compart-
ments, hence, precise work is required via thorough manual curation in identifying
these transporters, and adding in the missing knowledge.

1.4 Preview of the thesis

14

Chapter 1: This chapter gives an introduction to IEMs (their classification,
and diagnostics), constraint based modeling, and bottom-up reconstruction.

Chapter 2: : This chapter describes the iterative nature of metabolic network
reconstruction, and the need for manual curation.

Chapter 3: This chapter highlights the need of plasma membrane transporters
in metabolic network reconstruction. Assesses the transporter content of ma-
jor metabolite class in recently published global human metabolic network,
Recon 2, in comparison to Recon 1. Additionally, transport protein associated
IEMs have been discussed. A transport module has been presented.

Chapter 4: This chapter present the acylcarnitine/fatty acid oxidation mod-
ule, mapping of newborn screening data onto the combined model, as well
provides a compendium of IEMs that has been mapped onto the first global
human metabolic network, Recon 1.

Chapter 5: Diet plays key role in deciding cellular metabolic profile. Simul-
taneously, enzymopathies dictate the phenotype of a cell. The effect of diet
and enzymopathies have been analyzed on a metabolic network of small in-
testinal enterocytes. The network assembly, dietary influences and effect of
IEMs have been presented.

Chapter 6: Cells call in for extra expenses in terms of energy cost, in order
to metabolize drugs. Reconstruction and modeling of commonly prescribed
drugs, their cellular effects, interaction profiles as well as metabolic differ-
ences under different dietary patterns and altered genetic backgrounds (i.e.,
IEMs) on a combined network of Recon 2-Drug module have been analyzed.

Chapter 7: Conclusion and future perspective.



* The text of chapter 4 in full is a reprint of the material as it appears in Sahoo,
S., Franzson, L., Jonsson, J. J. and Thiele, I. (2012) A compendium of inborn
errors of metabolism mapped onto the human metabolic network. Molecular
BioSystems, 8, 2545-2558. I was the primary author of this publication, and
the co-authors participated in research guidance.

* The text of chapter 5 in full is a reprint of the material as it appears in Sa-
hoo, S. and Thiele, I. (2013) Predicting the impact of diet and enzymopathies
on human small intestinal epithelial cells. Human Molecular Genetics, 22,
2705-2722. 1 was the primary author of this publication, and the co-author
participated in research guidance.
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2 Human metabolic reconstruction as an
iterative process

2.1 Introduction

The understanding of the oceanic knowledge about human metabolism remains and
shall continue to fascinate cell biologists, more because of its integral connection
with a number of human diseases, such as diabetes, obesity, IEMs, and cancer.
To capture these intriguing facts in its fullest has been a herculean task, mainly in
the form of writing traditional biochemistry books, primary scientific literature or
review papers, thereafter, bestowing it to its readers. A genome scale metabolic
reconstruction (GENRE) is usually based on such legacy data. Therefore, GEN-
REs are knowledgebases and not just databases. The basic components forming the
metabolic network are metabolites and reactions (also referred to as nodes and links
of the network, respectively). A GENRE built for an organism is as specific as its
genome [10], and intends to capture its essential genomic, physiological, and bio-
chemical knowledge [5]. Recon 1, the first global human specific GENRE published
in 2007 [18], used genome annotation data and bibliomic data (i.e., scientific litera-
ture) to extract the various biochemical pathways occurring in any human cell. The
extensive manual curation of literature resulted in 3744 reactions, 2744 metabolites
and 1496 genes. Five years later, the most current community-driven global recon-
struction of human metabolism, Recon 2 [31] was published that not only expanded
the existing metabolic content, but also filled in the knowledge gaps, which existed
in its predecessor, in the form of 7440 reactions, 5063 metabolites and 1789 genes.
These metabolic networks built through a bottom-up approach (i.e., manual cura-
tion efforts) are generic networks and comprise reactions occurring throughout the
body, and hence, not specific to any cell/tissue type.

2.2 Biochemical knowledge is in-complete
demanding daily updates

The scientific community is growing at a dynamic rate. There has been signif-
icant developments since the human genome project began. Not only new gene
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functions been characterized, there are several disease mechanisms that have been
explored. Due to tremendous advancements in clinical diagnostics, mainly through
MS/MS, new IEMs have been reported, and to name a few, MEGDEL syndrome
(OMIM:614739) [43], phosphoglucomutase 1 deficiency (OMIM:612934) [44], per-
oxisome biogenesis disorder caused due mutation in PEX14B (OMIM:614920) [45],
and primary hyperoxaluria type III (OMIM:613616) [46]. Furthermore, well known
IEMs like phenylketonuria (OMIM:261600), lysosomal storage disorders, and urea
cycle disorders demand new biomarkers as well as dietary measures as treatment
strategy. Hence, there is a continuous need not only to update our knowledge on a
daily basis, but also, to plan distinct biomarker identification, and effective thera-
peutic measures.

With Recon 2 being published with significant advancements, it also points us to-
wards certain areas of human metabolism that are yet to be explored with great
details. In terms of pathways lipids, hormones, vitamins, transporters (intracellular,
extracellular) needs to be curated and expanded. Recon 2 can definitely serve as a
good starting point to expand these pathways for the different targeted applications.

This means that we are just at the tip of iceberg with respect to human diseases
and human metabolism, and that these areas need significant work, in order to un-
derstand the precise pathology. We therefore, need a module approach (explained
below) to fine tune Recon 2, so as to make it amenable for various biomedical ap-
plications.

2.2.1 Bottom-up reconstruction: iterative process, requires correction,
refinement, or addition

The bottom-up reconstruction process is continuously iterative, and comprises of 96
steps detailed protocol [10]. These steps can be broadly classified into 4 basic steps
: (i) obtaining the draft reconstruction, (ii) its refinement, (iii) conversion of the re-
construction into a mathematical format, and (iv) network debugging and evaluation
of its functional properties. Although step two and four require much more continu-
ous checks and frequent updates, as compared to other steps, these steps can also ask
for the corrections to be made to the initial draft (e.g., gene functions in the genome
annotation might have been updated and needs to be incorporated) as well as dur-
ing conversion to the mathematical form (i.e., the systems boundaries, objective
functions, and applied constraints may require corrections). This implies that these
steps are inter-related and improvement at any step, shall ultimately improve the
predictions of the final model. Recon 1 [18] was iteratively built from the genome
annotation and >50 years of biochemical scientific literature data. Due to the in-
tensive manual curation of its reaction content, it has been used as starting point
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for a plethora of biomedical usages (Table 1.1), helped in gaining new biological
insights, and has received >100 citations. The recently published human GENRE,
Recon 2 [31], iteratively improved and resolved the dead-end metabolites as well as
blocked reactions that exited in Recon 1 [18]. Additionally, it expanded 62% of the
metabolic content (i.e., existing pathways were expanded) and nine pathways were
added, which resulted in 77% accurate predictions for 54 metabolite biomarkers in
49 different IEMs. Additionally, by mapping of proteomics data 65 cell types spe-
cific models were generated that hold potential for various biomedical applications.
Apart from the human GENREs, below we vividly explain the iterative improve-
ments of various other metabolic networks.

An iterative process

The iterative nature of the GENRE makes it highly valuable with regards to its
knowledge content. The soil bacterium, Acinetobacter baylyi ADP1 [47] was itera-
tively refined for its genes, reactions, gene-protein-reaction association (GPRs), and
biomass precursors by comparison with three experimental data sets. Hence, the im-
proved model correctly accounted for the growth phenotypes, corrected for incon-
sistent predictions, and was further used to infer knowledge about existence of al-
ternative metabolic pathways. In case of the Bacillus subtilis network [48], network
gap analysis and comparison to the phenotype data resulted in addition of miss-
ing reactions that corrected model predictions and also revealed 80 novel enzyme
essentiality, which could not be provided by the genome annotation data alone. Fur-
thermore, the draft metabolic network of the yeast, Scheffersomyces stipitis [49]
was refined and curated sequentially using the Biolog phenotyping data, leading
to addition of new genes and reactions that provided insights into its mitochon-
drial oxidative phosphorylation mechanisms. The continuous updates into archaeal
methanogen Methanosarcina barkeri network [50] improved growth predictions by
mutant strains and furthered our knowledge on possible regulatory events. The most
recent yeast consensus reconstruction, Yeast 5 [51] refined its reaction content (par-
ticularly for sphingolipid metabolism) and GPRs that enhanced its predictive ac-
curacy as compared to the previous versions. Finally, decade long refinements of
the bacterium Escherichia coli K-12 network [52] has resulted in discovery of eight
new open reading frames and new mutant strains phenotypes, novel antimicrobials
aiding in drug discovery, as well as in production of important biotechnological
compounds (e.g., 1,4-Butanediol).
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Requires correction, refinement, and addition

Since, the manually built reconstruction is based on the available literature data, it
requires continuous updates in the form of (i) correction, (ii) refinements, and (iii)
additions. As new information becomes handy (mainly biochemical investigations)
by the time the network is assembled and made available, it becomes incompetent
for specific usage, yet remains important for broader and general usages. These
modifications needs to be periodically incorporated, by a community effort, mainly
extracting the updated knowledge from domain experts. This calls for an approach
which is very precise and goes via a component by component basis, mainly serv-
ing two purposes. Firstly, it should significantly improve our knowledge level, and
secondly, should feed back to the original model for the benefit of the scientific
community. This shall also ensure continuous usage of the mother GENREs. We
use the term module’ to define this method (Figure 2.1). A functional module cap-
tures a specific part of the mother GENRE (mostly the network gaps), and adds in
new reactions and expands existing pathways (e.g., adding newly identified gene
functions). It also corrects pre-existing ones (e.g., correction in enzyme localization
data, GPRs or substrate or co-factor utilization) as the knowledge becomes avail-
able. This way not only the original model is retained, but also advancements are
kept abreast. Hence, both the general and specific scope of a reconstruction are
fulfilled.

2.2.2 Module approach : adding missing parts sequentially,
piece-by-piece

Very recently the acylcarnitine/fatty acid oxidation module, Ac/FAO module [29]
was released that captured the lipid metabolism of Recon 1. The lipid metabolism
was expanded in order to account for the acylcarnitines that are used as biomark-
ers in newborn screening programs worldwide. Hence, this module captured alpha,
beta, and omega oxidation pathways of fatty acids, in the form of 352 reactions, 139
metabolites and 14 genes that were not only new, but also compatible with Recon
1. After combining with the mother network, resulting in Recon1_Ac/FAO module,
enabled the mapping of newborn screening data onto this network. Similarly, an in-
testinal transport/absorption module was assembled using manual curation of scien-
tific literature, resulting in 371 transport and exchange reactions, 27 metabolites and
29 genes [53]. This module has been combined with Recon 2 and well as recently
built enterocyte reconstruction [30] expanding its transporter content. However, the
importance on extracellular transport proteins (plasma membrane transport system)
has been realized, and significant progress has been made in this regard, which led
to the formulation of yet another transport module comprising of 78 reactions, 87
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metabolites, and 33 new genes, which can be added to Recon 2 if desired. This
highlights that such module approach adds in the missing parts sequentially to the
mother network, and is essential for frequent updates and refinements.

2.3 Need for tissue/cell specific models

As the published human GENRE:s are generic, one needs a tissue specific network
to analyze local effects on a tissue/cell type in response to various metabolic per-
turbations. Additionally, generic networks capture the whole body metabolism,
accounting for various alternate pathways. However, the need to run a particu-
lar pathway, depends heavily on the specific conditions or specific cell type, e.g.,
under fasting condition, due to the absence of the enzyme CoA-transferase (E.C.
2.8.3.5), liver cannot utilize ketone bodies as an energy source, in comparison to
extra-hepatic tissues like brain and skeletal muscles. In order to account for typical
cell specific effects building a cell/tissue specific network in desirable. There exists
a number of such studies that have used Recon 1 [18] to map various "omics’ data
to generate cell-type specific metabolic reconstructions for cardiomyocyte [28, 54],
hepatocyte [26,55], alveolar macrophage [24], red blood cell [23], renal cell [22],
and different cancer cells [27, 56, 57]. Additionally, interaction between different
cell-types at a metabolic level, such as between brain cells [20], and between hepa-
tocytes, myocytes, and adipocytes [26] has been modeled. However, in comparison
to these that used either transcriptomics or proteomics data as starting point, the
metabolic network of the liver, Hepatonet 1 [21] and that of the enterocytes of the
small intestine, hs_sIEC611 [30] used the available scientific literature, in addition
to Recon 1, as the starting points. Furthermore, protein expression data was used as
an evidence to validate their metabolic network in part.

2.3.1 Computational methods are currently limited

In contrast to the bottom-up reconstruction approach that involves through manual
curation of the available literature to build a GENRE, there exists various auto-
mated methods, where genuine data types help understand the metabolic architec-
ture of the cell. This approach is called a top-down approach. Usually *omics’ data,
namely transcriptomic, proteomic, metabolomic help specify transcripts, proteins
or metabolites that make up the corresponding cell type (Figure 2.2). Although
a number of other omics’ data has been developed (i.e., genomics, glycomics,
lipidomics, localizomics, epigenomics, immunomics, cytomics, fluxomics to name
a few [58,59]), we shall focus on the aforementioned three data types, due to their
high usage. Each of these data types represent a separate entity of the cell, and
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can be used to infer respective cellular attributes. But, significant effort has been
put into using them together, in an integrated fashion, in order to acquire maximum
possible as well as more meaningful information at a systems level [58]. However,
these data are often noisy with technical artifacts (i.e., print tip effects, scratches,
blotches, cross hybridization in case of transcriptomics [60]) making them difficult
to interpret. Additionally, transcriptomic data suffer from lack of consistency due
to lab to lab differences [61]. In case of proteomics, particularly the shotgun ap-
proach, peptides-proteins connectivity is lost, hence, information about the number
and properties on the proteins present in the sample becomes non-available [62].
Additionally, distinction between protein isoforms becomes difficult. Artificial re-
dundancies between protein sequences, as well as inconsistencies between assem-
bling peptides into proteins, incompleteness of the reference database, and inaccu-
rate characterization of a protein’s mature form are related issues [62]. Similarly,
various problems persist in case of interpreting metabolomics data, e.g., identifi-
cation of all the metabolites in a cell/system cannot be done with any one analyti-
cal method due to chemical heterogeneity. Further, appropriate standards have not
been characterized yet for all the compounds, and finally to differentiate significant
metabolites from the noise [63]. However, in spite of these associated problems,
omics’ data remain the method of choice to build a cell specific reconstruction, as
these generate a huge amount of information as well as within limited time span to
build a reconstruction, as compared to the manual one.

2.3.2 Need for manual reconstruction

As highlighted above the usage ’omics’ data presents various problems that de-
mands their interpretation with caution. Additionally, there are various steps in the
GENRE building that cannot be automated, and needs through manual curation.
Particularly, the assignment of GPRs, confidence scoring system, and identification
of organism or cell specific pathways, has to very precise in order to make physi-
ologically relevant predictions, as well as to pinpoint the weak and strong part of
the network. Additionally, inconsistent and incorrect information in the genome an-
notation data, missing enzyme functionalities, and transporter specificities require
detailed manual curation [64]. Recently developed Model Seed [42] platform can
automatically generate a draft reconstruction based on the genome sequence data.
However, addition of intracellular transport reactions has not been automated yet.
Moreover, it requires extensive manual curation of the generated biomass reaction,
electron transport chain reactions so as to ensure correct electron sources. Iden-
tification of futile cycles, cofactor utilization, reaction localization, and validation
of the model output with experimental data again needs to be done thoroughly via
manual curation.
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Furthermore, manual curation has resulted in correcting and refining the final metab-
olic models in many cases. During building of Recon 1 [18], genome annotation
data resulted in 1134 genes, out of which 731 genes were discarded, due to wrong
information. Additionally, literature mining revealed 362 genes to be added to the
final network. In case of Hepatonetl [21], the model that was obtained solely from
transcriptomic data alone, was able to achieve a steady state flux distribution in only
71 of 119 simulations, thereby necessitating a labor-intensive manual curation effort
to validate 442 metabolic objectives that was performed by this in silico network
as well as by human hepatocytes in general. Furthermore, during the enterocyte
reconstruction [30], while evaluating for a functional biomass reaction, literature
mining led to the addition of phosphatidyl-choline biosynthetic pathway that was
overlooked during initial steps. A series of enzyme localization and reaction direc-
tionality corrections were made to the initial set of reactions of lipid metabolism ob-
tained from Recon 1 (e.g., enzymes involved in the cholesterol synthesis pathway),
as well as in-depth manual curation of the relevant literature revealed set of path-
ways that should be operating (e.g., urea cycle, gluconeogenesis from glutamine,
fructose metabolism, re-synthesis of triacylglycerol etc.), partially operative (e.g.,
glycine, serine branched chain amino acid metabolism etc.) and should not be oper-
ating (lysine, threonine metabolism etc.) in the small intestinal enterocytes (details
in [30]). Additionally, prior to model building of the small intestine, an in-depth
study was performed on the anatomy of the organ and major blood supply to the
organ that permitted us to set the exchange reactions or system boundaries accord-
ingly. As mentioned in the introduction chapter, regarding the start-up points, maxi-
mum information was obtained for the various transport proteins present in this cell
type, which helped in setting specific metabolite exchange pattern and also served
as one of the basis for including the operational metabolic pathways.

The in silicon models generated via omics’ data also demands in-depth manual cu-
ration of scientific literature for model validation. This highlights the importance of
manual curation in GENRE and condition specific model building. There is no al-
ternative to an in-depth manual curation of scientific literature. Therefore, the need
of the time is to build a junction between bottom-up and top-down approaches, so
as to build a genuine and reliable network within limited time period. Addition-
ally, manual curation can not only improve but also act as a quality control for the
’omics’ data and its interpretation (Figure 2.2). One should also keep in mind that
the various 'omics’ data are a snapshot of the cellular metabolism under specified
conditions, and does not necessarily capture the whole cell metabolism. Contrast-
ingly, manual curation although laborious shall help acquire knowledge about the
entire tissue type in general. An amalgam between automated and manual methods
guarantees continuous usage of metabolic networks, e.g., Recon 1 and Hepatonet 1
have served start up points for various biomedical studies [65—67](in addition to the
above).
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Figure 2.1: Reconciliation between top-down and bottom-up reconstruction ap-
proaches could help in generation of physiologically and functionally relevant tis-
sue specific models, which could be generated from a mother reconstruction, like
Recon 2. These tissue-specific models should aid in various biomedical applica-
tions. Further, iterative model refinements capturing additions, corrections and
updates should result in functional modules that should refer back to the mother
network, and needs to be periodically incorporated. These modules should cap-
ture the weaker sections of the mother network, and curate and expand them ei-
ther via bottom-up approach or reconciliation between bottom-up and top-down
approaches. The reconciliations are signified by a thumbs-up sign.
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The various "omics’ data types have significantly improved our knowledge about un-
derlying cellular processes. However, usage and interpretation of these data types
demands extensive manual curation when used to build a tissue-specific GENRE.
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3 An assessment of membrane transporters
in human metabolism: Coverage in the
human genome-scale metabolic
knowledgebase and implications in
diseases

3.1 Abstract

Membrane transporters enable efficient operation of cellular metabolism, aid in nu-
trient sensing, and have been associated with various metabolic diseases, such as
obesity, inborn errors of metabolism, and cancer. Genome scale metabolic network
reconstructions capture genomic, physiological, and biochemical knowledge of the
target organism, along with detailed representation of the cellular metabolite trans-
port mechanisms. Since the first reconstruction of human metabolism, Recon 1,
was published in 2007, progress has been made in the field of metabolite transport.
Recently, we published an updated reconstruction, Recon 2, which significantly im-
proved the metabolic coverage and functionality. The human metabolic reconstruc-
tions have been used to investigate metabolism in the disease context and to predict
biomarkers and potential drug targets. Given the importance of cellular transport
systems in understanding human metabolism in health and disease as well as for the
generation of cell-type specific metabolic models, we analyze the coverage of trans-
port systems for various metabolite classes in these two metabolic reconstructions.
Moreover, we discuss the current knowledge about transporters for these metabolite
classes based on extensive literature review, assess missing coverage, and propose
modifications and additions. This includes an overview of the preferred substrates,
transport mechanisms, metabolic relevance, organ distribution, and disease associ-
ation. This information will be valuable to further refine the human metabolic re-
construction and to provide starting points for further experiments by highlighting
incomplete knowledge. This review represents the first comprehensive overview of
transporters and their transport mechanism involved in central metabolism and thus
can serve as a compendium of metabolite transporters.
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3.2 Introduction

Membrane transporters mediate transport of solutes from the outside to the inside
of a cell and vice versa. Transport processes generate concentration gradients and
membrane potential as well as contribute to regulation of biochemical pathways by
maintaining cellular levels of substrates and products (e.g., GLUT proteins regu-
late availability of glucose). It has been approximated that 2000 genes encoding
for transporters or transport related proteins are present in the human genome [68].
Defective metabolite transport processes have been associated with various patho-
logical conditions, including inborn errors of metabolism (IEMs) [69-71], obesity
and related abnormalities [72], and cancer [73,74]. Hence, knowledge on cellular
transport systems is foundational in understanding human metabolism.

Genome-scale metabolic reconstructions (GENREs) integrate the genomic, physio-
logical, and biochemical knowledge of a target organism [5]. They are knowledge-
bases of metabolites, biochemical transformations/reactions, enzymes catalyzing
the reactions, and genes that encode these enzymes. GENRESs are available for
more than 100 organisms, including human [18,31]. GENREs can be easily con-
verted into mathematical models and used for constraint-based modeling and analy-
sis (COBRA), e.g., flux balance analysis [11]. Details on the procedures for GENRE
and COBRA modeling are discussed elsewhere [5,10,13]. The in-depth biochemical
knowledge captured by GENREs is mostly attributed to the gene-protein-reaction
associations (GPRs), where individual metabolic/transport reactions are represented
along with the genes that encode enzyme/protein catalyzing the reactions. These
GPRs are Boolean relationships between genes/transcripts and reactions with ‘and’
and ‘or’ association. ‘And’ indicates that the expression of all genes, is necessary
for the reaction(s) to be active (e.g., multi-enzyme complexes catalyzing a single
reaction). An ‘or’ relationship implies that any of the genes or gene products can
catalyze the reaction (e.g., isozymes catalyzing the same reaction).

The first GENRE for human metabolism, Recon 1 [18], captures biochemical trans-
formations occurring in any human cell in a stoichiometrically accurate manner,
which are distributed over seven intracellular compartments (i.e., cytoplasm, mito-
chondrion, Golgi apparatus, endoplasmic reticulum, lysosome, peroxisome, and nu-
cleus). Additionally, Recon 1 includes a representation of the extracellular space to
account for the exchanges and transport systems connecting the extracellular space
with the cytoplasm. The most recent community driven global reconstruction of
human metabolism, Recon 2 [31], is a substantial expansion over Recon 1 and in-
cludes more than 370 additional transport and exchange reactions. These global
reconstructions do not represent the metabolic capability of a single cell or tissue
but rather are blue prints for all human cells, similar to the human genome, which
encodes for all cellular functions that may be active in one or more cell-types and
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conditions.

A reconstruction represents the metabolic repertoire of an organism or cell in a
condition-independent manner and can give rise to multiple condition-specific meta-
bolic models. Consequently, recent COBRA modeling efforts have focused on gen-
erating cell-type specific metabolic models using cell-type and condition-specific
data (e.g., transcriptomic and metabolomic data). Cell-type specific reconstructions
have been assembled for cardiomyocyte [28, 54], hepatocyte [21, 26, 55], alveolar
macrophage [24], red blood cell [23], renal cell [22], enterocytes of the small in-
testine [30], and different cancer cells [56,57]. Additionally, metabolic interactions
between different cell-types, such as between brain cells [20], and between hepato-
cytes, myocytes, and adipocytes [26] have been modeled.

The generation of cell- and tissue-specific reconstructions requires extensive knowl-
edge about metabolites that can be transported across the plasma membrane. Trans-
porters connect cells and tissues with their immediate environment and thus, can be
used for defining, which intracellular metabolic pathways must be active to fulfill
the chief functions of the cell or tissue. At the same time, transport reactions are
amongst the less well studied reactions captured in Recon 1 [18]. This property is
retained in Recon 2 despite of substantial efforts to include more transport informa-
tion. This is mostly because precise function and mechanism cannot always be pre-
dicted from sequence alone for transporter encoding genes. As transporters across
the plasma membrane are generally better studied than intracellular transporter, we
focus this review on plasma membrane transporters.

The aim of the present review is to highlight, how extensive our current knowledge
about plasma membrane transporters is and how well it is captured in Recon 2. We
therefore introduce first general transport mechanisms and then discuss the trans-
port of five major metabolite classes (i.e., sugar, amino acids, lipids, vitamins, and
others). Ions are also discussed while not being metabolites as they are important
co-substrates for many transport systems. At the end, we discuss the importance
of transporter in different metabolic diseases. This review is accompanied with a
transport module containing 70 new transport reactions, which can be added to Re-
con 2. The module does not account for modifications of GPRs that we report to
be necessary to capture current knowledge. This is because new genes need to be

added to the GPRs of existing, mechanistically correct transport reactions of Recon
2.

This review does not represent an update of Recon 2 but rather an expansion of its
coverage of plasma membrane transport. The module-based approach permits re-
searchers to actively contribute to the expansion of human metabolism, while main-
taining Recon 2 as core GENRE.
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3.3 General transport mechanisms

The cell membrane separates a cell from the extracellular environment. There are
two basic modes of cellular transport, i.e., active and passive. These basic mech-
anisms can operate: 1) without a carrier protein (simple diffusion), 2) involving a
carrier protein (facilitated diffusion), and 3) with expenditure of energy (primary
and secondary active). The various modes of transport are shown in Figure 3.1.

The cell membrane’s lipophilicity defines metabolites that can freely move in and
out of the cell, a process called “simple diffusion”. While hydrophobic substances
can easily cross the membrane, hydrophilic cannot [75]. Simple diffusion is di-
rected from a region of high to a region of low solute concentration. Various factors
determine the net rate of diffusion, including concentration difference of the so-
lute, pressure difference between the cell and the environment, membrane electric
potential, and osmosis [75].

Transport processes allowing the passage of a single solute at a time are referred
to as uniport. “Facilitated diffusion” is an example for uniport [76]. In facilitated
diffusion (also called carrier diffusion), a cargo molecule itself causes a conforma-
tional change in the carrier protein, which opens a channel for the cargo to cross the
cell membrane. The capacity of this transport mechanism is thereby limited by the
time needed to change the conformation back and forth. Facilitated diffusion occurs
in both directions [75].

Active transport is required to move molecules against their concentration and elec-
trochemical gradient. It requires energy in form of ATP or other high energy phos-
phate bond [75], which is either directly connected to the transport (primary ac-
tive transport) or derived from an electrochemical gradient (secondary active trans-
port) [77,78]. When a secondary active transport process is further coupled to an-
other distinct exchange mechanism, it is referred to as tertiary active transport. One
example is the coupling of amino acid transport system A (SNAT2) with system
L (LAT1/4f2hc) for uptake of leucine. At the same time, SNAT?2 utilizes the elec-
trochemical gradient established by the Na™/K* ATPase pump to drive its substrate
inside the cell [79].

Symport is the transport of multiple solutes across the cell membrane at once. If

inward transport of one solute is connected to the outward transport of another solute
or vice versa, the process is referred to as antiport [77].
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3.4 Overview of extracellular transport reactions in
human GENREs

Recon 1 and Recon 2 are based on manually assembled biochemical knowledge,
and their reactions are extensively annotated with literature evidence (Figure 3.2A).
They contain 537 and 1537 extracellular transport reactions, respectively. The ma-
jority (89%) of these reactions in Recon 2 was supported by literature evidence.
However, the availability of literature coverage differs among metabolites, which
were grouped into ten classes. The ‘blood’” group comprises mostly of glycolipids.
The group ‘others’ contains metabolites, such as urea, water, heme, bilirubin, bile
acids, and protein (e.g., albumin and fibrinogen), which could not be grouped into
the other classes as well as intermediate metabolites of amino acid, carbohydrate,
and lipid metabolism (e.g., creatine, glycerate, propionate, and acetate). The amino
acid class has the highest number of transport reactions associated, many of which
have supporting evidence associated (Figure 3.2B). In contrast, literature support
for transport reactions in the group ’others’, ‘xenobiotics’, and ‘hormone’ was low.
Such confidence gaps arise during the reconstruction process when information on
the transport mechanism is not available, yet physiological evidence for transport
of a metabolite across the cell membrane has been reported or suggested (e.g., by
body fluid or exo-metabolomic data). In such cases, corresponding diffusion re-
actions are added to the reconstruction [10]. This lack of information regarding
carrier proteins and mechanisms explains the high number of diffusion reactions
for lipophilic metabolites falling into the group deemed ‘others’, ‘hormones’, and
‘lipids’ in Recon 2 (Figure 3.2C). These gaps need to be filled as the corresponding
knowledge becomes available.

3.4.1 Transport of sugars

Carbohydrates form a major part of the human diet. Polysaccharides, such as starch,
are broken down into simple sugars in the intestinal lumen. Glucose, galactose,
and fructose are the chief monosaccharides absorbed by the enterocytes. From the
enterocytes, sugars are released into the portal blood. Two main groups of sugar
transporters exist, sodium/glucose co-transporters (SGLTs) and facilitated glucose
transporters (GLUTSs). Both groups are encoded by solute carrier (SLC) genes,
where ‘SLC’ is the initial for their official gene symbols (see Table 3.1). The SGLT
(SGLT-1 to SGLT-6) family of transporters transport sugars coupled with sodium
ions (secondary active transport). In contrast, GLUT (GLUT-1 to GLUT-14) trans-
porters mediate facilitated diffusion [80-82]. A number of additional cell types
express both transporters for uptake and secretion of simple sugars (see below).
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SGLT transporters

SGLT-1 (SLC5A1, GenelD: 6523) is located at the apical side of enterocytes and
renal tubules, and mediates influx of glucose and galactose via two sodium ions
coupled symport [81, 83]. The transporter is energized by the sodium gradient es-
tablished by the Na/K-ATPase located at basolateral surface [84]. However, under
conditions of decreased luminal pH, proton coupled glucose transport by SGLT-1
has been observed [85] but the affinity of the transporter for glucose is reduced un-
der these circumstances [85]. SGLT-2 (SLC5A2, GenelD: 6524) mediated sugar
re-absorption has been described for renal cells. SGLT-2 showed low affinity but
high capacity for glucose and galactose transport [86]. SGLT-3, also called SAAT1
(SLC5A4, GenelD: 6527), is expressed in cholinergic neurons, small intestinal and
skeletal muscle cells. So far, the only confirmed function of SGLT-3 in humans is
that it acts as glucose sensor by depolarization of the membrane in presence of high
glucose [87]. However, in C. elegans, a single amino acid substitution (from gluta-
mate to glutamine) enabled the protein to behave as glucose transporter with trans-
port properties similar to SGLT-1 [88]. Additionally, recent reports claim SGLT-3 to
be a glucose-stimulated Na* transporter [89]. SGLT-4 (SLC5A9, GenelID: 200010)
is a sodium-dependent mannose transporter, which also showed affinity for 1,5-
anhydro-glucitol and fructose [90]. It is highly expressed in small intestine and
kidney, but moderately in liver [90]. SGLT-5 (SLC5A10, GenelD: 125206) medi-
ates sodium-dependent uptake of sugars with highest affinity for mannose, followed
by fructose, and very low affinity for glucose and galactose [91]. It is expressed
in the kidney. SGLT-6 (SLC5A11, GenelD: 115584) is a glucose and myo-inositol
transporter. Compared to other tissues, SGLT-6 is most highly expressed in the
brain [92]. Sodium myo-inositol co-transporter, SMIT (SLC5A3, GenelD: 6526) is
a myo-inositol transporter, which is ubiquitously and most prominently expressed
in cells lining blood vessels, the kidney, and the thyroid gland [92]. For a more
elaborate tissue distribution of all SGLTs, see recent review by Wright et al [93].

GLUT transporters

The GLUT transporters have traditionally been divided into three families on the
basis of sequence similarity [94, 95]. Wilson-O’Brien et al. proposed a division
of the mammalian GLUT transporters into five distinct classes, subdividing class
three proteins into three new classes (i.e., GLUT-6 & GLUT-8, GLUT-10 & GLUT-
12, and H+/myo-inositol transporter (HMIT) [96]. Most of the GLUT transporters
have been shown to transport glucose, with GLUT-2, GLUT-5, and GLUT-11 also
transporting fructose, while HMIT also transports myo-inositol (Table 3.1). Trans-
port of non-carbohydrate substrates by GLUT transporters has also been reported.
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For example, uric acid transport by GLUT-9 [97] and dehydroascorbate transport
by GLUT-1 to GLUT-4 as well as GLUT-8 [98,99]. Only GLUT-4, GLUT-8, and
GLUT-12 have been shown so far to exhibit insulin sensitivity [81]. Most of the
GLUT transporters are expressed in the brain, which depends largely on glucose as
energy source [100, 101].

Sugar transporters and Recon 2

Transport of sugars is well studied and generally well captured by Recon 2. In total,
80% (60/75 reactions) of the sugar transport reactions in Recon 2 are supported
by literature evidence (Figure 3.2B). While the reactions for the SGLT-1 mediated
transport were added in Recon 2 [83], transport functions of the other SGLTs are
still missing (Table 3.1). For instance, while SGLT-2 mediated glucose transport is
captured in Recon 2, but its galactose transport capability [86] is not accounted for.
Moreover, SGLT-5 is only associated with glucose transport, but not its additional
substrates mannose, fructose, and galactose [91]. Finally, SGLT-6 is only associated
with inositol but not glucose transport [92]. The transport of galactose, mannose,
fructose, and glucose already exist in Recon 2 with correct transport mechanism;
hence, only new genes have to be added to the GPRs of the corresponding reactions.

3.4.2 Transport of amino acids

Ingested proteins represent the main source of amino acids and peptides. Usually
multiple amino acids have the same transport protein (Table 3.2). Transport systems
of both amino acids and peptides are discussed in this section.

Amino acid transporters

Eleven different SLC families are known to be involved in transport of amino acids
either via antiport or symport [102]. There is considerable overlap in their substrate
specificity (Table 3.2). Transporters of the SLC3 and SLC7 family form heteromeric
protein complexes comprising of heavy and light sub-units (where SLC3 genes en-
code the heavy sub-unit and SLC7 genes encode the light subunit of the transport
protein) that interact through disulphide bridges. The heavy sub-unit is a glyco-
sylated membrane protein; hence, these transporters are also called glyco-protein
associated amino acid transporters. The light sub-unit is required to confer spe-
cific amino acid transport activity [103]. While the light sub-unit is fully functional
even in the absence of the heavy sub-unit, these heteromeric amino acid transporters
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are usually amino acid exchangers (antiports) [103]. However, the alanine-serine-
cysteine transporter (a.k.a. Asc-type amino acid transporter 1), a heteromeric amino
acid transporter whose heavy sub-unit is encoded by SLC3A2 (GenelD: 6520), and
the light sub-unit by SLC7A10 (GenelD: 56301), transports glycine, L- and D-
alanine, L- and D-serine, threonine, and cysteine. This transport can be mediated
either via facilitated diffusion or antiport. The antiport is the predominating mech-
anism [104]. The transporter acts Na*/Cl" independent and is found in brain, heart,
placenta, skeletal muscle, and kidney [105]. In mice, this transporter was addition-
ally identified in cells of the lung and small intestine [105].

Other members of the SLC7 family (SLC7A1-A4) are non-heteromeric proteins
and are cationic amino acid transporters. The amino acids arginine, lysine, and
ornithine are transported in a sodium independent manner [106]. While SLC7A1 is
ubiquitously expressed, SLC7A2 transporter (SLC7A2, GenelD: 6542) is found in
skeletal muscle, placenta, ovary, liver, pancreas, kidney, and heart [107]. SLC7A3
transporter (SLC7A3, GenelD: 84889) is expressed in brain, thymus, uterus, testis,
and mammary gland [108]. SLC7A4 transport protein (SLC7A4, GenelD: 6545)
has no confirmed transporter activity, however, binding to other sub-units in order
to confer transport activity has been postulated [109].

Peptide transporters

Four peptide transport proteins have been identified, being PEPT-1 (SLC15A1, Gene-
ID: 6564), PEPT-2 (SLC15A2, GenelD: 6565), hPHT1 (SLC15A4, GenelD: 121260),
and hPHT2 (SLC15A3, GenelD: 51296). PEPT-1 and PEPT-2 are well character-
ized proton symporters transporting 400 distinct di-peptides, 8,000 tri-peptides, and
synthetically formulated drugs [110], for which they have overlapping substrate
specificities. Generally, PEPT-2 exhibits higher affinity for di- and tri-peptides than
PEPT-1 [111,112].

Peptide transporters are usually expressed on the apical side of polarized cells.
While PEPT-1 is highly expressed in small intestine, PEPT-2 in renal cells [111].
All four peptide transport proteins were identified in the nasal epithelium [113].
Both PEPT-1 and PEPT-2 work via secondary active transport coupled to Na*/H*
exchange, where sodium ions are exported out of the cell via basolateral Na*/K*
ATPase pump [114] in order to maintain extra-cellular sodium concentration. The
entire process is supported by intra-cellular peptide hydrolyzing enzymes. Peptides
that escape hydrolysis are transported out of the cell via an uncharacterized basolat-
eral peptide transporter [115] that can mediate either facilitative transport [116] or
proton mediated transport [117].
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PEPT-1 is regulated both by hormones and its substrates. Besides peptides, it is ac-
tivated by various amino acids, including lysine, arginine, and phenylalanine. Some
hormones, such as insulin, can activate the basolateral peptide transporter, while
others, such as leptin, epidermal growth factor, and the thyroid hormone, inhibit the
apical uptake of peptides by this transporter [110]. On the other hand, PEPT-2 ac-
tivity was enhanced by minerals, such as copper, zinc, and manganese [114]. Inter-
estingly, PEPT-1, when expressed in enteroendocrine cells, is involved in hormone
secretion and thus, participates in nutrient sensing [41]. Additionally, increased
expression of this transport protein has been associated with various inflammatory
conditions, such as ulcerative colitis and Crohn’s disease, as it is not expressed in
colonocytes under normal physiological conditions [118].

Amino acid and peptide transport systems and Recon 2

Amino acid and peptide transport systems are well described in the literature and
in Recon 2. The 667 amino acid transporter reactions make up the largest group
of extracellular transport reactions in Recon 2, and 98% of them are supported by
literature evidence (Figure 3.2B). Recon 2 already covers recent additions and mod-
ification to the amino acid transport systems, which were identified during the re-
construction of the small intestinal epithelial cell [30] and of the liver [21].

However, Recon 2 still need to be extended to account for current knowledge (Table
3.2). i) Missing transported substrates need to be added and our module provides
the corresponding transport reactions. For example, the renal cell specific transport
systems SNAT4 (SLC38A4, GenelD: 55089) also transports cysteine and methio-
nine [102, 119]. Also, the transporters B(0)AT2, B(0)AT3, and PAT4 are missing
along with the transport reactions for their substrates. ii) GPRs of existing transport
reactions need to be expanded. The function of PAT2 can be added by expand-
ing the GPRs of the appropriate reactions in Recon 2. iii) In the case of PEPT-2
transporter, Recon 2 captures correctly its transport of the di-peptide Cys-Gly but
other substrates are missing such as the tri-peptide Trp-Trp-Trp [114], However, the
metabolic fate of these missing substrates is currently not captured in Recon 2 and
thus the addition of the transport reactions would create gaps. Hence, we did not
include these reactions in the transport module. For a detailed list on endogenous
and xenobiotic substrates for PEPT-2, refer to [112].
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3.4.3 Transport systems for lipids

Lipids are essential for many biological processes. Major dietary lipids are tria-
cylglycerol, phospholipids, and sterols. These dietary lipids are broken down to
free fatty acids, mono-acylglycerols, and cholesterol, which are subsequently ab-
sorbed by cells [83]. Cholesterol and phospholipids are essential bio-membrane
constituents. Additionally, phospholipids and glycolipids form lung surfactants. Fat
is stored within cells as triacylglycerols, which, when broken down to fatty acids
via beta-oxidation, provide energy for various cellular processes. Lipids also act
as precursors for second messengers, and cholesterol specifically acts as precursor
for steroid hormones (with sterol nucleus in their chemical structure, e.g., proges-
terone and testosterone) and bile acids [120]. Eicosanoids are biologically active
components that include prostaglandins, thromboxane, leukortienes, and lipoxins.

Due to their hydrophobic properties, the majority of lipids can freely diffuse across
the cell membrane. Nevertheless, a number of alternative transport mechanisms
exist: 1) fatty acid transport proteins: FATP1 (SLC27A1, GenelD: 376497), FATP2
(SLC27A2, GenelD: 11001), FATP3 (SLC27A3, GenelD: 11000), FATP4 (SLC27A4,
GenelD: 10999), FATPS (SLC27A5, GenelD: 10998), FATP6 (SLC27A6, GenelD:
28965), 2) membrane associated fatty acid transporters, FABPpm, (GOT2, GenelD:
2806) and fatty acid translocase, FAT, (CD36, GenelD: 948), 3) ATP binding cas-
sette transporters, 4) various lipoproteins (i.e., chylomicrons, very low density lipopro-
tein, low density lipoprotein, and high density lipoprotein), and 5) intracellular lipid
transporters, such as non-specific lipid-transfer protein, (SCP2, GenelD: 6342), acyl
CoA binding protein (DBI, GenelD: 1622), fatty acid binding proteins/ cytoplasmic
fatty acid binding proteins, i.e., FABPc (FABP1-9) [121, 122], and various proteins
that aid in membrane turnover via insertion of new lipids into pre-existing mem-
branes (i.e., flippase, floppase, scramblase, and flip-flop) [123, 124]. The presence
of multiple additional transport mechanisms besides diffusion is explained by the
essential role of lipids in the cell and the need to control their transport and distri-
bution. Additionally, structural differences of fatty acids, mono-acylglycerol, and
cholesterol necessitate distinct transport systems

Fatty acid transport

Fatty acid transport proteins (FATPs) are a family of six transporters that mediate
the influx of long chain fatty acids (>10 carbons in chain length), usually associ-
ated with a long chain fatty acid activating enzyme present on the membrane (acyl-
CoA synthetases, E.C. 6.2.1.3) [125]. FATPs have also been suggested to possess
inherent fatty acid activating properties [126] and also bear an AMP binding mo-
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tif [127]. The membrane associated fatty acid transporters (FABPpm) also transport
long chain fatty acids, although, compared to FATPs, FABPpms have a higher affin-
ity towards long chain poly-unsaturated fatty acids and essential fatty acids [128].
The FABPpm transport mechanism is slightly different from the one of FATP. Once
brought inside the cell by FABPpm, fatty acids bind to the cytoplasmic counter-
part (FABPc) and undergo activation [127]. They might then be transported to other
sub-cellular compartments by FABPc [129]. The fatty acid translocase protein (FAT,
CD36, GenelD: 948) is usually expressed at low fatty acid concentrations. It binds
and concentrates fatty acids at the cell surface and enhances their diffusion across
the membrane. Alternatively, FAT can also deliver fatty acids to FABPpm [127].
It has a wide substrate coverage including low and high density lipoproteins and
phospholipids [130, 131]. Interestingly, individual transport capacities (i.e., without
any concertation) of FAT and FABPpm (including FATP) have been shown in the
rat skeletal muscles for palmitate (C16:0), and that these transport proteins also play
a significant role in fatty acid oxidation [132]. Therefore, [133] proposed that the
need for association between FAT and FABPpm would arise during conditions of
increased fatty acid oxidation in order to meet increased substrate demands.

Various ABC transport proteins transport fatty acids, cholesterol, phospholipids,
and cholesterol derivatives (bile acids). ABC transporters generally conduct pri-
mary active transport, act as ion channels for chloride, or regulate the function of
ATP-sensitive potassium channels [134]. These transport proteins have a wide sub-
strate spectrum, including drugs, lipid metabolites, hormones, heme, iron, peptides,
nucleosides, and vitamins. A number of the ABC transport proteins are functional
monomers, while most other transport proteins require dimerization or binding of
other proteins to gain complete functionality (e.g., ABCB2/TAP1, ABCB3/TAP2,
four transporters of ABCD sub-family, and five transporters of ABCG sub-family)
[134]. The group of ATP binding cassette transporters comprises of 48 transport
proteins, categorized into six different families. Of the total number of transport
proteins, 32 are located on the plasma membrane, 13 are intracellular transport pro-
teins (ABCA2, ABCB2, ABCB7-10, ABCC6, ABCD1-4, ABCG1, and ABCG4),
while only three transport proteins act at both plasma membrane and intracellular
locations. These are the ATP-binding cassette sub-family B member 6, (ABCB6,
GenelD: 10058) located in the plasma membrane, in the golgi apparatus, and in
lysosomes; the ATP-binding cassette sub-family A member 1, (ABCAI, GenelD:
19) located in the plasma membrane and in the golgi apparatus,; and the ATP-
binding cassette sub-family B member 5 (ABCBS5, GenelD: 340273), whose location
remains to be identified [135, 136].
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Transport by lipoproteins and cholesterol transport

Lipid digestion products, such as triacylglycerols, cholesterol, cholesterol-ester, and
phospholipids, are hydrophobic and need to be transported within lipoproteins that
represent specialized transport systems for lipids, distinct from membrane trans-
porters. Lipoproteins are spherical components, containing a hydrophobic lipid core
and hydrophilic amino acid side chains on the surface [137]. Lipoproteins vary in
their apolipoprotein (Apo) content, density, and lipid components. Chylomicrons
are the largest lipoproteins, have the least density (i.e., <1.006 g/ml), and carry the
highest fraction of triacylglycerols [137]. They are formed in the endoplasmic retic-
ulum of the small intestine, carrying the lipid components of the diet into the lymph
from where they enter the blood via the left subclavian vein [137]. When passing
through the blood capillaries, lipoprotein lipase (LPL, GenelD: 4023, E.C. 3.1.1.34)
extracts the free fatty acids and releases them into muscle and adipose tissues. The
liver takes up the remnant chylomicrons, where the excess fatty acids may be used
to synthesize triacylglycerols, which are further transported into tissues via very
low density lipoprotein (VLDL). Post removal of triglycerides, the unused VLDL
or VLDL remnants, which are intermediate density lipoproteins, are then either re-
absorbed into the liver or form low density lipoprotein (LDL). The small intestine
and liver also form precursors for high density lipoprotein (HDL) and release them
into circulation. The HDL transport is also called reverse cholesterol transport.
The major components transported by the four lipoprotein classes are i) triacylglyc-
erol by chylomicrons, ii) phospholipids and triacylglycerol by VLDL, iii and iv)
cholesteryl esters and phospholipids by LDL and HDL [137]. Additionally, all fat
soluble vitamins (vitamin A, D, E, and K) are also transported within chylomicrons,
passing from the cells into the lymph [138]. The cellular uptake of cholesterol is
also mediated by Niemann-Pick C1-like protein 1 (NPCILI, GenelD: 29881) and
SRB-I (SCARBI, GenelD: 949), where the latter takes up cholesterol from the HDL
protein [138, 139]. In contrast, in the case of polarized cells, luminal efflux oc-
curs through ATP-binding cassette sub-family G member 5/ ATP-binding cassette
sub-family G member 8, ABCG5/ABCGS8 (ABCG)5, ABCGS, GenelD: 64240 &
64241), and basolateral efflux is done by ATP-binding cassette sub-family A mem-
ber 1, ABCA1 (ABCAI, GenelD: 19) [139]. The substrate specificities of these
proteins have not been entirely resolved and the exact transport mechanism needs
further experimental support. According to current understanding, NPC1L1 is a
uniport and is recycled through the endocytic route [138]. Bi-directional transport
has been indicated for SRB-I [138, 139]. Still, for the majority of lipid transporters
(including fat soluble vitamins), the precise transport mechanism with respect to di-
rectionality, coupled ions or other compounds, and substrate stoichiometry remains
uncertain [138].
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Lipid transport systems and Recon 2

In Recon 2, the majority of reactions associated with lipid transport are simple dif-
fusion reactions (91 of 183 reactions, Figure 3.2C) and 11% of reactions are not
supported by literature evidence (Figure 3.2B). The substrate coverage of the ex-
isting FATPs was increased in Recon 2 with the addition of long chain fatty acid
transport reactions (Table 3.3). However, FAT (CD36, GenelD: 948) and FABPpm
(GOT2, GenelD: 2806) are still missing in Recon 2, and are captured in transport
module.

Of all ABC transport proteins located at the plasma membrane, only seven trans-
porters are captured in Recon 2. Moreover, a number of substrates are missing,
which include poly-unsaturated fatty acids, xenobiotics, nucleosides, nucleotides,
and ions. The transport module accounts for the missing transporters (ABCA3,
ABCA4, ABCAS, ABCC11, and ABCG2). Additionally, it expands the substrate
coverage for ABCA1 transporter with phsophatidyl-choline and phosphatidyl-serine.
Further, the cholesterol transport proteins ABCGS and ABCGS8 are missing in Re-
con 2 and can be added by expanding GPRs of corresponding reactions in Recon
2.

3.4.4 Transport system for nucleosides

The liver is the major organ for the de novo synthesis of all four nucleotides [140].
Another resource of nucleic acids is ingestion and digestion. Nucleosides and
nucleic acid bases are transported across biological membranes by concentrative
nucleoside transporters (CNT) [141], equilibrative nucleoside transporters (ENT)
[141], and transporters of the ABC transport family [142, 143].

Three CNTs exist, each with distinct substrate specificity: CNT1 (SLC28A1, Gene-
ID: 9154) shows high affinity for pyrimidine nucleosides (e.g., cytidine, thymi-
dine), CNT2 (SLC28A2, GenelD: 9153) prefers purine nucleosides (e.g., adenosine,
guanosine), and CNT3 (SLC28A3, GenelD: 64078) exhibits wide substrate speci-
ficity [141, 144]. CNTs mediate sodium coupled secondary active symport. Recent
findings revealed coupling of CNT3 either with Na* or H* [145]. The four exist-
ing ENTs belong to the SLC29A gene family and exhibit wide substrate specificity
[141, 144], including nucleic acid bases. ENT1-ENT3 mediate facilitated diffusion
or uniport in a sodium independent manner. ENT4 (SLC29A4, GenelD: 222962)
works by secondary active transport coupled to H* [145]. In the case of enterocytes
and renal cells, the CNTs are located at the apical surface mediating uptake of nucle-
osides, while ENTs mediate both influx and efflux at the basolateral side [144]. Both
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CNTs and ENTs transport a wide range of pharmacologically important drugs [145].
The transporters of the ABC transport family that transport nucleotides and nu-
cleosides are multidrug resistance-associated protein 4 (ABCC4, GenelD: 10257),
multidrug resistance-associated protein 5 (ABCCS5, GenelD: 10057), ATP-binding
cassette sub-family C member 11 (ABCCI1, GenelD: 85320), and ATP-binding
cassette sub-family G member 2 (ABCG2, GenelD: 9429) [142,143].

Nucleoside transporters and Recon 2

Nucleoside transport is well established. Accordingly, 88% of nucleoside trans-
port reactions in Recon 2 are supported by literature evidence (Figure 3.2B). While
only the reactions of the CNTs and ENTI-ENT3 are present in Recon 2, ENT4
(SLC29A4, GenelD: 222962) [146] can be added with the transport module. Trans-
port via CNT3 is associated with either sodium or H" gradients [145]. However,
only sodium coupled secondary active transport is captured in Recon 2. The CNT3
mediated H+ coupled transport is covered in the transport module. Additionally,
gene information for ABC transport proteins, i.e., ATP-binding cassette sub-family
C member 11 (ABCC11, GenelD: 85320) and ATP-binding cassette sub-family G
member 2 (ABCG2, GenelD: 9429) need to be added to the corresponding Recon 2
reactions. Another useful, future addition with respect to disease directed research
and application of human GENREs could be transport of nucleotide-derived drugs.
Refer to [145](Molina-Arcas et al., 2008) for a list of drugs that are transported by
these transporters.

3.4.5 Transport system for vitamins

Vitamins are not synthesized by the human body and are therefore essential com-
ponents of the human diet. Some vitamins, such as biotin, are also synthesized by
the commensal gut microflora [120]. Niacin can be synthesized in the body from
amino acid tryptophan [120]. Vitamins have traditionally been divided into two
groups, 1) fat soluble vitamins comprising of vitamin A, D, E, and K, and 2) water
soluble vitamins comprising of vitamins of the B complex, being thiamin (B1), ri-
boflavin (B2), niacin (B3), pyridoxal (B6), folic acid, cobalamin (B12), pantothenic
acid, biotin, and vitamin C. Vitamins play a major role in a variety of biochem-
ical processes. Vitamin A is involved in the visual cycle, vitamin D in calcium
metabolism, vitamin E in free radical scavenging, vitamin K in blood clotting, B1
in carbohydrate metabolism and nerve conduction, B2 and B3 in redox reactions,
B6 in transamination reactions, folic acid and cobalamin in one carbon metabolism,
pantothenic acid in fatty acid metabolism, biotin in carboxylation reactions and vita-
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min C in hydroxylation reactions [120]. Deficiency of any of the 13 vitamins is thus
associated with various diseases [120]. The body’s inability to synthesize vitamins
in combination with their pivotal role in metabolic processes necessitates transport
mechanisms other than simple diffusion for their import into a particular cell type as
well as efflux for utilization by other cell types. Epithelial cells of the small intes-
tine, kidney, and liver express the vast majority of ABC and SLC transporters, since
these organs play chief role in absorption and secretion of endogenous metabolites
and xenobiotics [68,147]. Epithelial cells are among the best models to study trans-
port processes. Hence, we focus on transport proteins present in the enterocytes of
the small intestine.

Transport of fat soluble vitamins (FSV)

FSVs were believed to enter enterocytes from the intestinal lumen via passive dif-
fusion. However, transport proteins for vitamins A, D, and E have been identified,
and energy dependent transport has been suggested for vitamin K in rats [148].

Vitamin A (bound to retinol binding protein) uptake into the enterocyte is mediated
by retinoic acid gene 6 protein homolog (STRAG6) protein (STRA6, GenelD: 64220)
[149]. Additionally, transporter of ABC family, i.e., retinal-specific ATP-binding
cassette transporter (ABCA4, GenelD: 24), is involved in the transport of retinalde-
hyde, a form of vitamin A, into retinal photoreceptors [150]. Retinol-binding pro-
tein 1 (RBP1, GenelD: 5947) and retinol-binding protein 2 (RBP2, GenelD: 5948)
aid in apical uptake, esterification, and secretion of retinol [151]. So far, no baso-
lateral transport protein for vitamin A has been identified [138]. Basolateral efflux
of retinol (in the form of retinyl-esters) has been assumed to primarily occur via
chylomicrons.

Vitamin D transport mainly occurs in combination with vitamin D-binding pro-
tein, which has higher affinity for 25-hydroxy vitamin D than for vitamin D3 [152].
Once bound, the complex is recruited by megalin (LRP2, GenelD: 4036) and cu-
bilin (CUBN, GenelD: 8029) either for hydroxylation or efflux [153]. Additionally,
SR-BI (SCARBI, GenelD: 949), FAT (CD36, GenelD: 948) and NPC1L1 (NPCILI,
GenelD: 29881) are involved in the intestinal uptake of vitamin D [154]. The SR-BI
protein has been shown to play a role both in apical uptake and basolateral efflux of
vitamin D and E in caco-2 cells [138]. Moreover, vitamin D is transported within
chylomicrons into the lymph [152].

Vitamin E uptake appears to be similar to that of cholesterol. Although passive

diffusion has been observed, additional receptor mediated transport exists, mediated
by SRB-I and NPC1L1 [155,156]. Basolateral efflux occurs via ABC family protein
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ABCAI (ABCAI, GenelD: 19) [157].

Transport of water soluble vitamins

Since the low concentration of water soluble vitamins make simple diffusion highly
unlikely, distinctive carrier dependent transporters exist at both apical and basolat-
eral sides of the enterocyte to mediate vitamin exchange

Vitamin B1  Three transport proteins are associated with transport of vitamin B1,
and its structural analogs, i.e., ThTrl (SLC19A2, GenelD: 10560), ThTr2 (SLC19A3,
GenelD: 80704), and RFT (SLC19A1, GenelD: 6573). While ThTrl and ThTr2
can transport free thiamin, RFT transports mono- and di-phosphate forms of thi-
amin [158, 159]. Sub-cellular locations vary between the transporters. ThTrl is
located at both apical and basolateral membrane. In contrast, ThTr2 and RFT are
localized only at the basolateral membrane. The transport of vitamin B1 occurs
against both concentration and outwardly directed H+ gradient, and appears to be
sodium independent, electroneutral, and pH dependent [160]. The directionality or
reversibility of these transport processes, however, remains to be elucidated.

Vitamin B2 The uptake and secretion of vitamin B2 from the enterocyte in-
volves primary active transport [161-163] mediated by three transport proteins,
RFT1 (SLC52A1, GenelD: 55065), RFT2 (SLC52A3, GenelD: 113278), and RFT3
(SLC52A2, GenelD: 79581). RFT1 is expressed at the basolateral membrane and
RFT2 at the apical membrane, leading to vitamin B2 efflux and uptake respec-
tively [163]. Both transporters are expressed in the small intestine [164]. RFT3
is specifically expressed in the brain [164].

Vitamin B3  Cellular uptake of niacin (a.k.a. vitamin B3 or nicotinic acid) can
occur by simple diffusion [152]. Additionally, niacin is taken up via sodium inde-
pendent, temperature and acidic pH dependent facilitated diffusion [165]. No spe-
cific carrier protein has been so far identified for vitamin B3. Yet, SMCT1 (SLC5AS,
GenelD: 160728), principally an iodide transporter, has been suggested to mediate
sodium coupled niacin transport [166]. The mechanism of basolateral efflux of
niacin and the carrier protein involved is unknown [159].

Vitamin B6  Vitamin B6 freely diffuses across the cell membrane [152]. How-
ever, carrier dependent transport (sodium independent but pH, energy, and temper-
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ature dependent) has also been suggested [167]. No specific transport protein has
been characterized at the molecular level.

Folate (B9) Folate plays a role in various biochemical processes (e.g., DNA
synthesis, one carbon metabolism, and amino acid metabolism), in the prevention
of congenital abnormalities (e.g., neural tube defects, urogenital abnormalities, car-
diovascular malformations, cleft lip, and palate) and in the treatment of cardiovas-
cular diseases [168—171]. Given its general importance, it is not surprising that
multiple folate transporters exist. Traditionally, two folate carriers, i.e., the reduced
folate carrier (SLC19A1, GenelD: 6573) and the proton-coupled folate transporter
(SLC46A1, GenelD: 113235) exist. Additionally, three high affinity folate recep-
tors, a number of ABC transporters, and members of the solute carrier organic anion
transporter family have been associated with the transport of folate or its derivatives.
Each of which will be discussed in the following paragraphs.

The reduced folate carrier is an organic anion antiporter that utilizes high trans-
membrane organic phosphate gradient. It is expressed at the distal part of the
small intestine, where it operates at neutral pH [159]. The proton-coupled folate
transporter mediates the transport of folic acid, 5-methyl- and formyl- tetrahydro-
folates, is localized at the proximal part of the small intestine, operates at acidic
pH [159, 172], and has been shown to also transport heme [172].

The three high affinity folate receptors are FRa (FOLRI, GenelD: 2348), FRb
(FOLR?2, GenelD: 2350), and FRg (FOLR3, GenelD: 2352) mediate unidirectional
influx of folate, whereby the entire folate-receptor complex is internalized [152,
172]. A reversible transport has also been suggested [158].

The basolateral folate transporter has not yet been characterized at the molecular
level. However, presence of a specific carrier protein mediating sodium independent
but pH dependent folic acid transport has been shown in rats [173]. In case of
humans, 5-methyl-tetrahydrofolate has been identified in the portal blood [152], but
the corresponding transport mechanisms and proteins need to be elucidated.

Seven ABC transporters expressed at the plasma membrane in different epithelial
and non-epithelial cells show affinity towards folate and its derivatives [142, 172,
174]. Multidrug resistance-associated protein 1 (ABCCI, GenelD: 4363) and mul-
tidrug resistance-associated protein 5 (ABCC5, GenelD: 10057) at the basolateral
side and canalicular multispecific organic anion transporter 1 (ABCC2, GenelD:
1244) at apical side of enterocytes. ABCCS5 and ABCC?2 are further expressed at
the basolateral side of liver. The remaining four ABC transporters are ATP-binding
cassette sub-family G member 2 (ABCG2, GenelD: 9429), multidrug resistance
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protein 3 (ABCB4, GenelD: 5244), ATP-binding cassette sub-family C member 11
(ABCC11, GenelD: 85320), and multidrug resistance-associated protein 4 (ABCC4,
GenelD: 10257).

Numerous solute carrier organic anion transporters (OAT) transport methotrexate
(a structural analog of folic acid) and are also relevant folate transporters in liver
and kidney [174, 175]. These transporters include OATP-2 (SLCO1B1, GenelD:
10599) in the liver (basolateral side) and OATP-1 (SLCO1A2, GenelD: 6579), OAT1
(SLC22A6, GenelD: 9356), OAT3 (SLC22A8, GenelD: 9376), OAT2 (SLC22A7,
GenelD: 10864), and OAT4 (SLC22A11, GenelD: 55867) in the kidney [172, 176,
177]. One may refer to [172] for the precise apical/basolateral localizations of these
folate transporters.

Vitamin B12  Vitamin B12 is the precursor for two coenzymes, adenosylcobal-
amin and methylcobalamin. Adenosylcobalamin is required for the activity of methyl-
malonyl CoA-mutase (E.C. 5.4.99.2), which catalyzes the conversion of methyl
malonyl-CoA to succinyl-CoA. Methylcobalamin is required for the activity of me-
thionine synthase (E.C. 2.1.1.13), which catalyzes the methylation of homocysteine
to methionine [120, 178]. The absorption of cobalamin by simple diffusion along
the entire small intestine accounts for 1-3% of dietary vitamin B12. Interestingly,
this vitamin depends on a carrier mediated transport when administered at pharma-
cological doses [152].

Cobalamin is transported into the cell by cubilin-mediated absorption. Thereby,
cobalamin binds to intrinsic factor (GIF, GenelD: 2694) building the intrinsic factor-
cobalamin complex (IF-Cbl) and to two proteins called cubilin (CUBN, GenelD:
8029) and amnionless (AMN, GenelD: 81693). The latter serve as anchors for the
receptor and aid cobalamin uptake. Additionally, proteins, such as megalin and
receptor-associated protein, can interact with CUBN. If and how the binding of ad-
ditional proteins plays a role in CUBN-mediated absorption of IF-Cbl has not been
determined [179]. The protein responsible for basolateral efflux of cobalamin has
not been experimentally validated. However, multidrug resistance-associated pro-
tein 1 (ABCCI, GenelD: 4363) has been shown to possess transport capacity for
cobalamin in prokaryotes and eukaryotes in addition to mouse [180].

Pantothenic acid and biotin  Pantothenic acid and biotin are absorbed at
the apical membrane by a common sodium coupled symporter, SMVT (SLC5A6,
GenelD: 8884) [152]. Additionally, SMVT transports lipoic acid and is called a
multi vitamin transporter. Basolateral release of biotin is mediated by an yet un-
characterized carrier protein in sodium independent manner [181]. The mechanism
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of basolateral pantothenate efflux remains to be elucidated [159].

Vitamin C  Two transport proteins, the apically located SVCT1 (SLC23A1, Gene-
ID: 9963) and the basolaterally located SVCT2 (SLC23A2, GenelD: 9962), mediate
the vitamin C (a.k.a. ascorbate or L-ascorbic acid) uptake. The membrane loca-
tion has been confirmed in rats [182]. SVCT2 is more ubiquitously expressed (ex-
cept in lung and skeletal muscle), whereas SVCT1 is confined to intestine, liver,
kidney, colon, ovary, and prostrate [183]. Both transport proteins exhibit Na* cou-
pled secondary active symport (coupling ratio 2:1) [183], energized by Na*/K* AT-
Pase [152]. Ascorbate export has been assumed via volume sensitive anion chan-
nels [184]. Alternatively, intracellular vitamin C can be oxidized to dehydroascor-
bate, which can freely diffuse into the blood stream [83]. Three transporters of the
GLUT family (GLUT-1, GLUT-3, and GLUT-4) also mediate the uptake of dehy-
droascorbate at the basolateral side [184]. In astrocytes, GLUT-1 facilitates entry
and GLUT-3 the efflux of dehydroascorbate [185].

Vitamin transporters and Recon 2

Transport systems for water soluble vitamins have been more elaborately inves-
tigated than FSVs [138]. Consistently, FSVs transport is not well represented in
Recon 2, but the transport of water soluble vitamins is fairly well captured. Overall,
74% of the vitamin transport reactions are supported by literature evidence (Figure
3.2B). However, the genes encoding for proteins transporting fat soluble vitamins,
including those discussed for vitamin A, D, and E (i.e., STRA6, ABCA4, RBPI,
RBP2, LRP2, CUBN, SR-BI, and NPCILI), are absent in Recon 2. The transport
protein encoded by the gene ABCAI1 is so far only associated with cholesterol, but
not with vitamin E transport (Table 3.3). The transport module accounts for the
vitamin A transport by ABCA4, while the other missing genes can be added by
expanding the GPRs of the respective transport reactions.

Recon 2 includes the vitamin B2 transporters, RFT1 and 2, but not RTF3, which
can be added by expanding the corresponding GPRs . Recon 2 also accounts for
the substrate specificity of PCFT, FOLR1, and FOLR3. The transport of folate by
FOLR?2, and of vitamin B3 by SMCT1 can be accounted for by expanding the GPR
of the corresponding reaction. OAT1 - OAT4 mediated transport can be added, via
the module, to completely capture current knowledge about folate transporters. The
vitamin B12 transport proteins (i.e., intrinsic factor, cubilin, and amnionless) as well
as the ATP costs of SVCT1/SVCT?2 transport are already accounted for in Recon 2.

45



3.4.6 Transport of water, heme, and other special compounds

Water moves across biological membranes via different mechanisms. Apart from
diffusing through the lipid bilayer, co-transporters in form of protein channels ex-
ist in the membrane, through which water can diffuse. The movement of water
molecules through such a channel, called aquaporin, is driven by osmosis [186].
Water is also a substrate for co-transporters, such as excitatory amino acid trans-
porter 1 EAAT1 (SLCIA3, GenelD: 6507), which is expressed in the brain and
moves both urea and water along with glutamate [187], and for the sodium glucose
co-transporter, SGLT1, which transports sodium and glucose, while causing wa-
ter influx [188]. For details on the various water co-transporters, specifically those
operating in the brain, one may refer to [186].

Aquaporins

Aquaporins are a family of membrane channel proteins that allow passage of water
molecules, neutral molecules (e.g., urea and glycerol) and other small solutes [189].
In total, 13 members of this family have been characterized at the molecular level
and they are expressed in a wide variety of tissues (abundantly in the epithelial
layer of kidney, intestine, lungs, and brain) [190]. While a majority of these are ex-
pressed at the plasma membrane, aquaporin-6 (AQP6, GenelD: 363) and aquaporin-
2 (AQP2, GenelD: 359) have also been localized in intracellular vesicles [191,192].
Interestingly, these proteins have been associated with various cellular functions, in-
cluding skin hydration [193], neural signal transduction [194,195], and cell volume
regulation [196]. Aquaporins are further believed to hold therapeutic potential for
congestive heart failure, hypertension, glaucoma, brain swelling, epilepsy, obesity,
and cancer [190, 192, 197].

Heme

Heme forms the prosthetic group of hemoglobin and other heme containing pro-
teins, such as myoglobin, cytochrome C, tryptophan pyrrolase, and catalase [120].
Additionally, heme degradation serves as source for the essential micronutrient iron
[198]. Two transport proteins have been identified for heme, the proton-coupled fo-
late transporter (SLC46A1, GenelD: 113235, discussed above) and the feline leuke-
mia virus subgroup C receptor-related protein 1 (FLVCRI, GenelD: 28982). These
transport proteins directly transfer extracellular heme into the cell. While the proton-
coupled folate transporter acts at the apical surface, the feline leukemia virus sub-
group C receptor-related protein 1 is believed to have an active transport mech-
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anism [199] and is localized at the basolateral surface of polarized cells [200].
The hemopexin protein directly interacts with feline leukemia virus subgroup C
receptor-related protein 1, hence, increasing heme efflux, which is perceived as cel-
lular protection against heme toxicity [201]. Heme transport can also occur via
receptor mediated endocytosis, by prolow-density lipoprotein receptor-related pro-
tein 1 (LRPI, GenelD: 4035), which has been proposed to play a role in inflam-
mation [202]. The ABC transporter ATP-binding cassette sub-family G member 2
(ABCG2, GenelD: 9429) can also transport heme [203].

Transport of conditionally essential nutrients

In addition to essential nutrients, there are certain other conditionally essential nutri-
ents (CEN), which are usually synthesized by the body in almost sufficient amounts.
However, under conditions of increased need, such as tissue injury or neonatal con-
ditions, these nutrients need to be derived from the diet. CEN includes compounds,
such as arginine, Coq10, carnitine, propionyl carnitine, taurine, lipoic acid, betaine,
ribose, cysteine, chondroitin sulphate, and glutamine [204,205]. In this section, we
focus only on carnitine, taurine and betaine, as the transport of arginine, cysteine,
glutamine, and ribose has already been discussed in the relevant sections above.

Carnitine  Carnitine transports fatty acyl-CoAs (i.e., activated fatty acids) into
mitochondria, via the carnitine shuttle system [120]. A positive effect of carni-
tine supplementation has been demonstrated upon neuro-regeneration in rats [206],
liver cirrhosis in children [207], in obesity and associated metabolic disorders [208],
in congestive heart failure [209], and various other diseases, which are reviewed
in [210]. Carnitine further exerts protective effects in corneal epithelial cells pre-
venting deleterious effects of dry eye syndrome [211]. While synthesis of carnitine
occurs from methionine and lysine in liver and kidney [210], exogenous carnitine
needs transporters to reach the target cells. There are two membrane transport pro-
teins for this purpose, OCTN1 (SLC22A4, GenelD: 6583) and OCTN2 (SLC22A5,
GenelD: 6584). OCTNI transports organic cations as well as carnitine (in zwit-
ter ion form) in a pH dependent and sodium independent manner, chiefly behaving
as a proton/organic cation antiporter at the apical surface of polarized cells [212].
OCTN?2 is a sodium dependent carnitine transporter that is also localized at the api-
cal membrane mediating organic cation/carnitine exchange [213]. Additional car-
nitine transport proteins are the amino acid transporter ATB®* (SLC6A 14, GenelD:
11254), which we discussed above (Hatanaka et al., 2004), and CT2 (SLC22A16,
GenelD: 85413), which is exclusively found in testis and functions in a sodium
independent manner [214]. ATBO+ operates when OCNT?2 is defective [215].
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Taurine  One of the end products of methionine and cysteine metabolism is tau-
rine, which plays an important role in a number of tissues. In the brain, taurine acts
as neuromodulator, neurotransmitter, and membrane stabilizer [216]. High taurine
concentrations in heart and muscle tissue support contractile function and osmo-
regulation, and also exert antioxidant action by neutralizing hypocholorous acid
and regulating mitochondrial protein synthesis in these tissues [217]. Additional
evidence for the importance of this amino acid in human health suggests positive
effect on growth in low birth weight infants, promotion of biliary flow, and pre-
vention of cholestasis [218,219]. Disruption of taurine transport causes retinal de-
generation in mice [220]. Two taurine transporter exist, TAUT (SLC6A6, GenelD:
6533) and PAT1 (SLC36A1, GenelD: 206358). TAUT (SLC6A6, GenelD: 6533)
mediates sodium and chloride ion coupled secondary active transport. The stoi-
chiometry is 1 taurine: 2 sodium: 1 chloride, but limited transport activity has also
been observed without chloride [216]. Although the transport directionality remains
to be confirmed, movement of taurine through the blood-brain barrier was shown to
occur from the blood into the brain [216]. The second taurine transporter PAT1
(SLC36A1, GenelD: 206358) operates via H+/taurine symport. This high capacity
but low affinity transporter, which also transports beta-alanine in addition to taurine,
is highly expressed at the apical membrane of enterocytes [221].

Betaine Betaine is another important molecule involved in methionine metabo-
lism. Once it is synthesized from choline, it donates its methyl group to regen-
erate methionine from homocysteine and helps in conserving cellular methionine
levels [222]. Additionally, betaine acts as an osmolyte, particularly helpful for nor-
mal physiological functions of kidney, intestinal epithelium, red blood cells, and
skeletal muscles. Moreover, its protective role has been observed in heart and liver
cells [222]. Na*™/Cl" dependent secondary active betaine transport is mediated by
BGT-1 (SLC6A12, GenelD: 6539) [223]. Another study reported Na* independent,
passive transport in rats [222]. An alternate substrate of BGT-1 is gamma-amino-
butyric acid. Details regarding the directionality of BGT-1 mediated transport re-
main unknown. The amino acid transporter, imino (SLC6A20, GenelD: 54716) also
transports betaine [119].

Transport of water, heme and other special compounds in Recon 2

Recon 2 contain the aquaporin-8 (AQPS8, GenelD: 343) and aquaporin-9 (AQP9Y,
GenelD: 366) for the transport of water, urea, and lactate. Extracellular water trans-
port also occurs in Recon 2 through simple diffusion (‘H20t’) and co-transport via
SGLT-1 protein (‘UREAt5’). The other aquaporins (AQPO, AQP1- AQPS5, AQP7,
and AQP10) need to be added. The transport module adds reactions and genes for
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AQP3, AQP7, and AQP10. The remainder of the aquaporins can be accounted for
by expanding the GPRs of the corresponding reactions. Recon 2 lacks the heme
transporter FLVCRI1 as additional biochemical experiments still need to clarify the
precise transport mechanism. LRP1 can be added by GPR modification. All of
the above discussed carnitine transport proteins, but CT2, are present in Recon 2.
The function of CT2 is captured in the transport module. Additionally, carnitine
transport mediated by amino acid transporter ATB%* is missing in Recon 2 but
can be accounted for through the transport module. Efficient taurine transport, via
TAUT, coupled to both Na* and CI" ions is present in Recon 2. The transport re-
actions catalyzed by BGT-1 (i.e., ‘ABUTt4(2)r’ for betaine, and ‘GLYBt4(2)r’ for
GABA) need to be corrected for the requirement of both sodium and chloride ions.
Therefore, the transport module contains the improved reactions for the ATB®* and
BGT-1 transporters.

3.5 Transport reactions module

The transport module was assembled according to the established reconstruction
process [10] using rBioNet as reconstruction tool [36]. The functionality of reac-
tions in the module, in conjunction with Recon 2, was subsequently tested. All dis-
cussed modifications and additions are provided through a transport module, which
comprises of 71 metabolites, 70 reactions, and 41 genes (including 19 newly added
genes). These additional transport reactions are for amino acids (27 reactions),
lipids (16 reactions), nucleotides (6 reactions), vitamins and minerals (8 reactions),
hormones (6 reactions), and others (7 reactions). Additionally, 24 Recon 2 reactions
need to be updated with respect to their gene-protein-reaction associations. Details
of this module can be found at http://humanmetabolism.org. This module is an ex-
tension to Recon 2, which can be added to the existing reconstruction if desired.

3.6 Transport proteins associated with diseases

Transporters fulfill a broad range of functions, which go far beyond the sole move-
ment of metabolites. In our discussion on the transport of distinct metabolite classes,
many of these functions have been mentioned. Targeting specific transport pro-
teins in order to combat disease conditions, such as cholestatic conditions [224],
neurodegenerative disorders [225], cystic fibrosis [226], cancer [227,228], cerebral
ischemia [229], diabetes, and secretory diarrhoea [230], have gained considerable
attention in recent years. Herein, we will focus on the discussion of transport pro-
teins in disease groups concerning IEMs.
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3.6.1 Transport proteins associated with metabolic diseases

Metabolic disorders are associated with disturbed cellular metabolism. IEMs are
the hereditary metabolic disorders, caused by specific mutations in genes encoding
metabolic enzymes/transporters. We have recently mapped more than 200 IEMs
onto the two human GENRE:s [29, 31]. Of those, 14% (Table 3.4) were caused by
faulty transport systems, including 22 IEMs causative genes associated with ABC
transporters and 21 IEMs causative genes associated with SLC transporters. The
most commonly occurring among these diseases is cystic fibrosis, with an inci-
dence of 1 in 2,500 to 3,500 Caucasian newborns, caused by mutations in the CFTR
(GenelD: 1080), which encodes an ABC transporter and acts as a chloride channel.
Affected individuals usually exhibit respiratory and digestive problems, and the con-
dition becomes fatal when left untreated [231]. Recon 1 captured 25 of 57 transport
protein-associated IEMs genes. Recon 2 captured six additional diseases/genes.
The remaining 26 transport protein associated IEMs could not be mapped onto Re-
con 2 due to missing genes (see Table 3.4 for details). The IEMs of ABC class
of transporters account for 68% of these missing IEMs. The non-inclusion of the
ABC transport proteins into human GENRE:s is due to the fact that they have been
shown to transport majorly medicinally important drugs and their derivatives (e.g.,
ABCBI, GenelD: 5243, ABCG2, GenelD: 9429) or that insufficient information
on preferred substrates is available (e.g., for ABCD4, GenelD: 5826). On the other
hand, another major proportion of missed IEMs/genes concerns fat soluble vitamins
and lipids (e.g., SRB-I, Niemann-Pick C1-like protein 1), for which transport mech-
anisms have only partially been resolved (see relevant sections above). Therefore,
we would like to emphasize the need to have sufficient information regarding the
preferred substrates, associated cofactors/ions, substrate:ion stoichiometry, trans-
port kinetics, and sub-cellular localization of transport proteins for building a high
quality reconstruction of transport reactions/pathways.

3.7 Conclusion

A great deal of work in the field of constraint-based modeling has focused on the
generation of highly curated GENRESs and their usage for the generation of tissue
specific metabolic models for biomedical applications.

Transporters do not only maintain the connectivity of metabolites across different
cell types but also determine the uptake and secretion profile of individual cells. The
metabolite exchanges of individual cell types with the corresponding extracellular
compartment are inevitably connected to its internal biochemical pathways and cell
functions. Inclusion of the cell type specific transporters is important for enabling
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Figure 3.1: Overview of transport mechanisms. The basic modes of metabolite
transport across the plasma membrane are shown. Based on the energy association,
transport processes can be categorized into active and passive modes. The active
mode can be further classified into primary and secondary mechanisms, while the
metabolites can also be transported without an expense of energy, mainly via simple
diffusion or facilitated diffusion. Refer to the text for further explanation of these
transport processes. Specialized transport mechanisms, e.g., receptor mediated en-
docytosis and tertiary active process are not shown.

the usage of the human metabolic reconstruction as a template for the generation
of more accurate and physiologically relevant cell type specific sub-networks, and
ultimately of functional, representative models. Moreover, information regarding
distinct transporter utilization at different locations as it is the case in polarized
cells, is crucial for such effort and has thus been pointed out throughout this review.
We identified numerous gaps through our literature review, many of which could
be filled and are provided in the accompanying transport module. However, some
gaps remain as knowledge gaps, as responsible transporter or transport mechanisms
are unknown. Such knowledge update of the GENRE needs to be done periodi-
cally, as it has important implications on their predictive potential [232] and thus,
on biomedical applications.
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A.RECON 1 AND RECON 2 TRANSPORT REACTIONS B. LITERATURE EVIDENCE FOR METABOLITE TRANSPORTERS
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Figure 3.2: Overview of transport reactions captured in the human metabolic recon-
structions. A. Quantitative assessment of the transport reactions present in Recon
1 [18] and Recon 2 [31]. B. Literature support for the transport reactions present
in Recon 2. B. Metabolites in the ten metabolite classes are shown with their major
transport mechanisms, as captured in Recon 2. D. Comparison of transport reac-
tions present in Recon 1 and Recon 2. The gain in knowledge and expanded scope
of Recon 2, over Recon 1, resulted in better transporter coverage for the amino acid
and peptide class, while significant work is needed for cholesterol and fat soluble
vitamins.
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Table 3.1: Suagar transporters. Data was assembled from [81, 95, 233]. Yellow
shading indicates genes encoding for either absent transport proteins or present
transport protein but with limited substrate specificity in Recon 2. Blue shading
indicates improvement of the transporter (either addition of the protein and its as-
sociated reactions, or expansion of its substrates, or modification of the GPRs) in
Recon 2 over Recon 1.

Encoding Encoding Transport Substrates

genes (Gene genes proteins

symbols) (EntrezGene

IDs)

GLUTs/class

SLC2A1 6513 GLUT-1/1 Glucose, dehydro-ascorbic
acid

SLC2A2 6514 GLUT-2/1 Glucose, fructose,
glucosamine

SLC2A3 6515 GLUT-3/1 Glucose, dehydro-ascorbic
acid

SLC2A4 6517 GLUT-4 /1 Glucose, dehydro-ascorbic
acid

SLC2A5 6518 GLUT-5 /2 Fructose, glucose (very low
affinity)

SLC2A6 11182 GLUT-6 /3 Glucose

SLC2A7 155184 GLUT-7 2 Glucose, fructose

SLC2A8 29988 GLUT-8 /3 Glucose (glucose
transporter activity is
inhibited by fructose and
galactose)

SLC2A9 56606 GLUT-9 /2 Glucose

SLC2A10 81031 GLUT-10/3 Glucose

SLC2A11 66035 GLUT-11 72 Glucose, fructose

SLC2A12 154091 GLUT-12/3 Glucose

SLC2A14 144195 GLUT-14/1 Glucose

SLC2A13 114134 HMIT /3 Myo-inositol

SGLTs

SLC5A9 200010 SGLT4 Mannose,
1,5-anhydro-glucitol,
fructose

SLC5A3 6526 SMIT Myo-inositol

SLC5A2 6524 SGLT2 Glucose, galactose
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Encoding Encoding Transport Substrates
genes (Gene genes proteins
symbols) (EntrezGene
IDs)
SLC5A4 6527 SGLT3 Glucose
(under amino
acid
substitution)
SLC5A10 125206 SGLT5 Mannose, fructose, glucose,
galactose
SLC5A11 115584 SGLT6 Glucose, myo-inositol

Table 3.2: Amino acids transport systems. Important amino acid derived com-
pounds and peptides. Color coding is the same as in Table 3.1.

Encoding | Encoding | Transport | Substrate Mechanism
genes genes systems
(Gene (Entrez-
symbols) Gene
IDs)
SLCIAI 6505 EAAT3 Cystine, glutamic Symport
acid, aspartic acid and
antiport
SLCIA2 6506 EAAT2 Aspartic acid, Symport
glutamic acid and
antiport
SLCIA3 6507 EAATI1 Glutamic acid, Symport
aspartic acid and
antiport
SLCIA4 6509 ASCT1 Alanine, serine, Symport
cysteine and
antiport
SLCIAS 6510 ASCT2 Alanine, serine, Antiport
cysteine, threonine,
glutamine
SLCIA6 6511 EAAT4 Glutamate, aspartate | Symport
and
antiport
SLC6AI 6529 GAT1 Gamma- Symport
aminobutyric
acid
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Encoding | Encoding | Transport | Substrate Mechanism
genes genes systems
(Gene (Entrez-
symbols) Gene
IDs)
SLC6A2 6530 NET Dopamine, Symport
norepinephrine
SLC6A3 6531 DA trans- | Dopamine Symport
porter
SLC6A4 6532 SERT Serotonin Symport
SLC6AS 9152 GLYT2 Glycine Symport
SLC6A7 6534 PROT Proline Symport
SLC6AS 6535 CT1 Creatine Symport
SLC6AII | 6538 GAT3 GABA Symport
SLC6AI3 | 6540 GAT2 GABA Symport
SLC7A2 6542 CAT-2 Arginine, lysine, Uniport
ornithine
SLC7A3 84889 CAT-3 Homoarginine, Uniport
arginine, lysine,
ornithine
SLC7A10/ | 56301/ Asc- Glycine, alanine, Antiport
SLC3A2 6520 1/412hc serine, cysteine,
threonine
SLC7A11/ | 23657/6520] XCT/4f2hc | Aspartic acid, Antiport
SLC3A2 glutamic acid,
cysteine
SLCI6AI0 | 117247 TATA1 Tryptophan, Uniport
tyrosine,
phenylalanine
SLC38A1 | 81539 SNAT1 Glycine, alanine, Symport
asparagine, cysteine,
glutamine, histidine,
methionine
SLC38A3 | 10991 SNAT3 Glutamine, Symport
asparagine, histidine | and
antiport
SLC43A2 124935 LAT4 Leucine, isoleucine, Uniport

methionine,
phenylalanine, valine
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Encoding | Encoding | Transport | Substrate Mechanism
genes genes systems
(Gene (Entrez-
symbols) Gene
IDs)
SLC6A15 55117 B(0)AT2 Proline, leucine, Symport
valine, isoleucine,
methionine
SLC6A1S8 348932 B(0)AT3 Glycine, alanine, Symport
methionine, serine,
cysteine
SLC6A19 | 340024 B(0)AT1 All neutral amino Symport
acids
SLC7A4 6545 CAT-4 Arginine Requires
additional
factors for
function
as amino
acid trans-
porter
SLCI5A2 | 6565 PEPT2 Di-peptides, Symport
tri-peptides, drugs
SLC36A2 153201 PAT2 Glycine, alanine, Symport
proline
SLC36A4 | 120103 PAT4 Proline, tryptophan, Facilitated
alanine diffusion
SLC38A4 | 55089 SNAT4 Glycine, alanine, Symport
serine, cysteine,
glutamine,
asparagine,
methionine

Table 3.3: Lipid and vitamin transporters. Color coding is the same as in Table 3.1.

Encoding
genes
(Gene
symbols)

Encoding
genes
(Entrez-
Gene
IDs)

Transporters

Substrate

Lipid transporters
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cassette
sub-family A

member 1

Encoding | Encoding | Transporters Substrate
genes genes
(Gene (Entrez-
symbols) Gene
IDs)
ABCAI 19 ATP-binding | Cholesterol

ABCG)5 64240 ATP-binding | Cholesterol
cassette
sub-family G
member 5
ABCGS 64241 ATP-binding | Cholesterol
cassette
sub-family G
member 8
CD36 948 FAT Very long chain fatty acids,
HDL, VLDL, LDL,
phospholipids, advanced
glycation end products,
GHRP, hexarelin, and a
derivative with no growth
hormone releasing
properties, EP 80317,
vitamin D
GOT2 2806 FABPpm Long chain fatty acids
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Encoding | Encoding | Transporters Substrate

genes genes

(Gene (Entrez-

symbols) Gene

IDs)

NPCILI 29881 Niemann- Cholesterol, cholestanol,
Pick Cl-like campesterol, sitosterol,
protein 1 vitamin E, vitamin D

SCARBI 949 Scavenger HDL-cholesterol
receptor class

B, member 1

Vitamin transporters

SLC5A6 8884 SMVT Pantothenic acid, biotin
SLCI9A1 | 6573 RFT/ 5-methyl THF,
Reduced thiamin-mono- and
folate carrier | di-phosphates, but not free
(RFC) thiamine
SLCI9A2 10560 ThTrl Thiamin, thiamin-mono-
and di-phosphate
SLCI9A3 80704 ThTr2 Thiamin, thiamin-mono-

GC, LRP2 | 2638,
4036

Vitamin D
transporters

and di-phosphate

Vitamin D
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Encoding | Encoding | Transporters Substrate
genes genes
(Gene (Entrez-
symbols) Gene
IDs)
OATP-2 10599, Folate Folate
(SLCOI1BI)| 6579, transporters
OATP-1 9356,
(SLCO1A2), 9376,
OAT1 10864,
(SLC22A6),| 55867
OAT3
(SLC22A8),
OAT2
(SLC22A7),
OAT4
(SLC22A11
RBP4, 5950, Vitamin A Retinol
STRAG, 64220, transporters
RBPI, 5947,
RBP2 5948
SCARBI, 949, Vitamin E Vitamin E
NPCILI, 29881, 19 | transporters
ABCAI
SLC5A8 160728 SMCT1 Iodide, lactate, short-chain
fatty acids, niacin
SLC52A2 | 79581 RFT3 Riboflavin

Table 3.4: Metabolic diseases associated with transport proteins. Color coding is
the same as in Table 3.1.

EntrezGene Transporter name Diseases with defect | References

ID in transport proteins

19 ATP-binding cassette | Tangier disease OMIM:
sub-family A 205400
member 1
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EntrezGene Transporter name Diseases with defect | References
ID in transport proteins
5244 MRP3 Progressive familial OMIM:
intrahepatic 171060
cholestasis, biliary
gallstone disease,
intrahepatic
cholestasis of
pregnancy
6342 SCP2 Zellweger syndrome | OMIM:
and Leukoen- 184755
cephalopathy with
dystonia and motor
neuropathy
6505 EAAT3 Dicarboxylic OMIM:
aminoaciduria 222730, [234]
6513 GLUTI GLUT! deficiency OMIM:
syndrome 606777
6514 GLUT2 Fanconi-Bickel OMIM:
syndrome 227810
6519 rBAT Cystinuria OMIM:
220100
6523 SGLT1 Glucose-galactose OMIM:
malabsorption 606824
6524 SGLT2 Renal glucosuria OMIM:
233100
6555 Ileal sodium/bile Primary bile acid OMIM:
acid cotransporter malabsorption 613291
6584 OCTN2 Systemic carnitine OMIM:
deficiency 212140
8647 Bile salt export Benign recurrent OMIM:
pump intrahepatic 603201
cholestasis-2
9056 y+LAT-1/4f2hc Lysinuric protein OMIM:
intolerance 222700
9152 GLYT2 Hyperekplexia OMIM:
614618, [235]
10165 CTLN2 Type II citrullinemia | OMIM:
603471
10166 ORNT 1 HHH syndrome OMIM:
238970
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EntrezGene Transporter name Diseases with defect | References

ID in transport proteins

10560 ThTrl Thiamine-responsive | OMIM:
megaloblastic 249270
anemia syndrome

10599 OATP-C Rotor type OMIM:
hyperbilirubinemia 604843

10999 FATP-4 Ichthyosis OMIM:
prematurity 608649
syndrome (IPS)

11001 FATP-2 Milder variant of OMIM:
X-linked 603247
adrenoleukodystro-
phy

11136 b0,+AT Cystinuria OMIM:

220100

26503 Sialin Sialuria OMIM:

269920

55315 ENT3 Familial OMIM:
Histiocytosis 602782,
Syndrome [236,237]
(Faisalabad
Histiocytosis) and
Familial
Rosai-Dorfman
Disease

56606 GLUT9 Renal OMIM:
hypouricemia-2 612076

113235 PCFT Hereditary folate OMIM:
malabsorption 229050, [238]




EntrezGene
1D

Transporter name

Diseases with defect
in transport proteins

References

20 ATP-binding cassette | Alzheimer disease OMIM:
sub-family A (early onset) 600047
member 2

21 ATP-binding cassette | Pulmonary OMIM:
sub-family A surfactant 610921, [241]
member 3 metabolism

dysfunction type 3
(SMDP3)

22 ATP-binding cassette | Mutations in this OMIM:
sub-family B gene have been 300135
member 7, implicated in
mitochondrial X-linked

sideroblastic anemia
with ataxia.

24 Retinal-specific Stargardt disease, a OMIM:
ATP-binding cassette | form of 248200
transporter juvenile-onset

macular

degeneration,

retinitis

pigmentosa-19,

cone-rod dystrophy

type 3, early-onset

severe retinal

dystrophy, fundus

flavimaculatus, and

macular

degeneration

age-related 2

359 AQP2 Nephrogenic OMIM:

diabetes insipidus 125800,
OMIM:
304800, [242]
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EntrezGene Transporter name Diseases with defect | References
ID in transport proteins
364 AQP7 Several metabolic OMIM:
alterations including | 125853, [72]
obesity, type 2
diabetes
368 MRP6 Pseudoxanthoma OMIM:
elasticum 603234
949 SRB-I Familial hyperc- OMIM:
holesterolemia 601040
1080 CFTR Cystic fibrosis OMIM:
219700, [231]
2638 DBP Graves disease OMIM:
139200
4036 Megalin Donnai-Barrow OMIM:
syndrome 222448,
[243,244]
5243 MRP1 Crohn’s disease OMIM:
171050
5826 ATP-binding cassette | Adrenoleukodystrophy OMIM:
sub-family D 603214
member 4
6833 ATP-binding cassette | Hyperinsulinemic OMIM:
sub-family C hypoglycemia of 256450,
member 8 infancy, non-insulin- | OMIM:
dependent diabetes 125853, [245]
mellitus type II
6890 TAP 1 Ankylosing OMIM:
spondylitis, 222100,
insulin-dependent [246,247]
diabetes mellitus,
and celiac disease
6891 TAP 2 Ankylosing OMIM:
spondylitis, 170261
insulin-dependent
diabetes mellitus,
and celiac disease
9429 ATP-binding cassette | Gout OMIM:
sub-family G 138900

member 2




EntrezGene Transporter name Diseases with defect | References
ID in transport proteins
10058 ATP-binding cassette | This gene is OMIM:
sub-family B considered a 605452
member 6, candidate gene for
mitochondrial lethal neonatal
metabolic syndrome,
a disorder of
mitochondrial
function.
10060 ATP-binding cassette | Dilated OMIM:
sub-family C cardiomyopathy 601439
member 9
26154 ATP-binding cassette | Lamellar ichthyosis OMIM:
sub-family A type 2, Harlequin 607800, [248]
member 12 ichthyosis
29881 Niemann-Pick Multiple lipid OMIM:
Cl-like protein 1 transport defects 608010, [249]
64240 ATP-binding cassette | Sitosterolemia OMIM:
sub-family G 210250
member 5
64241 ATP-binding cassette | Sitosterolemia OMIM:
sub-family G 210250
member 8
116085 URAT1 Renal OMIM:
hypouricemia- 1 220150
153201 Proton-coupled Iminoglycinuria and | OMIM:
amino acid hyperglycinuria 242600
transporter 2
340024 B(0)AT1 Hartnup disorder OMIM:
234500

65






4 A compendium of inborn errors of
metabolism mapped onto the human
metabolic network

4.1 Abstract

Inborn errors of metabolism (IEMs) are hereditary metabolic defects, which are en-
countered in almost all major metabolic pathways occurring in man. Many IEMs
are screened for in neonates through metabolomic analysis of dried blood spot sam-
ples. To enable the mapping of these metabolomic data onto the published hu-
man metabolic reconstruction, we added missing reactions and pathways involved
in acylcarnitine (Ac) and fatty acid oxidation (FAO) metabolism. Using literary
data, we reconstructed an Ac/FAO module consisting of 352 reactions and 139
metabolites. When this module was combined with the human metabolic recon-
struction, the synthesis of 39 acylcarnitines and 22 amino acids, which are routinely
measured, was captured and 235 distinct IEMs could be mapped. We collected phe-
notypic and clinical features for each IEM enabling comprehensive classification.
We found that carbohydrate, amino acid, and lipid metabolism were most affected
by the IEMs, while the brain was the most commonly affected organ. Furthermore,
we analyzed the IEMs in the context of metabolic network topology to gain insight
into common features between metabolically connected IEMs. While many known
examples were identified, we discovered some surprising IEM pairs that shared re-
actions as well as clinical features but not necessarily causal genes. Moreover, we
could also re-confirm that acetyl-CoA acts as a central metabolite. This network
based analysis lead to further insight of hot spots in human metabolism with respect
to IEMs. The presented comprehensive knowledgebase of IEMs will provide a valu-
able tool in studying metabolic changes involved in inherited metabolic diseases.

4.2 Introduction

Inborn errors of metabolism (IEMs) are individually rare but collectively numerous,
affecting the metabolism of many human organs. These metabolic defects are con-
genital and represent single or multiple enzyme deficiencies, which, if left untreated
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can lead to life threatening conditions, with a current incidence rate of 1:800 live
births [3]. IEMs can be grouped into three diagnostically meaningful groups [250]:
1) disorders giving rise to intoxication, via accumulation of intracellular compounds
over time, ii) disorders involving energy metabolism, and iii) disorders involving
metabolism of complex molecules (Figure S4.1). Moreover, IEMs can be present at
any age - from fetal life to old age and the symptoms vary between the groups as
well as within the groups. Not all IEMs can be easily diagnosed and treatment does
not exist for many of them, although many disorders of the first group can now be
treated by changing the patient’s diet [250]. In recent years, numerous reviews have
been published analyzing IEMs from various aspects, including newborn screen-
ing programs and systems biology [251-253], highlighting their importance and the
general interest in understanding the molecular basis of IEMs.

The use of tandem mass spectrometry (MS/MS) has enabled improvements in meta-
bolic screening methods to more reliably detect IEMs among newborns with a
low false positive rate [254]. Newborn screening is mandatory in most countries;
however, the measured biomarkers differ significantly between them, with 42 (20
primary and 22 secondary disorders) metabolic conditions screened for newborn
screening in some states within US and countries participating in the Stork program
(Iceland being one of the participating country) [4,255]. The substantial increase in
the number of patients diagnosed with IEMs [252,256], can be majorly attributed to
improved and standardized measurements of amino acids and acylcarnitine concen-
trations [4,257]. For the diagnosis of some IEMs, ratios of biomarker provide more
insight about pathological states than absolute biomarker concentrations (e.g., tyro-
sine to phenylalanine ratio for the diagnosis of phenylketonuria, OMIM: 261600).

Fatty acid oxidation defects are highly prevalent IEMs with a collective incidence
rate of 1:9000 [258]. In the case of infants, fatty acid oxidation serves as energy
source within the first 12 hours of fasting; thus, they are more likely to manifest
fatty acid oxidation defects [259]. Acylcarnitines tend to rise in blood and urine on
the first day of the birth and then decline gradually [254]. By profiling numerous
acylcarnitines, MS/MS technology has expanded the range of detection for fatty
acid disorders (e.g., of medium chain acyl-CoA dehydrogenase deficiency) and for
organic acid disorders (e.g., propionic academia and glutaric aciduria type-I).

Metabolic network reconstructions are assembled in a bottom-up approach based
on genome annotation, biochemical, and physiological data [5]. They summarize
current knowledge about the target organism in a structured, stoichiometric manner.
In many cases, manual curation including in-depth literature search is performed to
ensure high quality and coverage of the reconstruction [10]. Once reconstructed,
metabolic networks can be queried for their biochemical information, be employed
to map various data types (e.g., transcriptomic data or metabolomic data), or serve
as starting point for computational modelling (see [260]for a recent review).
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Figure 4.1: Overview of the workflow that we used in this study. The metabolites,
which are measured in the newborn screening program, were identified along with
their chemical names, chemical formula, charge, normal physiological concentra-
tion, and related IEMs. These metabolites were then mapped onto Reconl, using
name and formula, which led to the mapping of 20 amino acids and six acylcar-
nitines. For the remaining metabolites (i.e., 33 acylcarnitines), which could not be
mapped, we reconstructed their respective metabolic pathways based on the litera-
ture, and added the corresponding reactions to the Ac/FAO module. Subsequently,
we combined the Ac/FAO module with Recon 1, resulting in Reconl_Ac/FAO. There-
after, we employed the information retrieved from the literature to map the IEMs
onto this extended reconstruction. A total of 235 IEMs could be mapped and sub-
sequently classified along with their different physiological and clinical features.
Another set of 139 IEMs were identified, termed as future IEMs, which could not be
mapped onto Reconl_Ac/FAO due to missing genes in the reconstruction. These 374
1EMs constitute the IEM compendium, which we mapped onto the human metabolic
network to obtain a holistic network perspective of the captured IEMs.
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4.3 Results and discussion

The aim of this study was to compile a compendium of IEMs that map onto the
available reconstruction of human metabolism [18] to enable the analysis of IEMs
in a metabolic modelling context (Figure 1). Therefore, we first reconstructed the
fatty acid oxidation pathways to enable the mapping of routinely measured acylcar-
nitines, which were missing in the published reconstruction of human metabolism
[18]. Subsequently, we mapped IEMs onto the expanded human metabolic network
based on known affected genes, and assembled important phenotypic and clinical
features of each IEM. Finally, we investigated the IEMs in the context of the ex-
panded human metabolic reconstruction by identifying IEMs, which shared reac-
tions and metabolites, therefore, representing hot spots in human metabolism.

4.3.1 Detailed reconstruction of acylcarnitine metabolism

In this study, we employed the published human metabolic reconstruction, Recon
1 [18], as a starting point for the acylcarnitine and fatty acid oxidation (Ac/FAO)
reconstruction module. The human metabolic reconstruction accounts for metabolic
reactions occurring in any human cell, as defined by the human genome. As such,
the reactions present in Recon 1 may not occur in all cells, but a particular cell
type may only express a subset of metabolic enzymes captured by Recon 1. For
example, the liver completely detoxifies ammonia to urea via urea cycle, however,
in kidney the urea cycle is only partially active, i.e., kidney accounts for arginine
synthesis. The majority of the reactions are mass and charge balanced, and many
of them are assigned with structured Boolean relationships between genes, proteins,
and reactions. Recon 1 captures all amino acids (except methylhistidine) measured
in the newborn screening but it only accounts for the metabolism of six of the 39
acylcarnitines. Moreover, Recon 1 accounts for most of the relevant reactions in beta
fatty acid oxidation, while alpha and omega fatty acid oxidation reactions are only
partially captured. After collecting supporting evidence from more than 150 peer
reviewed articles and books, we reconstructed an Ac/FAO module that accounts for
352 reactions, 139 metabolites, and 14 genes, with the reactions distributed within
the endoplasmic reticulum, peroxisomes, mitochondria, and cytosol (Figure 4.2B).
The majority of the reactions are involved in fatty acid metabolism (Figure 4.2A).
Note that this reconstruction module is only functional in conjunction with Recon
1 [18] or its successor [31].
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Figure 4.2: General properties of the Ac/FAO module. (A) Overview of the faity acid oxi-
dation pathways, along with their definitions, substrate preferences, key steps involved, and
associated disorders. (B) Schematic map of the key reactions in the Ac/FAO module and
their sub-cellular location. The numbers indicate the number of reactions per metabolic
pathway. The substrates for the omega oxidation pathway are very long chain fatty acids
and long chain fatty acids, while the products are dicarboxylic acids, which further undergo
beta oxidation in the peroxisome. Phytanic acid, which is a substrate for the alpha fatty acid
oxidation, produces pristanic acid. This product is further beta-oxidized in the proxisomes
before finally entering the mitochondrion. The fatty acyl-CoA molecules are transported be-
tween the peroxisomes and mitochondria in the form of acylcarnitines, and once inside the
mitochondria they may either undergo complete beta oxidation generating acetyl-CoA (in
the case of even chain fatty acid) or propionyl-CoA (in the case of odd chain fatty acid) and
finally produce energy through the oxidative phosphorylation in the mitochondria. However,
if the beta oxidation is incomplete, it produces hydroxy fatty acids, which are then shuttled
out of the mitochondrion as acylcarnitines. Substrates for peroxisomal beta oxidation are
long chain and vary long chain fatty acids entering the peroxisome via an ATP dependent
transport system. Short, medium, and long chain fatty acids enter mitochondria as acyl-
carnitines. (C) Key characteristics of Recon I and Reconl_Ac/FAO. A reversible version
of the Recon 1 reactions, i.e., 64 reactions of the carnitine shuttle system, was also added
(not shown here). *Taken from ref. 103. **Corresponds to primary literature, peer review
articles, and books that were used only for the acylcarnitine reconstruction. Abbreviations
used: FA — fatty acid; PUFA — poly unsaturated fatty acid;, ER — endoplasmic reticulum,
FAO - fatty acid oxidation; VLCFA — very long chain fatty acid; LCFA — long chain fatty
acid; MCFA — medium chain fatty acid; SCFA — short chain fatty acid; C2 — acetyl-CoA;
C3 — propionyl-CoA.
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Acylcarnitines in the Ac/FAO module

The Ac/FAO module accounts for 39 acylcarnitines routinely measured in new-
born screening, which include dicarboxylic-acylcarnitines, hydroxy-acylcarnitines,
and other short chain acylcarnitines (Figure 4.2B). For instance, succinylcarnitine,
a four carbon fatty acid is a dicarboxylic-acylcarnitine and generated via the va-
line, isoleucine and methionine pathway. Hydroxy-isovalerylcarnitine is a five car-
bon fatty acid attached to a carnitine moiety, has a hydroxy group at the third
carbon atom and is generated via the leucine pathway. These two dicarboxylic-
acylcarnitines are used as biomarkers for organic acidemias and more recently also
for biotin deficiency [261-263]. A total of five reactions were added describing
the synthesis of succinylcarnitine and hydroxy-isovalerylcarnitine, and subsequent
processing by the carnitine palmitoyltransferase 1 enzyme (CPT-1, E.C. 2.3.1.21),
which is encoded by three gene isoforms CPTIA (GenelD: 1374), CPT1B (GenelD:
1375), and CPTIC (GenelD: 126129). Another dicarboxylic-acylcarnitine is glu-
tarylcarnitine, which is an important biomarker in glutaric aciduria [264,265], gen-
erated as an intermediate in lysine and tryptophan metabolism. Likewise, 3-hydroxy-
butyrylcarnitine, a hydroxy-acylcarnitines and biomarker for short-chain-acyl-CoA-
dehydrogenase deficiency [266], is generated via butanoate metabolism. Hydroxya-
cylcarnitines generally serve as biomarkers of several mitochondrial fatty acid beta
oxidation disorders [267].

Other short chain acylcarnitines include acetylcarnitine, tiglylcanitine, and isovaleryl-
carnitine. Acetylcarnitine is produced from acetyl-CoA, which is an important
endproduct of fatty acid oxidation, ketogenic amino acid metabolism, and a pre-
cursor of cholesterol metabolism. An increased level of acetylcarnitine may re-
flect CPT-2 deficiency [268]. Tiglylcarnitine and isovalerylcarnitine are intermedi-
ates of isoleucine and leucine metabolism, respectively, and are formed from their
respective precursor fatty acyl-CoAs, tiglyl-CoA and isovaleryl-CoA, by the ac-
tion of the CPT-1 enzyme. These short chain acylcarnitines are biomarkers for
methylacetoacetyl-CoA deficiency, isovaleric acidemia, and short-chain acyl-CoA
dehydrogenase deficiency [269-271]. The metabolic reactions of these important
short chain acylcarnitines were added to the Ac/FAO module.

Addition of carnitine shuttle to mitochondria and ABC transport reactions to
the peroxisome

Specific transporters are required to deliver acyl-CoAs to their destined sub-cellular
compartments for their oxidation. The three step carnitine shuttle system transports
acyl-CoAs into the mitochondrion and this transport is reversible [272] involves re-
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actions catalyzed by the CPT-1 enzyme, the carnitine/acylcarnitine translocase pro-
tein (SLC25A20, GenelD: 788) and the carnitine O-palmitoyltransferase 2 (CPT2,
GenelD: 1376, E.C. 2.3.1.21). The transport is affected in some IEMs, such as
the carnitine uptake defect, CPT-1 deficiency, and CPT-2 deficiency [272]. The
Ac/FAO module contains a refined carnitine shuttle system with 38 reactions ac-
counting for the reversible transport of a wide range of metabolites. Peroxisomes
contain ATP-dependent transporters for the import of very long chain acyl-CoAs
(Figure 4.2B) [273]. A total of ten ABC transport reactions and their associated
genes were identified, including three genes of the ATP-binding cassette superfam-
ily (ABCD1, GenelD: 215; ABCD2, GenelD: 225; ABCD3, GenelD: 5825). The hu-
man metabolic reconstruction accounts for the transport of 4,8-dimethylnonanoyl-
CoA by the carnitine O-octanoyltransferase (CROT, GenelD: 54677, E.C. 2.3.1.137).
The same protein also transports butyryl-CoA and hexanoyl-CoA into the peroxi-
some [272]. We included this extended substrate specificity in the Ac/FAO module.

Addition of new fatty acid oxidation genes

To capture all fatty acid oxidation related IEMs, 84 mitochondrial beta-oxidation
reactions and 63 metabolites were added to the Ac/FAO module. We also added
the necessary genes and their respective gene products, including hydroxyacyl-
CoA dehydrogenase (HADH, GenelD: 3033, E.C. 1.1.1.35) and the acetyl-CoA
acyltransferase 2 (ACAA2, GenelD: 10449, E.C. 2.3.1.16), which have substrate
specificity for short and medium chain acyl-CoAs and catalyze the dehydrogena-
tion and thiolytic cleavage step, respectively [274]. The 2,4-dienoyl-CoA reduc-
tase 1 (DECRI, GenelD: 1666, E.C. 1.3.1.34) was another auxiliary enzyme of
the mitochondrial beta-oxidation of unsaturated acyl-CoAs that was missing in the
human metabolic reconstruction. The addition of these three genes enabled the
mapping of further five IEMs. Moreover, four additional genes were added to the
Ac/FAO module, whose products are mainly involved in activation and transport
of fatty acids [275,276]. These were fatty acid transporter (SLC27A6, GenelD:
28965), bubblegum (ACSBGI, GenelD: 23205, E.C. 6.2.1.3), bubblegum related
protein (ACSBG2, GenelD: 81616, E.C. 6.2.1.3), and diazepam binding inhibitor
(DBI, GenelD: 1622).

Long and very long chain acyl-CoAs are oxidized in peroxisome before entering the
mitochondrion [277,278]. Therefore, 66 peroxisomal beta-oxidation reactions and
59 metabolites were included in the Ac/FAO module (Figure 4.2B) permitting the
mapping of X-linked adrenoleukodystrophy (OMIM: 300100), acyl-CoA oxidase-1
(OMIM: 264470), and D-bifunctional-protein deficiencies (OMIM: 261515). The
peroxisome contains the complete enzymatic machinery for handling unsaturated
fatty acids [279,280]. In the human metabolic reconstruction, important auxiliary
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proteins, reactions, and their respective genes were missing and were thus included
in the Ac/FAO module. This addition comprises the functions of the peroxiso-
mal 2,4-dienoyl-CoA reductase 2 (DECR2, GenelD: 26063, E.C. 1.3.1.34) and the
enoyl-CoA delta isomerase 2 (PECI, GenelD: 10455, E.C. 5.3.3.8).

Alpha oxidation of phytanic acid was also reconstructed in detail in the Ac/FAO
module (Figure 4.2B). Two new genes and the reactions catalyzed by the respec-
tive gene product were added: fatty acid transporter (SLC27A2, GenelD: 11001,
E.C. 6.2.1.-) and phytanoyl-CoA 2-hydroxylase 1 (HACLI, GenelD: 26061, E.C.
4.1.-.-). Reduced activity of the SLC27A2 transporter protein has been reported
to be responsible for the biochemical pathology in X-linked adrenoleukodystrophy
in mouse models [281]. Omega oxidation is important for the generation of dicar-
boxylic acids; therefore, eight reactions were added to Ac/FAO (Figure 4.2B).

Detailed reconstruction of fatty acid oxidation reactions

The long chain fatty acids were only partially captured in the human metabolic
reconstruction. Gene-protein-reaction (GPR) associations for three acyl-CoA de-
hydrogenases: C-2 to C-3 short chain (ACADS, GenelD: 35, E.C. 1.3.99.2), C-4
to C-12 straight chain (ACADM, GenelD: 34, E.C. 1.3.99.3), and very long chain
(ACADVL, GenelD: 37, E.C. 1.3.99.-), were incorporated according to their sub-
strate specificities. We also added the reactions catalyzed by the trifunctional hydrox
yacyl-CoA dehydrogenase (HADHA, GenelD: 3030 and HADHB, GenelD: 3032;
E.C. 4.2.1.17/1.1.1.211/ 2.3.1.16) [274], which catalyses the steps after desatura-
tion of long acyl-CoAs (>14 carbon units). The mitochondrial short chain enoyl-
CoA hydratase 1 (ECHSI1, GenelD: 1892, E.C. 4.2.1.17) catalyzes the hydration
step for medium and short chain fatty acyl-CoAs, but in Recon 1, the gene prod-
uct catalyzes only reactions involved in tryptophan and beta-alanine metabolism.
Hence, the hydration steps needed to be added to account for the relevant fatty acid
oxidation reactions. We also expanded the substrate specificity of the enoyl-CoA
delta isomerase 1 (DCI, GenelD: 1632, E.C. 5.3.3.8), which has only one reaction
associated in Recon 1. These comprehensive additions to the fatty acid oxidation
pathway enabled the mapping of numerous IEMs, including peroxisomal acyl-CoA
oxidase deficiency/ adrenoleukodystrophy pseudoneonatal (OMIM: 264470), Zell-
weger syndrome, neonatal adrenoleukodystrophy and infantile Refsum disease, D-
bifunctional protein deficiency (OMIM: 261515), and pseudo-Zellweger syndrome.

All enzymes involved in omega oxidation were present in Recon 1, but catalyzed
only reactions involving either xenobiotic or eicosanoid metabolism, while reactions
of the omega oxidation of fatty acids were missing. The Ac/FAO module accounts
for all known reactions of the omega oxidation pathway [282-286] along with the
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relevant GPR association, linking the corresponding genes to these reactions. The
participating genes include the cytochrome P450 family genes (CYP4F2, GenelD:
8529, E.C. 1.14.13.30; CYP4F3, GenelD: 4051, E.C. 1.14.13.30), the aldehyde de-
hydrogenase 3 family (ALDH3A2, GenelD: 224, E.C. 1.2.1.3), the alcohol dehydro-
genase (ADHS5, GenelD: 128, E.C. 1.1.1.1), and the acyl-CoA synthetase (ACSLS,
GenelD: 51703, E.C. 6.2.1.3).

4.3.2 Mapping of inborn errors of metabolism onto the human
metabolic reconstruction

A major motivation of this study was to create a comprehensive compendium of
IEMs that maps onto the human metabolic reconstruction. We therefore joined
our Ac/FAO module with the published human metabolic reconstruction (Recon
1) [18] and called this extended network Reconl_Ac/FAO. To map defective genes
(i.e., gene mutations that cause an IEM) reported in literature and databases for
the various IEMs to reactions, we employed the GPR associations defined for the
1510 metabolic genes accounted for in Reconl_Ac/FAO. After extensive litera-
ture search, we identified 235 IEMs, which had all causal genes captured in Re-
conl_Ac/FAO. In 139 cases, not all genes known to cause an IEM were present in
the reconstruction and we collected them in a separate list, which represents a start-
ing point for future extension and gap filling of functionalities included in the hu-
man metabolic reconstruction [232,287]. The following information was retrieved
for each IEM from literature and databases: affected organs, mode of inheritance,
biomarkers, biomarker concentrations, and phenotype. Below we illustrate some
interesting cases below.

Pathway classification

The 235 mapped IEMs could be grouped into 16 different central metabolic path-
ways (Figure 4.3A). The highest number of IEMs was found to be in carbohydrate
metabolism (65), followed by amino acid metabolism (54), and lipid metabolism
(51). Carbohydrate metabolism includes a wide range of metabolic pathways, more
s0, since we counted also glycoproteins and glycolipids metabolism to this subsys-
tem. Moreover, this class of inherited disorders is well studied [288]. The 235 IEMs
were caused by defects in 250 unique metabolic genes, which encode enzymes cat-
alyzing 1067 reactions in total (this includes 750 unique and 317 shared metabolic
reactions). Similar distribution pattern was observed for the affected genes, when
categorizing them according to their biochemical pathway. The high number of re-
actions relative to the number of genes was caused by the broad substrate specificity
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of many enzymes, which was particularly true for enzymes involved in the fatty
acid oxidation metabolism. This analysis highlights that a systems biology mod-
elling approach may facilitate significantly the assessment of an IEM’s contribution
to its global metabolic phenotype.

Mode of inheritance and phenotype analysis

IEMs follow a particular mode of inheritance [289]. We grouped the IEMs based
on five different modes of inheritance: i) autosomal recessive, ii) autosomal domi-
nant, iii) autosomal recessive or autosomal dominant (as seen in hypophosphatasia,
OMIM: 241500, OMIM: 241510, and OMIM: 146300), iv) X-linked or autosomal
dominant (as seen in familial gynecomastia, OMIM: 139300 and OMIM: 107910),
and v) X-linked pattern (X-linked recessive and X-linked dominant IEMs treated
as one mode, i.e., X-linked pattern). Inheritance patterns were identified for 199
(61%) of the IEMs, as the majority of the remaining IEMs have not been studied
sufficiently or have been only identified in very few individuals so that the pat-
tern of inheritance could not be established. This latter group includes acetyl-CoA
carboxylase deficiency (OMIM: 200350), AICA-ribosiduria (OMIM: 608688), and
hepatic lipase deficiency (OMIM: 151670). The majority of the IEMs with reported
inheritance pattern were autosomal recessive (163 IEMs, 82%).

IEMs can also be classified according to the number of phenotypic patterns ob-
served. Different phenotypes arise due to modifier genes, allelic variations, com-
plex genetic and environmental interactions, or environmental factors. Therefore,
specific effects may be seen at different age (i.e., appearance of specific morpho-
logical features), or may lead to difference in the severity of the disorder [290,291].
We were able to collect such information for 90 IEMs (38%). The majority of these
IEMs present two phenotypic forms. For example, a classic form and a mild form
(e.g., in medium chain acyl-CoA dehydrogenase deficiency, OMIM: 201450), an
acute and a chronic form (e.g., in isovaleric academia, OMIM: 243500), an early
and a delayed onset (e.g., in carbamoyl phosphate synthetase I deficiency, OMIM:
237300), a severe and a moderate form (e.g., in glucose-6-phosphate dehydrogenase
deficiency, OMIM: 305900), a type 1 and a type 2 form (e.g., in 3-methylcrotonyl-
CoA carboxylase deficiency, OMIM: 210200 and OMIM: 210210). Other IEMs
have more complex phenotypic pattern.
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Figure 4.3: Distribution of IEMs based on various properties. (A) The 235 IEMs
mapped onto Reconl_Ac/FAO were categorized into 16 different metabolic cate-
gories. The comparison between the number of IEMs (black), number of genes
(white), and number of reactions (grey) per IEM category is plotted on a logarith-
mic scale. A total of 250 unique genes encode for gene products catalyzing 750
unique metabolic reactions, which are affected in at least one IEM. (B) Percent-
age of IEMs that affect different organ systems. For simplicity we only show highly
affected organs.
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Organ classification

Clinical manifestations observed in affected patients with particular [IEMs were also
noted. A total of 28 organ systems were affected in 217 distinct IEMs. Most of
the remaining IEMs, such as essential pentosuria (OMIM: 260800), erythrocyte
AMP deaminase deficiency (OMIM: 612874), and acatalasemia (OMIM: 115500),
present no apparent clinical dysfunction. As one may expect, the organ systems
were not equally affected by IEMs (Figure 4.3B). A criterion for calling an organ
‘affected” was either i) when a clinical sign was reported by a clinical practitioner
(e.g., tongue in mucopolysaccharidosis VI, OMIM: 253200), ii) when a symptom
was described by the patient, iii) an identified pathological report, iv) an estab-
lished biochemical defect (e.g., kidneys in renal glucosuria, OMIM: 233100, due
to inability of the renal tubules to reabsorb glucose), or v) a combination of these
criteria. For example, cherry red spot signs on the eye have been reported as abnor-
mal feature in Sandhoff disease (OMIM: 268800) and Tay-Sach’s disease (OMIM:
272800); thus, the eye was noted as being affected. For some IEMs, organs can be
affected at a later stage, as it is the case for the CPT-2 deficiency (lethal neonatal
form, OMIM: 608836), where postmortem examination showed diffuse lipid accu-
mulation in the liver, heart, kidney, adrenal cortex, skeletal muscle, and lungs. In
these cases, the affected organs were noted based on this data. Certain organs, such
as liver, pancreas, bile canaliculi, and gall bladder were deliberately treated sepa-
rately from the digestive system since these organs are specifically affected in cer-
tain disorders without involvement of the digestive system as a whole. For example,
glycogen storage disease type 6/ Hers disease affects only the liver [292], while the
HMG-CoA lyase deficiency (OMIM: 246450) affects only liver and pancreas and
the familial hypercholanemia (OMIM: 607748) affects liver and bile canaliculi. The
category digestive system mainly represents small and large intestine in our classifi-
cation scheme. The nervous system includes central nervous system and peripheral
nervous system. The nervous system was also deemed to be affected in IEMs with
hypotonia as a clinical sign (e.g., in 3-methylcrotonyl-CoA carboxylase deficiency,
propionic academia, and aromatic L-amino acid decarboxylase deficiency [293])
since hypotonia, or reduced muscle tone, is related to motor nerve dysfunction,
which is controlled by the brain. Using this classification scheme, we found the
nervous system to be the most commonly affected organ by IEMs. This result can
be explained in part on the basis that in almost all aminoacidopathies (second most
prevalent category of IEMs, Figure 4.3A), blood concentration of one or more amino
acid is increased, which then competitively inhibits the transport of essential amino
acids across the blood-brain-barrier [294]. Amino acids and their important deriva-
tive metabolites also serve as neurotransmitters, which are serine (produces the
choline part of acetylcholine), tyrosine (produces L-3,4-dihydroxyphenylalanine,
dopamine, and catecholamines), tryptophan (produces seretonin), glycine, gluta-
mate (produces gama-aminobutyric acid), and histidine (produces histamine). In
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many aminoacidurias, there may be observed deficits of neurotransmitters, particu-
larly of N-methyl-D-aspartate, and of their receptors [294]. Furthermore, low lev-
els of N-acetylaspartate and high levels of lactate in brain, besides, high levels of
branched chain amino acids in both brain and blood, is observed during metabolic
de-compensation, and indicates mitochondrial dysfunction leading to brain energy
failure [295,296]. These examples illustrate how a defective amino acid metabolism
can dramatically affect the nervous system. The category ‘muscles’ includes skele-
tal and smooth muscles but not cardiac muscles, since we considered the heart as a
separate organ category. Carbohydrates and lipids provide energy to muscles while
amino acids help in forming muscle proteins, which explains why these metabolic
pathway defects affect muscle function. Liver is the central metabolic unit of the
human body accounting for majority of the biochemical transformations. A distur-
bance in any metabolic pathway will eventually affect the liver’s function. Energy
supply of the heart is mostly provided by fatty acids; however, glucose, lactate,
ketone bodies, and amino acids are also used at different proportions [297].

Biomarker classification

Enzyme assays, which test for enzyme activity, and identification of specific mu-
tations, are frequently used as diagnostic tools for IEMs2. The diagnosis of IEMs
experienced a tremendous rise with the advent of high-throughput detection tech-
niques, such as mass spectrometry [298]. Metabolic biomarkers arise due to the
presence of an IEM and are extensively used for diagnosis. For example, a disease
either causes accumulation of a biomarker (e.g., elevated triglycerides in Tangier
disease, OMIM: 205400) or the decrease/absence of a specific metabolite (e.g., car-
nitine in the carnitine uptake defect, OMIM: 212140). In fact, 17 different metabo-
lites are used as biomarkers for the diagnosis of 130 of the 235 IEMs (Figure S4.2).
Metabolic biomarkers are, of course, acylcarnitines and amino acids, which also
include amino acid derivatives, such as 5-oxoproline, 3-methoxytyrosine, and 5-
hydroxytryptophan, but also include the other classes of compounds. For example,
carbohydrates account for a variety of compounds, most notably dolichol, oligosac-
charides, galactitol, galactose, glucose, xylulose, arabitol, ribitol, glycogen, and gly-
can molecules. Cholesterol includes free and esterified cholesterol and its steroid
derivatives (lipoproteins like HDL-cholesterol). Fatty acids include both straight
and branched chain fatty acids as well as their derivatives, such as 2-ethyl-3-keto-
hexanoic acid and 3-hydroxyisovaleric acid. The lipids class includes, for example,
triglycerides, prostagladins (leukotrienes), and glycerol. The organic acids class
represents a wide range of compounds, such as glycolic acid, glyoxylic acid, glyc-
eric acid, and oxalic acid.

To assess the use of different metabolic biomarkers and enzyme assays employed for
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diagnosis of IEMs, we compared the reported biomarkers across the mapped IEMs.
We found that enzyme assays are used for the diagnosis of 34% of the mapped
IEMs (Figure S4.2). Moreover, we found that the measurement of amino acid and
acylcarnitine concentrations are primary laboratory tests, followed by tests for car-
bohydrates, organic acids, and fatty acids. In fact, acylcarnitine profiling is one of
the emerging trends [299] due to the numerous roles of carnitine in the body [300].
Abnormal concentrations of acylcarnitines may indicate aminoacidopathies, fatty
acid oxidation defects, and organic acid disorders. However, the absence of acyl-
carnitine abnormalities does not rule out disorders and needs to be confirmed by
enzyme assays [299]. Moreover, all diagnostic criteria need confirmation for the
presence of known mutations in the corresponding gene(s) [299, 301, 302]. The
DNA analysis may serves as sole diagnostic test for some IEMs, including infan-
tile neuroaxonal dystrophy (OMIM: 256600) and leber congenital amaurosis type 3
(OMIM: 612712).

Types of therapies

Six different types of therapies are used to treat 158 of the 235 mapped IEMs (67%).
The different therapeutic measures include dietary interventions, medications, organ
transplantation, enzyme replacement therapy, and gene therapy. Enzyme replace-
ment therapy is used to treat, for example, adenosine deaminase deficiency (OMIM:
102700), Fabry disease (OMIM: 301500), Pompe disease (OMIM: 232300), and
mucopolysaccharidosis type VI/ Maroteaux-Lamy syndrome (OMIM: 253200). Or-
gan transplantation usually involves either bone marrow transplant or a specific or-
gan, and is generally employed in cases of mucopolysaccharidosis type I (OMIM:
607014) and methylmalonic academia [303]. So far, enzyme replacement therapy
has been promising, e.g., for lysosomal storage disorders, while organ transplanta-
tion has only shown limited success due to graft rejection [250]. Additionally, gene
therapy depends on the possible extent and duration of the gene expression without
leading to toxicity [250]. On the other hand, dietary measures and specific medica-
tions have been preferred methods for the treatment of many IEMs. Therefore, we
considered diet and medications as separate categories for IEMs, which are treated
solely by these measures.

4.3.3 Functional network view of the IEM compendium

The combined Reconl_Ac/FAO metabolic network accounted for 3,032 metabo-
lites, 4,095 reactions, and 1919 transcripts, corresponding to 1510 unique genes,
with metabolites and reactions distributed over eight compartments (Figure 4.2C).
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We investigated the 235 mapped IEMs from a functional network topology perspec-
tive. First, we determined the number of reactions associated with each IEM (Figure
4.4A). Interestingly, six IEMs were associated with more than 50 reactions each in
Reconl_Ac/FAOQ, including CPT-1 deficiency and Zellweger syndrome (both hav-
ing 71 reactions associated with their respective defective genes). These IEMs with
high reaction association represent hubs in the metabolic network, which are ex-
pected to have a great impact on the network functionality when perturbed. In fact,
many of these IEMs are known to have a severe phenotype. While 97 (41%) of the
IEMs had only one reaction associated, we were interested in whether there were
any IEMs, which had multiple associated reactions, that shared reactions and exhib-
ited similar or overlapping phenotype. We identified 53 IEM pairs, consisting of 52
unique IEMs, which share at least one metabolic reaction in Reconl1_Ac/FAO. The
reaction overlap, and potential similarities of disease phenotypes, may also ham-
per the diagnosis of these IEMs. At the same time, this network driven view on
IEMs permits us to correlate diseases that may not be associated with each other
otherwise. We were particularly interested in those IEMs that had all reactions in
common since these IEMs and knowledge about their phenotypes and biomarkers
could be used in subsequent studies to assess the model’s predictive capabilities and
may also underline the importance of tissue- and cell-type specific reconstructions
for metabolic modelling.

Furthermore, we identified seven reaction pairs in Reconl_Ac/FAO that shared
all reactions (Table 4.2). Interestingly, these IEM pairs also shared clinical fea-
tures. For example, the Tay-Sachs disease (OMIM: 272800) and the Sandhoff
disease (OMIM: 268800) are caused by a defect in the beta-hexosaminidase (E.C.
3.2.1.52) [304]. The beta-hexosaminidase catalyzes the glycosyl bond hydrolysis,
thus, removing amino sugars from the non-reducing ends of oligosaccharides [305].
Three forms of the enzyme have been described (A, B, and S) with distinct struc-
tures and subunit compositions [306]. The gene HEXA (Gene ID: 3073) encodes the
alpha subunit, whereas the gene HEXB (Gene ID: 3074) encodes the beta subunit of
the enzyme. Though different mutations in these two genes lead to Tay-Sachs dis-
ease and Sandhoff disease, these diseases are clinically indistinguishable (OMIM:
268800) [307]. Nonetheless, a mouse model study has reported differences in phe-
notypes [308]. Another interesting case was the IEM pair of sialidosis (OMIM:
256550) and Morquio syndrome (OMIM: 253000), which are both defects in car-
bohydrate metabolism and exhibit similar neurologic abnormalities [309] (Table
4.2).

The network view of IEM compendium does not only allow us to determine re-
actions that are shared between IEMs but also assists in the systematic identifica-
tion of IEMs, which are connected through common metabolites. This analysis
was triggered by the observation that many IEMs were adjacent on the metabolic
map (Figure 4.5). Metabolic connectivities between IEMs may also highlight co-
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morbidities [310]. When excluding highly connected metabolites, such as adeno-
sine triphosphate, water, and protons, we found that acetyl-CoA in particular acted
as a common link between the metabolic pathways, which is a well-known fact
in biochemistry. Acetyl-CoA is i) used to acetylate various metabolites, including
polyamines, ii) generated as an end-product of leucine and isoleucine catabolism,
iii) a precursor for cholesterol and fatty acid synthesis, and iv) required to form N-
acetyl-glutamate, which is an allosteric activator of carbamoyl-phosphate-synthase-
I (E.C. 6.3.4.16) catalyzing the first reaction of the urea cycle [120]. Under normal
physiological conditions, acetyl-CoA enters the TCA cycle after being produced by
beta fatty acid oxidation. However, under prolonged fasting conditions, acetyl-CoA
enters ketone body synthesis, and they appear in urine [120]. Our network-based
analysis further revealed that acetyl-CoA serves a hub linking different important
IEMs (Figure 4.4B), whereas the metabolic fate of acetyl-CoA varies depending on
pathways and pathophysiological conditions.

Table 4.1: Properties of mapped IEMs explained using classical phenylketonuria
(PKU, OMIM: 261600) as an example

Pathway IEMs were classified Amino acid metabolism
classification | according to their metabolic
pathways.

Affected Mutations in the gene lead Phenylalanine hydroxylase
genes to (i) non-functional (PAH, GenelD: 5053, E.C.
protein, (ii) mutated protein, | 1.14.16.1)

or (iii) no protein synthesis.
All these instances are
giving rise to an IEM.
Affected Genes encode enzymes that | O2+ phenylalanine +
reactions catalyze reactions. IEMs are | tetrahydrobiopterin ->
seen due to enzyme tyrosine+ dihydrobiopterin
deficiencies, transporter, or + H20 (PHETHPTOX2 in
co-factor defects; thereby, Recon 1). Accumulated
reactions are either blocked | phenylalanine produces
or follow abnormal phenylacetate and
pathways. phenyllactate as abnormal
metabolites.
Mode of IEMs are inherited in a Phenylketonuria follows an
inheritance dominant or recessive autosomal recessive pattern
pattern. Majority of the of inheritance.
IEMs are autosomal
recessive.
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Pathway

IEMs were classified

Amino acid metabolism

classification | according to their metabolic
pathways.
Phenotypes A single metabolic defect Three major types:
may present various phenylketonuria (PKU),
phenotypic patterns, which non-PKU
may range from two to hyperphenylalaninemia and
seven different forms (see variant PKU.
text).
Affected The severity of the IEMs is | Brain
organs assessed by their ability to
affect organ systems. While
some of the IEMs may be
un-noticed, many of them
have profound effects on
different organ systems.
Biomarkers Biomarkers enable easy and | In plasma: increased
early diagnosis of IEMs. phenylalanine and
phenylalanine/tyrosine
ratio. In urine: increased
excretion of
2-hydroxyphenylacetic acid,
phenyl lactic acid, and
phenyl pyruvic acid.
Therapies IEMs, when diagnosed at a Phenylalanine is added to
available young age, are often the diet. In fact, most

treatable. Various
therapeutic measures are
available, including dietary
interventions, medications,
gene therapy, enzyme
replacement, and organ
transplantation.

disorders of amino acid
metabolism are controlled
by dietary interventions.
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Figure 4.4: Network properties of the IEM compendium. (A) The graphic shows the num-
ber of reactions affected per IEM (rank ordered). We used the gene-protein-reaction as-
sociations present in Reconl_Ac/FAO to determine the number of reactions catalyzed by
enzymes in Reconl_AC/ FAO that is known to be deficient in IEMs. (B) Many IEMs are
connected in the metabolic reconstruction through shared metabolites. We use the highly
connected, important central metabolite acetyl-CoA to illustrate the metabolic connectivity
of the IEMs (shown adjacent to the respective metabolisms) within the human metabolic
network. Malonyl-CoA, which is formed from acetyl-CoA via the action of acetyl-CoA car-
boxylase (E.C. 6.4.1.2), participates in fatty acid synthesis, and a potent inhibitor of CPT-1
enzyme (E.C. 2.3.1.21). Malonyl-CoA levels are regulated by malonyl-CoA decarboxylase
(E.C. 4.1.1.9). All together, these enzymes maintain fine-tuning between fatty acid break-
down and synthesis.
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Figure 4.5: Visualization of 375 IEMs in our IEM compendium on the human
metabolic map. This metabolic map, obtained from Kegg, 104 gives an overview
of current knowledge about human metabolism based on the human genome and
known biochemistry. We map the genes from Reconl_Ac/FAO (green), the genes
underlying the 235 mapped IEMs (red), and the genes corresponding to the 139
uncharted IEMs (orange). Note that 245 Reconl_Ac/FAO genes and 55 uncharted
IEM genes could not be mapped. The blue circles represent the different amino
acids and acylcarnitines, which are routinely measured in the newborn screening
program. This map represents only a subset of the metabolic pathways captured in
Reconl_Ac/FAO; we could only map 14 acyl-CoAs and 17 amino acids.
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4.3.4 Simulation of phenylketonuria with the metabolic model of
Reconl Ac/FAO

Phenylketonuria (PKU, OMIM: 261600) is caused by mutations in PAH (GenelD:
5053) that may lead to complete or partial loss of the phenylalanine hydroxylase
activity (E.C. 1.14.16.1). The enzyme catalyzes hydroxylation of phenylalanine to
tyrosine (Table 4.1). We chose PKU to demonstrate how a model derived from
Reconl_Ac/FAO can be used to simulate enzymopathies and to predict potential
changes in biofluid concentrations. Therefore, we deleted the model reactions as-
sociated with the PAH gene, as defined through the GPRs, to simulate the conse-
quences of complete loss of enzyme activity. The model was allowed the uptake
and secretion of all metabolites with defined exchange reactions. We then per-
formed flux balance analysis [11], where the exchange reaction for L-tyrosine or
L-phenylalanine was used as an objective function. As expected, L-tyrosine se-
cretion rate was zero in the PKU model, while L-tyrosine secretion was possible
in the model corresponding to the healthy state. This result is consistent as PKU
patients usually have low plasma tyrosine levels (OMIM: 261600), which is most
often seen due to low enzyme activity. In contrast, no change in L-phenylalanine up-
take or secretion was calculated in the PKU model compared to the healthy model.
Thus, the model could not accurately represent the accumulation of phenylalanine
(in form of phenylalanine secretion), which has been observed in plasma, urine, and
cerebrospinal fluid of PKU patients (OMIM: 261600). The accumulation is due
to decreased utilization of phenylalanine by the phenylalanine hydroxylase, while
continuous supply of dietary phenylalanine. As we do not explicitly model the di-
etary intake and human cells cannot synthesize phenylalanine, we did not calculate
increase in net phenylalanine secretion.

4.4 Conclusion

In this study, we generated an extended metabolic reconstruction, Reconl_Ac/FAO,
which accounts for all metabolic and transport reactions necessary to enable the
mapping of biomarkers measured in newborn screening programs [4,255]. Further-
more, we compiled a comprehensive compendium of 235 IEMs that have all causal
genes captured in Reconl_Ac/FAQ, containing also important phenotypic, genetic,
and clinical features for each IEM.

A challenge that we encountered during the reconstruction process was the cor-
rect identification of some acylcarnitines, as MS/MS measurements do not always
provide sufficient chemical details about the unsaturated fatty acids (i.e., positional
isomers). To enable the inclusion of more metabolites and corresponding reactions
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to the reconstruction, more precise measurements are needed.

The IEMs of the compendium were categorized based on different criteria to assess
to which extent they affect whole body and the global metabolism. For instance, the
organ classification will be of additional value when tissue- and cell type specific
reconstructions and models are employed rather than a generic human metabolic
network. A current challenge in computational modelling of metabolism is how one
can generate in a (semi-) automated manner tissue- and cell-type specific reconstruc-
tions based on ‘omics’ data (e.g., transcriptomics) [311]. The organ classification of
IEMs could be used to further refine tissue-specific metabolic reconstruction. More-
over, as the simulation of PKU highlighted, the use of a tissue-specific model rather
than the generic model derived from Reconl_Ac/FAO and more defined boundary
constraints will further increase the predictive potential of the effects of IEMs on
the overall metabolism and metabolite biomarkers.

In addition to the mapped 235 IEMs, we identified 139 ‘uncharted’ IEMs, which
could not be mapped onto Reconl_Ac/FAO due to missing genes. These IEMs
were classified under metabolic and non-metabolic IEMs (e.g., causing a defect in
regulatory or signalling pathways), depending on the chief mechanism involved.
The uncharted metabolic IEMs will be a good starting point for further extension
and refinement of the human metabolic reconstruction. For instance, the mapping of
inherited disorders of lipid metabolism will require further extension of the current
human metabolic reconstruction as only 51 IEMs of the lipid metabolism could be
mapped. Numerous new disorders have been identified [259] and many of them
are fatal, therefore, this class of IEM will be an important future extension of the
human metabolic reconstruction. In contrast, the inclusion of the non-metabolic
IEM will require the expansion of the metabolic reconstruction for further cellular
processes, such as signalling [312—-314], macromolecular synthesis [64,315,316],
and transcriptional regulation [64,317,318].

The presented extension to the current human metabolic reconstruction is not only
important and relevant to map and analyze newborn screening data but also to map
large-scale metabolomic data sets of plasma and urine from defined patient groups.
For instance, serum metabolite concentration data for more than 1000 participants
have been recently published, along with their genetic variants, from the KORA
population [319]. Thanks to our extension, a majority of these metabolite measure-
ments could be mapped and analyzed within the metabolic network context.

Metabolism has been found to be abnormal in many diseases. In this study, we iden-
tified potential IEM hubs in the metabolic network, which are connected by inter-
linking metabolites. The use of comprehensive mathematical metabolic models for
the analysis of IEMs is promising, especially, for those IEMs, which have currently
no diagnosis. Moreover, computational modelling may be particularly valuable for
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those IEMs that are very rare and have currently no promising diagnostic and ther-
apeutic regime.

4.5 Materials and methods

4.5.1 Routinely measured biomarkers in newborn screening data

We used information obtained from the Landspitali (Icelandic National Univer-
sity Hospital) for routinely measured biomarkers, which include 18 standard and
four non-standard amino acids, (i.e., argininosuccinate, methylhistidine, ornithine
and citrulline), 36 acylcarnitines, and 23 ratios (of amino acids and acylcarnitines).
Furthermore, we considered three additional acylcarnitines (C14:1-OH, C16:2-OH,
C14:2-OH) to be mapped onto the human reconstruction. Note that measured methyl-
histidine concentrations cannot be mapped onto the human reconstruction. We re-
trieved the molecular formulae and chemical structure for each metabolite from
literature and/or databases.

4.5.2 Human metabolic reconstruction

The published human metabolic reconstruction, Recon 1 [18], was obtained from
the BiGG database [320] in SBML format [321] and loaded into our reconstruction
tool, rBioNet [36], using the COBRA toolbox [13]. Recon 1 consists of 3743 reac-
tions, 2766 metabolites, and 1905 transcripts (corresponding to 1495 unique genes).
Genes are connected to their respective reactions based on Boolean logic by defining
gene-protein-reaction (GPR) associations for each network reaction. AND signifies
that two gene products are required to carry out one reaction (enzyme complex),
while OR stands for either gene product is sufficient for the reaction (isozyme).

4.5.3 Ac/FAQO reconstruction module

The reconstruction was done using an established protocol [10] and the rBioNet
reconstruction extension [36] for the COBRA toolbox [13]. Beside information
retrieved from more than 150 primary publications and books, we used numerous
databases. Reaction directionality information was obtained from literature and/or
from thermodynamic considerations [322—-324]. We employed the COBRA toolbox
to combine the Ac/FAO module with Recon 1, and named the resulting expanded
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reconstruction Reconl_Ac/FAO.

4.5.4 IEM collection and analysis

Candidate IEMs were mapped onto Reconl_Ac/FAO using GPR associations in
Reconl_Ac/FAO and reported affected gene(s) of an IEM. Phenotypic and clin-
ical information for each IEM was retrieved from primary literature, books, and
databases.

4.5.5 Network based analysis of IEMs

Using the GPR associations defined in Reconl_Ac/FAO, we mapped all 235 IEMs
onto the network. The reconstruction was converted into a mathematical model
using the COBRA toolbox. The resulting stoichiometric matrix, S, has m rows,
one for each metabolite, and n columns, one for each reaction. If a metabolite
i participates in a reaction j, then the cell S(i,j) has a non-zero entry, where the
number corresponds to the stoichiometric coefficient of the corresponding reaction j.
By definition, substrates have a negative coefficient, while products have a positive
coefficient. Similarly, the model of Reconl_Ac/FAO contains a matrix describing
the links between genes and reactions, deemed G. Using G, we mapped the IEMs
from genes to reactions, resulting in a new matrix M, in which each row corresponds
to an IEM and each column corresponds to a reaction. Using a binary version of
M (Mbin), we multiplied Mbin with its transpose. Each diagonal element of this
adjacency matrix of Mbin corresponds to the number of reactions that are connected
with each IEM. The off-diagonal elements corresponding to the number of reactions
shared between two IEMs, which allowed us to identify reaction pairs. Similarly, by
multiplying the Mbin with the transpose of the binary version of S, Sbin, we could
determine metabolites shared between two IEMs. For the visualization of all IEMs,
we employed the pathway viewer from the KEGG database [35].

4.5.6 Simulation of PKU

Reconl_Ac/FAO was converted into a computational model using the COBRA tool-
box [13]. The reaction list of the reconstruction was therefore converted into a so-
called stoichiometric matrix, S, consisting of m rows (one row for each metabolite)
and n columns (one for each reaction in the network). If a metabolite i participates
in a reaction j, then the entry Si,j contains the corresponding non-zero stoichiomet-
ric coefficient, which is a negative number for substrates and a positive number for
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reaction products. Constraint-based modelling assumes that the modelled system is
in a quasi-steady state, i.e., the change of concentration of a metabolite i is zero over
time t:

di/dt = S.v =0,where v is the flux vector containing a flux value vi for each re-
action i. In flux balance analysis, we generally optimize for an objective reac-
tion, thus, identifying one possible flux vector with optimal value in the objec-
tive function that is consistent with the applied constraints [9, 11]. Constraints can
be applied to any reaction i in the model, such that v; i, <v; < V; ay.To simulate
PKU, we set the constraints of the reaction PHETHPTOX?2, catalyzed by PAH, to
VPHETHPTOXZ,min = VPHETHPTOXZ,max =0 mmo]gDW—l hr-1 , while the constraints
through this reaction in the healthy model were unchanged. Additionally, for the
healthy and PKU models, we set the lower bounds (vi,min) of the exchange reac-
tions for water, carbon dioxide, proton, bicarbonate, ammonium, inorganic phos-
phate and sulphate to -100 mmol.gDW-1.hr-1, and the lower bound for oxygen
uptake was set to be -40 mmol.gDW-1.hr-1. The lower bounds of the remaining
exchange reactions were set to be -1 mmol.gDW-1.hr-1. The upper bounds of all
exchange reactions were unconstrained, i.e., V; nex = 1000 mmol.gDW-1.hr-1. In
both models, we selected the exchange reaction for L-tyrosine and L-phenylalanine
separately as objective reactions for maximisation and minimisation. The calcula-
tions were carried out using Matlab (Mathworks, Inc.) as programming environment
and TomLab (TomOpt, Inc) as linear programming solver.
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5 Predicting the impact of diet and
enzymopathies on human small intestinal
epithelial cells

5.1 Abstract

Small intestinal epithelial cells (SIECs) have a significant share in whole body meta-
bolism as they perform enzymatic digestion and absorptions of nutrients. Further-
more, diet plays a key role in number of complex diseases including obesity and
diabetes. The impact of diet and altered genetic backgrounds on human metabolism
may be studied using computational modeling. A metabolic reconstruction of hu-
man SIEC was manually assembled using literature. The resulting sSIEC model
was subjected to two different diets to obtain condition-specific metabolic mod-
els. Fifty defined metabolic tasks evaluated the functionalities of these models,
along with the respective secretion profiles, which distinguished between impacts
of different dietary regimes. Under the average American diet, the sSIEC model re-
sulted in higher secretion flux for metabolites implicated in metabolic syndrome.
In addition, enzymopathies were analyzed in the context of the SIEC metabolism.
Computed results were compared with reported gastrointestinal pathologies and bio-
chemical defects as well as with biomarker pattern used in their diagnosis. Based
on our simulations, we propose that i) SIEC metabolism is perturbed by numerous
enzymopathies, which can be used to study cellular adaptive mechanisms specific
for such disorders, and in identification of novel co-morbidities, ii) porphyrias are
associated with both heme synthesis and degradation, and iii) disturbed intestinal
gamma-aminobutyric acid synthesis may be linked to neurological manifestations
of various enzymopathies. Taken together, the SIEC model represents a comprehen-
sive, biochemically accurate platform for studying the function of sIEC and their
role in whole body metabolism.

5.2 Introduction

The major purpose of the human digestive system is to process food to provide the
body with essential nutrients and energy [83]. After being partially digested at the
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level of mouth and stomach, the food components (i.e., 60-70% of complex carbo-
hydrates, 80-90% of dietary proteins, and approximately 85% fat) reach the duo-
denum, the proximal part of the small intestine, for complete enzymatic digestion
and absorption [336]. The small intestine is unique in its variety of cell types, in-
cluding enterocytes (i.e., columnar small intestinal epithelial cells for digestion and
absorption of nutrients), goblet cells (for mucus secretion), entero-endocrine cells
(for hormone secretion), and paneth cells (i.e., stem cells that differentiate to form
enterocytes). The large surface area, provided by the presence of hundreds of ente-
rocytes, contributes to the maximal absorptive capacity of the small intestine.Small
intestinal enterocytes account for the majority of the enzymatic digestion and nu-
trient absorption [83]. In fact, enterocytes are highly metabolically active cells and
provide approximately 25% of the endogenous glucose and cholesterol [38,39]. As
such, they contribute significantly to the metabolism of the whole body, acting as a
gateway for nutrients. They channel essential nutrients to the liver (upon hormonal
influence) as well as account for first pass drug metabolism [337]. The liver and the
small intestine are anatomically in close proximity, connected through the portal
vein, and they have related physiological and metabolic functions. The small in-
testine provides approximately 75% of blood flow to the liver via the hepatic portal
system [338] and the liver, in turn, supplies biliary constituents through the common
bile duct to the duodenum. The liver synthesizes bile acids from cholesterol, which
are then delivered to the intestinal lumen to aid in the digestion and absorption of
fat with their emulsifying properties. The bile acids are then actively absorbed by
the enterocytes, but half of the bile acids can also diffuse through the lumen into
the enterocytes. Bile acids are then sent back to the liver via the portal circulation,
permitting their extensive recycling through this entero-hepatic circulation before
they are finally excreted in feces [75].

Inborn errors of metabolism (IEMs) are the hereditary metabolic defects that are
encountered in all major metabolic pathways occurring in man [250]. IEMs have
a myriad of pathological effects, affecting multiple organ systems that may lead to
fatal phenotypes. IEMs can arise due to mutations in single genes [339] or mul-
tiple genes [340], which add another level of complexity to their diagnosis. Mass
spectrometric analysis of whole blood samples from infants is the usual diagnostic
method (e.g., looking for concentration changes of specific biomarkers). However,
there exists a series of other tests, including molecular genetic testing for specific
mutations, enzyme assays, and further biochemical tests (e.g., urine tests and blood
tests for blood gases and electrolytes), which together are employed to confirm the
presence of an IEM [341]. There exist multiple classification systems for these dis-
orders depending on the clinical phenotypes, affected organs, mode of inheritance,
occurrence in a specific metabolic pathway, and other factors. While IEMs of the
amino acid metabolism are usually treatable, IEMs involving biosynthesis of com-
plex molecules (e.g., lysosomal storage or peroxisomal biogenesis disorders) have
generally no specific treatment available [250]. Use of special dietary formulations
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and medications usually alleviates clinical symptoms of the aminoacidopathies, and
hence, is widely used as treatment strategy [250].

Genome-scale metabolic network reconstructions capture genomic, physiological,
and biochemical accurate data for target organisms [5]. More than 100 organism
specific metabolic reconstructions have been published, including for human [18]
and mouse [25]. Moreover, cell-type specific reconstructions have been published
for hepatocytes [21], for kidney cells [22], for alveolar macrophages [24], for red
blood cells [23], and for cardiomyocytes [28]. Metabolic reconstructions serve as a
knowledge-base for a target organism and target cell-type and can be converted into
mathematical models [5]. Besides describing the exact stoichiometry for metabolic
reactions occurring in a cell, these reconstructions also contain information about
the enzymes catalyzing the reactions and the corresponding encoding genes through
gene-protein-reaction (GPR) associations. These GPR associations are expressed
using Boolean rules (‘and’ and ‘or’ relationships), where ‘and’ represents the re-
quirement of the gene products for a reaction. Conversely, the ‘or’ relationship
is employed to represent the relationship between genes encoding for isozymes,
which catalyzes the same reaction. These GPRs permit to connect the genotype to
the phenotype and enable prediction of phenotypic changes associated with genetic
alterations, e.g., enzyme deficiencies [19, 25,29, 53] or single nucleotide polymor-
phism [342]. An increasing number of studies have become available highlighting
the value of computational modeling for understanding metabolism in health and
disease. These studies include the analysis of co-morbidity [310], the prediction
off-target drug effects [22], the prediction of specific drug targets [27,343], the as-
sessment of metabolic changes occurring during diabetes and ischemia [344], and
the prediction of the metabolic consequences of genetic and epigenetic properties,
such as dosage effect [345].

The aim of the present study was to model the digestion and absorption of di-
etary components by the small intestine and to analyze changes in the intestinal
metabolism under different genetic backgrounds. We therefore reconstructed a
metabolic network specific for small intestinal epithelial cells and subjected it to
two different diets to obtain condition specific metabolic models. Subsequently,
we analyzed the effect of various IEMs on the models’ metabolic capabilities. For
IEMs that highly affected the enterocyte’s metabolism, we compared the computed
results with known intestinal features, such as phenotypes exhibiting extensive in-
testinal pathology associated with these disorders as well as with biomarker pattern
used in their diagnosis.
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5.3 Results

In this study, we assembled manually a comprehensive, predictive metabolic net-
work for small intestinal enterocytes, which captures known, essential physiology
and biochemistry of this cell type. We then employed the metabolic model to as-
sess the impact of diet on the absorption and secretion capabilities of enterocytes.
Finally, we investigated the consequences of enzymopathies on the enterocyte’s
metabolic functionalities.

5.3.1 Reconstruction of the sIEC specific metabolic network

We reconstructed the first small intestinal epithelial cells (SIECs) specific metabolic
network in a bottom-up fashion through extensive literature review. We identified
metabolic pathways known to occur within these cells, including sSIEC-specific path-
ways, such as citrulline and proline metabolism, the conversion of fructose to glu-
cose, and the re-synthesis of tri-glyceride and cholesterol-ester. We collected infor-
mation on the various transport systems specific for sSIECs (Figure 5.1B), resulting
in the addition of 38% new enzymatic and transport reactions, which were not cap-
tured by a previously published global human metabolic reconstruction [18] (Figure
5.1E). The final human small intestine specific enterocyte metabolic reconstruc-
tion was deemed hs_sIEC611, where ‘hs’ stands for homo sapiens, sIEC for small
intestinal epithelial cell, and 611 for the number of included genes. hs_sIEC611
accounts for 1282 reactions and 433 unique metabolites distributed over five intra-
cellular (cytosol, mitochondria, nucleus, peroxisome, and endoplasmic reticulum)
and two extra-cellular compartments (extracellular space and lumen) (Figure 5.1A).
Information from more than 250 peer reviewed articles and books were reviewed
and provide supporting evidence for the metabolic content of hs_sIEC611.

When comparing the number of reactions associated with the different metabolic
pathways in sIECs (Figure 5.1B), we found that the transport subsystem had the
highest number of reactions associated (538; Figure 5.1D and 5.1E), since a chief
function of the enterocyte is the absorption of dietary nutrients from the lumen (api-
cal uptake). Additionally, enterocytes take up nutrients from the arterial blood (ba-
solateral uptake) depending on their own metabolic need. Numerous metabolites,
including bilirubin, nitric oxide, and cholesterol, are also secreted into the lumen.
Nutrient transporters are normally located either at the luminal or basolateral side,
depending on the nature of the transporter. An exception is the GLUT-2 transporter,
which is usually present at the basolateral side, but which can also migrate onto
the luminal side to aid in glucose absorption under fully fed state [346]. Moreover,
the lipid metabolic pathway accounted for most metabolic reactions (134 reactions),
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followed by nucleotide metabolism (113 reactions), and carbohydrate metabolism
(70 reactions).

To evaluate the predictive potential of a condition-specific model that can be de-
rived from the sIEC-specific reconstruction, we tested for the model’s capability
to produce all defined biomass precursors under rich medium conditions (i.e., all
metabolites, for which exchange reactions were defined, were allowed to be taken
up) as well as under two defined dietary conditions, being an average American
diet and a balanced diet. Moreover, we performed an extensive literature review
to collect metabolic capabilities that can be accomplished by sIECs and formulated
50 different ‘metabolic tasks’, which sIECs, and thus our model, should be able to
fulfill (Table 5.1). We then tested the model’s capability to carry a non-zero flux for
each metabolic task under different simulation conditions using flux balance anal-
ysis [11]. We also defined a sIEC-specific secretion profile based on thorough lit-
erature review. A total of 267 exchange reactions were constrained accordingly for
luminal uptake-secretion and basolateral uptake-secretion pattern. We subsequently
tested the model’s capability to carry flux through the exchange reactions using flux
variability analysis [12] and compared the results with the defined secretion profile.

5.3.2 Effects of different diets on the metabolic tasks of sIECs

We were interested in investigating the consequences of different diets on the sIEC
metabolism. Therefore, we simulated an average American [347] and a balanced
diet [83, 348, 349] and tested the model’s capability to perform the 50 different
metabolic tasks (Table 5.1). When comparing the results for the maximal possible
flux values of the different metabolic tasks, we found increased flux for the synthesis
of important products, such as glucose, ornithine, and citrulline, from glutamine in
the average American diet compared with the balanced diet (Table 5.1). Simultane-
ously, the glutamine oxidation flux to carbon dioxide was higher under the average
American dietary regime, reflecting the higher glutamine availability in this diet.
The conversion of fructose to glucose was not possible in the balanced diet due to the
absence of fructose in this diet [83]. The synthesis flux of 5-methyltetrahydrofolate
(5-methyl-THF) was higher in the balanced diet compared to the average Ameri-
can diet due to the influx of its precursor folate in the simulation of the balanced
diet. 5-methyl-THF is an important one carbon substituted folate and participates in
amino acid and purine metabolism. Further, when compared to a balanced diet, the
average American diet caused a higher flux of luminal inputs, which was particu-
larly the case for fat (i.e., triglycerides and cholesterol) and for carbohydrates. This
increased input flux led to a 45% higher flux through the biomass reaction in the
average American diet. Another noteworthy observation was the failure to synthe-
size alanine from glutamine in absence of glucose, which we observed for both diets
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A: Reconstruction statistics B: Pathway coverage
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ne ETC Oxidative phosphorylation.
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Figure 5.1: Properties of the human metabolic reconstruction for small intestine
epithelial cells. A: Overview of the sIEC reconstruction. *peer-reviewed journal
articles, primary literature and books. B: Metabolic pathways that have been iden-
tified through thorough literature review to be present in SIECs. C: Overview of
the GPR associations in the enterocyte reconstruction. D: Coverage of metabolic
and transport reactions in the enterocyte reconstruction with respect to Recon 1 (ex-
changes, luminal adjustments and novel metabolic and transport reactions existing
in the enterocyte network have not been shown). E: Addition of novel reactions to
the enterocyte reconstruction, di-peptides, and dietary fibers were two subsystems
that were absent in the previous human metabolic reconstruction, Recon 1 [18].
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(when glucose was removed under this particular simulation condition). Literature
review revealed that the major source of pyruvate, which serves as the precursor
for lactate and alanine production, is glucose rather than glutamine in sIECs. This
conversion route has been demonstrated by 13C-nuclear magnetic resonance stud-
ies [38].

To evaluate potential effects of intestinal nutrient absorption on whole body metabol-
ism, we analyzed secretion patterns obtained from the two diets. We performed flux
variability analysis for the models corresponding to the two diets and compared the
computed maximum flux value of each exchange reaction on the basolateral side. A
total of 80 metabolites showed differences in their secretion profiles between the two
diets. For instance, higher flux through the secretion reactions for vitamin E (two
fold), choline (1.4 fold), and retinol (two fold) was observed when the balanced
diet was compared to the average American diet. The balanced diet is designed to
provide essential vitamins (both water and fat soluble ones) and minerals, which
should be principally also provided in an average American diet. However, the
model failed to secrete components, such as biotin, pantothenic acid, and chloride,
since these components were missing in the average American diet chart [347]. In-
terestingly, we observed a twofold elevation in maximal possible flux values for the
secretion of cholesterol esters, and triglycerides when the model was provided with
the average American diet compared to the balanced diet. Additionally, the maxi-
mal possible secretion flux values for cholesterol and glucose were four and three
fold higher, respectively, in the average American diet than in the balanced diet.
When we compared the essential fatty acids secretion pattern, linoleic acid (C18:2)
secretion was twofold higher in the average American diet, whereas linolenic acid
(C18:3) secretion was twofold higher in the balanced diet.

Table 5.1: Effect of diet on the metabolic tasks defined for sIECs. DI = Average
American diet. D2 = Balanced diet. V' - represents corresponding task was per-
formed and the flux value obtained for both the diets were similar, T represents
higher flux values obtained in American diet when compared to balanced diet, and
X represents task could not be performed by either diet

Metabolic task Physiological function DI vs
D2

Secretion of lactate from glucose | Glucose utilization for energy T
uptake production.

Glutamine to glucose conversion | Endogenous glucose production. | 1
Glutamine to proline conversion | Delivery to the liver. T
Glutamine to ornithine For spermine synthesis. T
conversion
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Metabolic task

Physiological function

D1 vs

Glutamine to citrulline
conversion

For arginine synthesis.
Biomarker of active enterocyte
mass [350]. This metabolic task
is exclusive to enterocytes [351]

Glutamine to lactate conversion

Utilization of glutamine, sparing
glucose.

Glutamine to aspartate
conversion

For nucleotide synthesis.

N N

Glutamine to carbon dioxide
conversion

Utilization of glutamine, sparing
glucose.

Glutamine to ammonia
conversion

Glutaminase activity to generate
glutamate.

\—)

Putrescine to methionine
conversion

Regeneration of methionine.

Basolateral secretion of alanine

Delivery to the liver.

Basolateral secretion of lactate

Delivery to the liver.

Synthesis of arginine

Semi-essential amino acid.

Synthesis of proline

To be sent to liver. The
pyroline-5-carboxylate synthase
is specific to the small

intestine [352].

]

Synthesis of alanine from
glutamine

To be sent to the liver.

X

Basolateral secretion of proline

To be sent to the liver.

Basolateral secretion of arginine

To be sent to the liver.

Basolateral secretion of ornithine

To be sent to the liver.

Synthesis of spermine

Protective effect in small
intestine.

Synthesis of spermidine

To be sent to the liver.

Synthesis of nitric oxide

Aids in GI motility.

Synthesis of cholesterol

Membrane constituent.

De novo purine synthesis

Energy intermediate.

Salvage of purine bases

Energy intermediate.

Purine catabolism

Energy intermediate.

Pyrimidine synthesis

Maintenance of purine level and
important by-product release.

Pyrimidine degradation (uracil)

Maintenance of purine and
pyrimidine levels and important
by-product release.

—| === === ==

Fructose to glucose conversion

Fructose utilization.
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Metabolic task

Physiological function

D1 vs

Uptake and secretion of cholic
acid

Enterohepatic circulation.

Uptake and secretion of
glyco-cholic acid

Enterohepatic circulation.

Uptake and secretion of
tauro-cholic acid

Enterohepatic circulation.

Hexose mono-phosphate shunt
pathway

Generation of reducing
equivalents and precursor for
nucleotide synthesis.

= = = =

Malate to pyruvate conversion

Maintenance of cytosolic
pyruvate pool

Synthesis of urea

Elimination of ammonia.

Cysteine to pyruvate conversion

Maintenance of cytosolic
pyruvate pool.

Methionine to cysteine
conversion

Synthesis of cysteine.

Synthesis of triacylglycerol

To be transported in
chylomicrons for body needs.

Phosphatidylcholine synthesis in
mitochondria

Membrane constituent.

= = =] == =

Binding of bile acids to dietary
fibers

Cholesterol lowering effect of
dietary fibers.

N

Synthesis of FMN Conversion of riboflavin to active | 1
form.

Synthesis of FAD Fatty acid oxidation. T

Synthesis of Generated from folic acid, an i\

5-methyl-tetrahydrofolate

important co-factor in one
carbon metabolism.

Putrescine to GABA conversion

Exerts protective effect in small
intestine.

Superoxide dismutase activity

Free radical scavenger.

Carbonic anhydrase activity

For availability of bicarbonate.

TCA cycle flux

Energy generation, anaplerosis,
and amphibolic role.

Histidine to form-imino-glutamic
acid conversion

One-carbon metabolism.

Heme synthesis

Prosthetic part of hemoglobin.

Heme degradation

For availability of iron.

Cell maintenance

Cell viability.

=== 2| ]
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5.3.3 Impact of enzymopathies on the enterocyte metabolism

To study the difference in the SIEC metabolism during healthy and diseased states,
we analyzed the effect of IEMs on the enterocyte metabolism in the context of the
average American diet. hs_sIEC611 captured 109 IEMs out of the 235 IEMs that
we have recently mapped onto the global human metabolic reconstruction [29]. Of
these, we considered for further analysis 103 IEMs, which are caused by mutations
in a single gene, meaning that they had one gene-one reaction (66 IEMs) or one
gene-many reaction (37 IEMs) associations. Additionally, we also analyzed the in
silico effect of cystinuria (OMIM: 220100), which is caused by mutation in either
solute carrier family 3 (SLC3A 1, GenelD: 6519) or solute carrier family 7 (SLC7A9,
GenelD: 11136). Cystinuria was included in the analysis as the intestinal dibasic
amino acid transport system is defective in these patients [353], and thus evidence
of the expression of both genes in human sIECs exists. For each IEM, we deleted
the corresponding metabolic reaction(s) and computed the maximal possible flux
value for each metabolic task. We found that 76% (79/104) IEMs affected at least
one of the defined metabolic tasks in hs_sIEC611, when simulated on an average
American diet (Figure 5.3). Thirty-six of these IEMs (45%) resulted in intestinal
pathology or biochemical defect and correspond to reported true positive cases (Ta-
ble 5.2). When compared to the reported biomarker patterns used for diagnosis
of the simulated IEMs, the model failed to predict the elevated biomarker patterns
for ten IEMs, including hyperprolinemia and glycogen storage disease XI. We also
investigated the basolateral secretion profiles in the different IEM conditions (Fig-
ure 5.4). The model corresponding to carbamoyl phosphate synthetase I deficiency
(OMIM: 237300) showed a reduced secretion of citrulline, which is consistent with
the known reduced citrulline level in these patients. The methylmalonic acidemia
model predicted reduced secretion flux for cysteine, which is in agreement with re-
duced cysteine levels seen in methylmalonic acidemia patients [354]. Analysis of
the model’s metabolic capability revealed that this reduced cysteine secretion flux
is due to the model’s inability to convert methionine to cysteine. The computational
analysis thus provides a mechanistic explanation for the observed biomarker, which
represents a novel testable hypothesis.

We then categorized the IEMs according to the metabolic pathways they occurred
in. The highest number of IEMs was associated with carbohydrate metabolism dis-
orders (23 IEMs), followed by amino acid metabolism disorders (19 IEMs), lipid
metabolism disorders (18 IEMs), nucleotide metabolism disorders (nine IEMs),
heme biosynthesis defects (eight IEMs), and two further IEMs (see also Figure 5.2).
We then analyzed the computed effects of the IEMs on the defined metabolic tasks,
which were either flux reduction (drop) or abolishment (block) (Figure 5.3). A total
of eight IEMs affected only one metabolic task. The hexose monophosphate shunt
(HMP) metabolic task had the highest reduction in flux value in 27 IEMs (Figure
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5.3). Twelve IEMs caused reduction and five IEMs caused block in the cell main-
tenance/biomass function. Out of these 17 IEMs that affected the cell maintenance
function, eight were found to be associated with intestinal pathology or intestinal
biochemical defect (Table 5.2). Interestingly, reduction in the flux through the TCA
cycle, synthesis of gamma-amino-butyric acid, and gluconeogenesis from glutamine
were the other common effects observed in the simulation results for the IEMs af-
fecting the cell maintenance task. Moreover, we predicted various IEMs to affect
the transport function of the sIECs by causing reduction in alanine (10 IEMs), lac-
tate (7 IEMs), proline (20 IEMs), arginine and ornithine secretion (6 IEMs each),
or a block in arginine secretion (7 IEMs). The metabolic task for synthesis of phos-
phatidylcholine was affected by six IEMs, with all of them causing blocked flux
(Figure 5.3). Interestingly, three of these IEMs have been associated with small
intestinal pathology (Table 5.2) but no changes in phosphatidylcholine level have
been reported.

Our model also predicted disabled heme synthesis in eight different porphyrias (Fig-
ure 5.3), which corresponds to the metabolic task to be eliminated by the highest
number of IEMs. hs_sIEC611 also predicted a block in heme degradation in por-
phyrias, since; there is no dietary supply of heme in form of heme-proteins in the
simulated average American and balanced diets. Additionally, we also observed a
block in secretion of carbon monoxide and a reduction in urea synthesis and in urea
secretion in the porphyria simulations (Figure 5.4).

When simulating the average American diet, glucose-galactose malabsorption (OMI-
M: 606824) affected in silico the highest number of metabolic tasks (i.e., 22 out of
50) (Figure 5.3), including reduced fluxes through gluconeogenesis from glutamine
and the synthesis of gamma-aminobutyric-acid, i.e., GABA from putrescine. The
GABA synthesis in particular was affected in 23 IEMs (Figure 5.3), with 17 of
them exhibiting variable extents of neurological symptoms. Two IEMs, gyrate atro-
phy of the choroid and retina (OMIM: 258870) and ornithine translocase deficiency
(OMIM: 238970), showed the highest reduction in flux value through synthetic re-
action for GABA (17% of the flux value of the healthy model).

Under an average American diet, the model for type I citrullinemia (OMIM: 215700),
which is defective in ASS7 (GenelD: 445, E.C.6.3.4.5), led to increased flux through
the citrulline basolateral secretion reaction and a single fumarate producing reaction
(‘ADSL1’) and decreased flux through the fumarase (‘FUM’). These predictions
were consistent with the reported build-up of citrulline in patients [355]. More-
over, the model predicted increased flux through the luminal uptake reactions of two
amino acid transporters, ASCT2 (SLCIAS5, GenelD: 6510) and B(0)AT1 (SLC6A19,
GenelD: 340024), and through the alanine transaminase (E.C.2.6.1.2.). The latter
converts alanine to pyruvate, which subsequently enters gluconeogenesis providing
endogenous glucose. Furthermore, the type I citrullinemia model was able to uti-
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lize partially the urea cycle by synthesizing ornithine, which was then converted
either to glutamate by the ornithine transaminase (E.C.2.6.1.13) or to citrulline by
the ornithine carbamoyltransferase (E.C. 2.1.3.3).

Smith-Lemli-Opitz syndrome (OMIM: 270400) is a cholesterol synthesis disorder
caused by a mutation in DHCR7 (GenelD: 1717, E.C.1.3.1.21). Under the av-
erage American diet, this enzymopathy led to increased flux through ‘nadp’ and
‘nad’ utilizing reactions (i.e., ‘G6PDH2c’, ‘GNDc’, ‘AKGDm’, ‘SUCDI1m’, and
‘ICDHxm’) and decreased flux through the basolateral cholesterol secretion reac-
tion (‘EX_chsterol(e)’) in the corresponding model. Additionally, we predicted in-
creased fluxes through the reaction of electron transport chain, gluconeogenesis, and
purine salvage pathway reactions. These predicted changes were consistent with the
reported low cholesterol level in patients [356].

Does the effect of IEMs on the metabolic capabilities of sIECs depend on diet?
To address this question, we repeated the computations while simulating the bal-
anced diet. We overall found the metabolic capabilities similar in enzyme-deficient
sIECS under the balanced diet. Fifity-four of the IEMs resulted in altered fluxes for
various metabolic tasks. For instance, while the biomass reaction was blocked in
the cystinuria model under the average American diet, the flux value was identical
to the healthy model under the balanced diet. In contrast, modeling the ribose 5-
phosphate isomerase deficiency resulted in a block of the flux through the biomass
reaction under balanced diet only. Moreover, IEMs of the amino acid metabolism
(i.e., propionic acidemia, methyl malonic academia (MMA), cystathioninuria, and
MMA type 3) and of the lipid metabolism (i.e., CACT deficiency and CPT-1 de-
ficiency) showed the same flux value through the biomass reaction under balanced
diet as the healthy model but had a lower flux value under the average American diet.
The computed block or reduction in biomass reaction flux in these IEMs was due to
limited uptake of methionine and proline in the case of cystinuria, and of alanine,
asparagine, leucine, and phosphatidyl-ethanolamine for the IEMs of amino acid and
lipid metabolism. The uptake limitation was a result of missing chloride ions in
the in silico average American diet, as they were not listed in the corresponding
diet chart [347]. Consequently, one of the intestinal amino acid transporter (ATBO,
SLC6A 14, GenelD: 11254), which has broad substrate specificity for both neutral
and cationic amino acids [357] and requires the presence of sodium and chloride
for its activity, could not be used in this diet. In contrast, the limiting component
in the simulated balanced diet was ribose. Additionally, blocked flux through HMP,
reduced fluxes through reactions involved in pyrimidine synthesis, in the conversion
of glutamine to carbon dioxide, and in the purine catabolism pathway contributed
to a block in the biomass reaction for cystinuria.
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Figure 5.2: Overview of enterocyte metabolism and its associated IEMs (in red).
Only pathways that are associated with IEMs are shown. A: Major pathways
operating under carbohydrate metabolism. B: Amino acid metabolism. C: Lipid
metabolism. The metabolic pathways appear in green and the metabolites in blue.
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IEMs affecting hs_sIEC611 (average American diet)
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Figure 5.3: Metabolic tasks affected by the different IEMs, under average American
diet. Black bars where the metabolic task could not carry any non-zero flux (flux
block). Orange bars represent reduced flux through the metabolic task. White bars
represent no change.
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Secretion profile of metabolites (basolateral secretion)
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Figure 5.4: Basolateral secretion profile obtained for different IEMs. Only highly
affected secretion reactions are reported. Black bars where the secretion reaction
could not carry any flux (flux block). Pink bars represent reduced flux through the
secretion reaction. White bars represent no change.
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5.4 Discussion

In this study, we presented a comprehensive, predictive metabolic network for small
intestinal enterocytes, which captures comprehensively its physiology and biochem-
istry. The key results include: 1) the average American diet resulted in higher secre-
tion flux for metabolites involved in metabolic syndrome, ii) enterocyte metabolism
was perturbed by a large number of IEMs, iii) porphyrias may not only perturb heme
synthesis but also its degradation, iv) a disturbed intestinal GABA synthesis may be
linked to the neurological dysfunction observed in ornithine translocase deficient
and gyrate atrophy patients, acting through the gut-brain axis, and v) identification
of known and novel co-morbidities.

An objective of this work was to access the role of diet under physiological and
pathological conditions. We chose to compare an average American diet with a
balanced diet. The balanced diet modeled in this study represents to an ideal diet
composition [83], which may not be achieved by most of us on a daily basis. When
we applied these dietary patterns, we observed similar overall metabolic perfor-
mance of the SIECs under both diets, but we also observed flux changes of metabolic
tasks for metabolites that have been shown to have implications in metabolic syn-
drome [358, 359]. For instance, the average American diet led to significant in-
crease of the fructose and glucose secretion flux into the extra-cellular compartment.
The high consumption of fructose from added sugars has been linked to hyperten-
sion [360] and its increased levels in serum and urine has also been also found in
patients with diabetes type 2 [361]. Additionally, it has been suggested that high
glucose intake, mainly from sweetened beverages, could lead to weight gain [359].
The absorption pathway of dietary lipid components is distinct from water-soluble
nutrients as they are secreted into the lymph from the enterocytes. Once absorbed
into the lymphatics, which drain into the left subclavian vein, dietary lipids reach
finally the bloodstream [137]. In the model, the computed higher secretion fluxes
for cholesterol, cholesterol ester, and triglycerides corresponded to the increased
availability of dietary lipids in the average American diet compared to the balanced
diet. It has been recommended to reduce the level of lipid in the average Ameri-
can diet [362] due to its close association to diseases, such as obesity and type-2
diabetes [363].

The epithelial cell surface of the small intestine consists of enterocytes and immune
systems cells, which are covered by a mucus layer, and represent a protective bar-
rier between the gut microbiota and the host. Numerous diseases exhibit GI signs,
even though the small intestine may not be recognized as the primary site of disease.
We investigated the potential consequences of IEMs on the SIEC metabolism and
correlated them with known clinical features (Table 5.2). Surprisingly, one-third
of the IEMs that are currently captured by the global human metabolic reconstruc-
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tion [29] mapped onto hs_sIEC611. Even more astonishingly, almost two thirds of
the simulated IEMs perturbed significantly the enterocyte metabolism by deranging
the function of at least one of the 50 metabolic tasks (Figure 5.3). Almost half of the
perturbing IEMs are known to result in intestinal pathology and thus, correspond to
true positive predictions (Table 5.2), underlining again the value of computational
modeling for elucidating genotype-phenotype relationships. The model’s failure
to correctly predict some known elevated reported biomarkers, e.g., citrulline and
glycogen highlights that enterocyte metabolism is not the only cause for biomark-
ers but that other tissues, such as liver and muscle, also contribute significantly to
plasma biomarkers. Our simulations represent isolated small intestinal enterocytes,
but more accurate IEM modeling will require a comprehensive, multi-tissue model.
Additionally, our study presents a qualitative but not a quantitative comparison be-
tween the changes in flux values for the basolateral secretion reactions and reported
biomarker pattern. The presented work is a good starting point to investigate quan-
titative predictions for the flux ranges, once sufficient kinetic parameters for the
reactions are known.

Heme is essential for life and is often referred to as ‘pigment of life’ [364]. It is syn-
thesized from succinyl-CoA and glycine. Enzyme deficiencies in any of the steps
along the biosynthetic pathway cause different forms of porphyrias [364]. Consis-
tently, the metabolic task ‘heme synthesis’ was blocked in the porphyria models
(Figure 5.3). Usually porphyrias show an accumulation of porphyrins, excreted in
urine and feces, which is used for biochemical diagnosis [250]. Possible gastro-
intestinal (GI) signs include ileal infarction in acute intermittent porphyria and vil-
lous atrophy in variegate porphyria [365,366]. These clinical signs may be attributed
to the lack of heme in the diet, which can lead to non-optimal bilirubin concen-
trations within the enterocyte. Since neither of the analyzed diets contained heme
supplementation, the porphyrias also resulted in a block in the metabolic task ‘heme
degradation’, which produces bilirubin. This compound has potential anti-oxidant
activity, comparable to that of beta-carotene and tocopherol, under low oxygen con-
dition [367] and, at very low concentrations, bilirubin tends to exert protective ef-
fects in the small intestine [368]. The porphyria models were not able to secrete
carbon monoxide (Figure 5.4), which has various roles in the GI tract, including reg-
ulation of gastro-intestinal motility, activation of guanylate cyclase (suggested role
in inflammation), function as a neurotransmitter, contribution to membrane poten-
tial gradient, and exerting protective role during gastro-intestinal injury [369, 370].
Particularly, this latter role suggests this compound may contribute to the GI in-
flammation observed in chronic inflammatory bowel disease (IBD). Interestingly,
IBD patients are prone to develop acute intermittent porphyria, i.e., AIP [371]. The
clinical manifestations of AIP patients also include neurological dysfunction [353].
The predicted reduced urea secretion flux (Figure 5.4) in the porphyria models was
due to a reduced urea cycle, indicating ammonia toxicity. For instance, clinical
features of hereditary coproporphyria and variegate porphyria include neurological

113



dysfunction [353]. The computed altered urea secretion flux for porphyrias could
thus indicate that ammonia toxicity may also affect the brain of patients with types
of other porphyrias. These computational results provide a possible mechanistic
explanation of the extensive clinical manifestations observed in porphyria patients.

Gyrate atrophy (OMIM: 258870) and ornithine translocase deficiency (OMIM: -
238970) are caused by mutations in ornithine aminotransferase (OAT, GenelD: 4942,
E.C. 2.6.1.13) and mitochondrial ornithine transporter (SLC25A15, GenelD: 10166),
respectively. While gyrate atrophy patients usually have vision loss (OMIM: -
258870), ornithine translocase deficiency is associated with neurocognitive deficits,
liver dysfunctions, and lethargy [69]. Interestingly, both disorders exhibit vari-
able degree of neurological manifestations. Gyrate atrophy patients have degen-
erative changes in the white matter and brain atrophy [372], whereas ornithine
translocase deficiency patients usually show developmental delay, ataxia, spastic-
ity, and learning disabilities [69]. Although a disturbed creatine and phospho-
creatine metabolism in gyrate atrophy and intermittent hyper-ammonimia in or-
nithine translocase deficiency have been suggested to be partly responsible for the
neurological symptoms, further clarification is needed [69,372]. This is particularly
true for the class of patients of ornithine translocase deficiency, who have deficien-
cies in executive function but never show symptoms of hyper-ammonimia [373].
Interestingly, these two IEMs showed the highest reduction in flux through the syn-
thesis of GABA, an inhibitory neurotransmitter [374]. It has been proposed that
the gut and the brain interact via the enteric nervous system through exchange of
signaling molecules, which include cytokines and certain metabolites [375]. This
brain-gut axis is bidirectional and may have implications in various diseases [376].
Recently, modulation of the GABA receptors by the probiotics was shown to inter-
act via the brain-gut axis [377]. To our knowledge, there have not been any studies
analyzing these IEMs from the aspects of brain-gut axis interactions. Based on
our computational results, one may speculate that neurological dysfunctions in gy-
rate atrophy and ornithine translocase deficient patients may be caused by reduced
GABA synthesis in the small intestine.

Metabolic networks have been used previously to study co-morbidity, i.e., the co-
occurrence of diseases [310]. Our simulations revealed a flux block in the con-
version of methionine to cysteine for methylmalonicacidemias (MMA), propionic
academia, and cystathionuria (Figure 5.3). This incapability agrees with reports
of low cysteine levels observed in these IEMs [354, 378, 379], which differ from
one another with respect to the deficient enzyme involved (Table 5.2). Interest-
ingly, co-existence of methylmalonic acidemias and cystathionuria in patients has
been reported in literature [353]. Additionally, MMA and propionic academia share
common clinical features with respect to movement disorders, gastroenteritis, and
neurologic abnormalities (particularly vulnerable basal ganglia) [303]. Our in silico
analysis also predicted a failure to synthesize phosphatidylcholine from phosphatidyl-
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ethanolamine in the latter two IEMs. This inability may also contribute to their
similar clinical features, since phosphatidylcholine is an important membrane con-
stituent and has been shown to exert anti-inflammatory roles, most highly beneficial
in ulcerative colitis [380]. Additionally, phosphatidylcholine acts in the mucus as a
barrier against many inflammatory conditions [381]. This example highlights again
the promise of the computational systems biology approach to identify and investi-
gate co-morbidities.

Enzyme-deficient cells can bypass the missing functionality by employing alternate
metabolic pathways [382]. The sIEC model may be used to investigate potential
effect of such alternate pathways and may explain the variability of clinical pheno-
types within the same IEM. For instance, broad phenotypic variability is particularly
evident for type I citrullinemia presenting the classic neonatal form, which causes
severe neurological deficit or death without early treatment, the mild adult-onset
form, which may not exhibit any symptoms, and a form usually seen in women dur-
ing pregnancy or post partum [355]. The predicted flux changes through citrulline
utilizing, fumarate producing and amino acids related reactions suggest that sSIECs
could switch to alternative pathways for production of energy precursors and to in-
creased amino acid metabolism in order to maintain the biomass flux and energy
state. Any mutation along these pathways could alter the observed phenotype and
may contribute to the broad clinical features observed in type I citrullinemia pa-
tients. Another example is Smith-Lemli-Opitz syndrome (SLOS), which also has
a broad clinical spectrum. While the severe end of the spectrum presents with life
threatening conditions (growth retardation, intellectual disability and multiple major
and minor malformations), the milder forms have only minor physical abnormali-
ties [356]. The SLOS model utilized at a higher rate the nadh generating reactions of
TCA cycle and reactions of electron transport chain to meet the energy demands of
the cell. Additionally, reactions of the HMP were utilized to generate nadp, which
was channeled into proline synthesis, and 5-phospho-alpha-D-ribose 1-diphosphate,
which was used for purine salvage pathway. Interestingly, key gluconeogenic reac-
tions (i.e., ‘PCm’, ‘FBP’, and ‘G6PPer’) also had a higher flux in the SLOS model,
indicating that when faced with enzyme deficiencies, sIECs could switch their de-
pendency from amino acids to carbohydrate sources. These examples demonstrate
how computational modeling of IEMs could provide biochemical explanations for
adaptive mutations in alternative pathways and for phenotypic variability within the
same IEM groups.

In conclusion, we want to emphasize that small intestinal enterocytes play a key
role in whole body metabolism due to their involvement in enzymatic digestion
and absorptions of nutrients as well as inter-organ metabolism. Investigating whole
body metabolism in silico will require a comprehensive organ- and tissue resolved
metabolic model, which also includes small intestinal enterocyte and hepatocyte
metabolism. Such model could be employed to predict metabolic changes upon al-
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teration of nutrition, genetic variations, and their impact onto human health. Since
metabolic models connect genes with metabolic function, they are promising plat-
forms for personalized systems biomedicine.

5.5 Materials and methods

5.5.1 Flux balance analysis (FBA) and flux variability analysis

The constraint based modeling approach assumes a steady state for the biochemical
transformations to occur [11]. Under this condition, the sum of input fluxes equals
the sum of output fluxes since the change of metabolite concentration dx over time
(dr) is zero. The steady state equation can be written as S.v = 0, where S represents
the stoichiometric matrix of size mxn (with ‘m’ being the number of metabolites
and ‘n’ being the number of reactions in the network). v is a flux vector of size nx1
containing a flux value v; for each reactions i in the network. FBA aims to maxi-
mize a given objective function under a particular simulation condition as defined
by the constraints, which are applied to the model. In this study, metabolic tasks
were defined (see below) and employed individually as objective functions under
different simulation conditions (e.g., dietary intake or IEM conditions). In flux vari-
ability analysis (FVA), the minimum and maximal flux values is computed for each
reaction in the model, by choosing each reaction individually as objective function
and performing FBA for that reaction [12,383].

5.5.2 Reconstructing a slEC-specific metabolic network

A thorough literature search was performed to obtain an in-depth knowledge of all
the major metabolic pathways known to occur in an epithelial cell of the small in-
testine. We then retrieved the corresponding reactions and genes from the human
metabolic reconstruction [ 18], which is accessible through the BiGG database [320],
to compile a draft reconstruction. Missing transport and metabolic reactions for
peptides and for dietary fibers were added to the initial draft reconstruction upon
detailed manual gap analysis and further review of the corresponding literature.
Genome annotations from the EntrezGene database [37] as well as protein informa-
tion from the UniProt [384] and BRENDA database [34] were used in addition to
the information retrieved from the scientific literature to assign GPR associations to
the reactions not present in Recon 1. For the reactions that were extracted from the
Recon 1, GPR associations were kept as reported in Recon 1, since no comprehen-
sive transcriptomic data are available for sIECs. The sIEC metabolic reconstruction
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was assembled and converted to a mathematical model using rBioNet as reconstruc-
tion environment [36] and an established protocol [10]. We used the global human
metabolic network, Recon 1 [18], as reaction database, but adjusted sub-cellular
and extra-cellular location, reaction stoichiometry, and directionality according to
literature evidence. Only those reactions and pathways with literature evidence
for their occurrence in human small intestinal enterocytes were incorporated into
hs_sIEC611 from the global human metabolic reconstruction Recon 1, which cap-
tures metabolic capabilities known to occur in any human cell. Moreover, we added
262 transport and 50 metabolic reactions, which were not present in Recon 1, but
for which supporting information for their presence in sIECs could be found in the
scientific literature (Figure 5.1E). These reactions included many transport systems
specific for enterocytes and metabolic pathways for sulfo-cysteine metabolism, di-
etary fiber metabolism, di- and tri-peptide degradation, and cholesterol-ester synthe-
sis (Figure 5.1E). In addition to these reactions, 73 reactions were added from our re-
cently published acylcarnitine/fatty acid oxidation module for the human metabolic
reconstruction [29]. We added further 95 reactions, which were present in Recon 1,
but for which the compartment was adjusted by placing them into the lumen com-
partment. The stoichiometry of the reactions catalyzed by the glucose 6-phosphate
dehydrogenase (E.C. 1.1.1.49), the 6-phosphogluconolactonase (E.C. 3.1.1.31), and
the phosphogluconate dehydrogenase (E.C. 1.1.1.44) was changed to three, since,
they were required to generate three molecules each of 6-phospho-D-glucono-1,5-
lactone, 6-Phospho-D-gluconate and ribulose-5-phosphate simultaneously [120].
The directionality of ATP requiring fatty acid activation reactions catalyzed by the
fatty acyl-CoA ligase (E.C. 6.2.1.3) was changed in agreement with a recent re-
port [120]. Also, the cofactor requirement and sub-cellular localization of reactions
included in the cholesterol synthesis pathway that are catalyzed by the desmosterol
reductase (E.C. 1.3.1.72) and HMG-CoA reductase (E.C. 2.3.3.10) reactions, were
updated in accordance with the current literature evidence [120].

Cellular compartments

The sIEC reconstruction accounts for the following cellular compartments: cyto-
plasm, mitochondrion, endoplasmic reticulum, peroxisome, and nucleus. Due to its
specific anatomy of being a columnar cell, the SIEC possesses an apex and a base
(see also Figure 5.2). Both of these structural entities are specific with respect to
their substrate uptake and product secretion and exhibit very distinct transporters.
Therefore, an additional extra-cellular compartment (‘u’, lumen) was added to the
sIEC reconstruction, which represents the gut lumen. Moreover, metabolites are
released from the sIEC into either portal venous blood (non-fat nutrients) or lymph
(fat nutrients). sIECs take up nutrients from the arterial supply (i.e., superior and
inferior pancreatico-duodenal and superior mesenteric arteries) [385]. These three

117



biofluids are treated as one extra-cellular compartment (‘e’) in our metabolic recon-
struction. Metabolic and transport reactions occurring at the lumen and at the basal
side were added based on available literature enabling the assignment of the trans-
porter location, and thus, the luminal uptake and basal release of specific metabo-
lites.

Formulation of biomass reaction

Metabolic reconstructions generally account for a biomass reaction, which cap-
tures all known precursors required for physiological and functional maintenance
of the cell [10]. We adopted the biomass reaction from Recon 1 [18] while mak-
ing sIEC-specific modifications. For instance, phosphatidylinositol, phosphatidyl-
glycerol, cardiolipin, phosphatidylserine, and sphingomyelin were removed because
the exact metabolic pathways involved in the synthesis and degradation of these
molecules within the enterocytes are not known. However, the synthesis of phos-
phatidylethanolamine from phosphatidylserine in rat small intestine has been sug-
gested [386]. Deoxy-nucleotides have been also removed from the Recon 1 biomass
reactions as sIECs cannot replicate [387]. The sIEC biomass reaction thus com-
prises 20 amino acids, four nucleotides, cholesterol, phosphatidylcholine, phospha-
tidylethanolamine, folic acid, and water. In order to account for the energy required
for the cell maintenance, ATP hydrolysis was also included in the biomass reaction.

GPR associations in the enterocyte reconstruction

The present metabolic reconstruction for human sIECs was assembled in a bottom-
up manner based on available literature data. A recent study has reported the pro-
teomic composition of lipid droplets of large intestinal enterocytes, but it focused
mainly on proteins participating in non-metabolic reactions [388]. Since no com-
prehensive transcriptomic and proteomic data set is currently available for human
sIECs, GPR associations for all those reactions derived from the generic human
metabolic network reactions in hs_sIEC611 were kept as reported in Recon 1. For
the reactions that were derived from the IEM module, the GPR associations were
retained as described in the module. For the newly added metabolic and transport re-
actions, the literature was thoroughly reviewed to derive the respective GPR associ-
ations. Subsequently, the number of included metabolic genes (611) may be higher
than the actual number of metabolic genes expressed in SIECs. However, only 201
reactions are associated with isozymes, while additional 48 reactions are associated
with protein complexes as well as isozymes (Figure 5.1C). Thus, 19% (249/1282) of
the reactions of hs_sIEC611 may be affected by the current lack of comprehensive
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omics data for human sIECs, which corresponds to 396 unique genes. Further 19%
(245/1282) of the reactions have no gene associated, which includes 61 diffusion
and 16 spontaneous and non-enzymatic reactions. The remaining 168 reactions are
orphan reactions.

5.5.3 Debugging of the sIEC model

Dead-end metabolites can only be produced or consumed within a metabolic re-
construction. A key step of the reconstruction process is to evaluate and elimi-
nate these dead-end metabolites depending on available experimental support in
the literature [10]. Dead-end metabolites were identified using the COBRA tool-
box [13]. Blocked reactions, which cannot carry any flux value under the given
simulation constraints, were identified using FVA [12]. Dead-end metabolites and
blocked reactions were evaluated manually and supporting evidence from the liter-
ature was assembled to connect them to the remainder of the network. Furthermore,
we tested for the model’s ability to produce each biomass component, as described
elsewhere [10].

5.5.4 Secretion profile of the enterocyte model

Based on data derived from literature we constrained 267 exchange reactions for
luminal uptake-secretion and basolateral uptake-secretion. Dietary fibers, triglyc-
erides, and other partially digested products cannot enter enterocytes and remain in
the lumen, unless they are broken down into simpler units. For example, polysac-
charides and disaccharides are hydrolyzed into monomeric forms prior to absorp-
tion. The bounds on the corresponding exchange reactions were kept unchanged.

5.5.5 Collection of dietary composition

Diet information was collected from the United States Department of Agriculture,
Agricultural research service [347]. All nutrients were converted to a common unit
of grams per day. An average American diet, for both males and females (2 years
and older), was collected [347]. A balanced diet representing the recommended di-
etary reference intakes (DRI) of micronutrients as well as macronutrients [83,348]
was also assembled. The DRI reflects the minimum requirements advised to be
taken daily to maintain a healthy lifestyle. Values were taken for males between
30-50 years of age. The total fat and cholesterol intake for balanced diet was also
represented [349,389]. We did not represent the energy value in food (i.e., caloric
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load) due to disparity between various sources and also due to lack of specific infor-
mation. The uptake values of the various dietary nutrients in both diets were set as
lower bounds on the corresponding luminal exchange reactions. The total carbohy-
drate content in the diet was converted to starch and dextrin uptake, since, polysac-
charides are most abundant carbohydrate component present in our diet [83]. In
case of total sugars, disaccharides formed 60% and monosaccharides formed 40%,
since, free monosaccharides do not form significant part of the diet [83]. Under the
given simulation conditions, we assumed all the available nutrients are completely
taken up by the enterocytes.

5.5.6 Conversion of the dietary components into exchange reaction
constraints

All dietary components were converted to moles/human/day. To obtain the number
of enterocytes per small intestine in a human we used data reported by Chougule et
al. [390]. The authors reported that a 10 cm segment of the small intestine contained
7.5x10%cells, of which 92% were enterocytes. The wet weight of the small intestine
was derived from their median regional wet weights (79g for duodenum, 411g for
jejunum, and 319g for ileum) [391]. We assumed that the average length of the
human small intestine was 20 foot (609.6cm) [385] and that the enterocytes consist
of 70% water [75]. The dry weight of the small intestine enterocytes per human
was thus 809x0.3x0.552 = 133.9704 gDW,userocyres- The conversion factor for all
the dietary inputs from moles/human /day to mmol /gDWenserocytes/ hr was thus R =
24x133.9704x10 3 = 3.2152896.

5.5.7 Mapping of IEMs onto the enterocyte metabolic network

The IEM information, i.e., affected genes, reactions, organs, and identified biomark-
ers, was taken from our previous work [29]. For the simulations of each IEM
condition on an average American diet, we only considered those IEMs with one
gene-one reaction and one gene-multiple reaction associations. We constrained the
corresponding reactions to be inactive (i.e., lower and upper reaction bounds were
set to be zero) and performed FBA for each of the metabolic tasks.

5.5.8 Capturing adaptive mechanisms under IEM conditions

The affected reaction(s) for an IEM was set as objective function in the healthy
model and maximized using FBA. Then, 25% of this maximized value was used
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to assign the lower bound to this reaction in the healthy model and FVA was per-
formed to obtain the minimal and maximal flux through each model reaction i —
(FVAmin;andFVAmax;). The IEM condition was simulated by constraining the
lower and the upper bounds of the affected reaction(s) to zero and FVA was per-
formed. The outputs obtained for the healthy model were compared with the output
of the corresponding IEM model. The ratio of flux span (FSr) was calculated, using
the following formula FSr = abs(FVAmax; geainy — FVAmMIn; geaithy)/
abs(FVAmax; gy — FVAmin; gy ), where FVAmax is the mximal flux value and
FVAmin is the minimal flux value under healthy and IEM conditions. The candi-
date reactions were identified using a 5% cutoff on the FSr (i.e., reactions with at
least 5% difference in flux span between healthy and IEM were chosen).

All fluxes were computed and given in mmol | gDWeneroeytes/hr.  All simulations

were carried out with MatLab (MathWork Inc.) as programming environment, using
Tomlab (TomOpt Inc.) as linear programming solver, and the COBRA toolbox [13].
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6 Assessing the metabolic cost of
commonly used drugs

6.1 Abstract

Metabolism contributes significantly towards the pharmacokinetic and pharmaco-
dynamic properties of a drug molecule. The recently published, human metabolic
reconstruction, Recon 2 represents the most current knowledgebase of human bio-
chemistry. On the other hand, diet and genetics have profound effect on health
and disease. The presented work combines manually assembled reconstruction
of the metabolism of 5 most highly prescribed drug groups, i.e., the stains, anti-
hypertensives, immunosuppressants, analgesics, and miscellaneous groups. Having
combined this with Recon 2, in order to obtain a condition and functional drug mod-
ule, Recon2_DM1796, which includes 2803 metabolites, 8161 reactions distributed
over eight sub-cellular compartments, and 1796 genes. The efficiency of the module
was tested under three simulated diets, i.e., average American, balanced and vege-
tarian diets, against 50 drug objectives that captured the overall drug metabolism.
The role of diseases was studied in the context of inborn errors of metabolism. Our
important results include: (i) diet and disease significantly affect the metabolism of
statins and acetaminophen, (ii) drug interactions between stains and cyclosporine
can be caused due to common metabolic and transport pathways, in addition to the
previously established CYP3A4 connection, (iii) cellular energy levels are compro-
mised in order to operate efficient drug metabolism and its subsequent elimination.
Hence, this work hold the potential for aiding further research on adverse drug re-
actions as well as designing patient specific therapy.

6.2 Introduction

Drugs are known to undergo two distinct phases of metabolic fate for complete
metabolism and elimination, i.e., phase I: functionalization reactions, where the
functional group of the parent drug molecule is exposed for subsequent transfor-
mations, often resulting in its activation/inactivation (e.g., oxidation, reduction, and
hydrolysis reactions), and phase II: conjugation reactions, where the metabolized
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derivative combines with glucuronic acid (via UDP-glucuronyltransferases, UGTs),
sulphate (via sulfotransferases), or acetyl groups (via acetyltransferases), resulting
in the formation of highly polar compounds, which can be readily excreted in feces
or urine [423]. Drug molecules require specific membrane transport proteins. For
example, ATP binding cassettes are usually involved in drug export and organic an-
ion transporting polypeptides in import [68,424]. Studying a drug should involve
both its pharmacokinetics (absorption from the gastrointestinal tract in case of oral
drugs and distribution to various organs, metabolism for activation and degrada-
tion, and elimination, ADME) and pharmacodynamics (interaction of the drug with
the target molecule) that initiates biochemical and physiological responses in the
body [423]. Various factors can affect drug action, such as age, gender, genetics,
diet, disease, and hormonal influence, as these can either potentiate or inhibit the
required drug effect. For instance, interaction of drugs and certain dietary compo-
nents (e.g., grape fruit juice, watercress, vitamin C, and cruciferous vegetables) as
well as fully fed and starvation states is well documented [425,426]. Additionally,
disease states have been known to interfere with the drug action, particularly liver
diseases [423]. Reports of drugs have shown further precipitating inborn errors of
metabolism (IEMs) in patients, either on single drug or under multiple drug admin-
istration [427-429]. IEMs are the metabolic disorders, characterized by a specific
mutation in the genome, leading to a metabolic block in the downstream metabolic
pathways.

A genome scale metabolic reconstruction (GENRE) captures genomic, physiologi-
cal and biochemical knowledge of the target organism [5]. More than 100 GEN-
REs have been published, including for humans [31]. The most recent human
metabolic reconstruction, Recon 2, is a significant expansion both in content and
knowledge, over its previous version [18], comprising 7440 reactions, 2626 unique
metabolites, distributed over eight sub-compartments/organelles, i.e., cytoplasm,
mitochondrion, nucleus, endoplasmic reticulum, peroxisome, lysosome, golgi ap-
paratus, and extra-cellular space, and 1789 unique genes. These reactions rep-
resent biochemical transformation occurring in any human cell, making it highly
compliant for studying drug metabolism, which occurs in both hepatic and extra-
hepatic tissues (e.g., small intestine, kidney, lung, and heart) [430]. The human
metabolic reconstruction, and its predecessor, has been used to investigate the role
of IEMs [19,31,431] and the off-target effect of drugs [22] as well as to predict
novel drug targets [20, 27, 56, 65, 343, 432—-434]. Furthermore, the liver specific
metabolic network, HepatoNetl [21], has been combined with whole-body physi-
ology based pharmacokinetic model to study the toxic effects of drugs [66]. So far,
no study investigated the metabolic load of drug metabolism itself using a genome
scale human metabolic reconstruction.

Here, we investigate in silico whether the genetic background of an individual
and/or the dietary intake alter the efficiency, with which a drug is converted into
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its active form or cleared from the body. Therefore, we assembled a comprehen-
sive drug metabolic reconstruction based on literature permitting the analysis of the
dietary composition and of inherited metabolic disorders on drug metabolism and
drug-drug interactions.

6.3 Results

The current study presents a manually assembled metabolic reconstruction of five
most highly prescribed drug groups and captures in detail our current understanding
of their absorption, intra-cellular distribution, metabolism, and elimination. We then
combined this drug reconstruction with the recently published community driven
human metabolic reconstruction, Recon 2, and obtained a functional drug module
to study: (i) the role of diet in metabolizing drugs, (ii) the effect of previously
occurring genetic deficiencies on drug metabolic patterns as well as (iii) on drug-
drug metabolic interactions, and (iv) the metabolic cost of drug metabolism.

6.3.1 Reconstruction of drug metabolism

We present the first extensive metabolic reconstruction of five most commonly
used drug groups, built through extensive manual curation of available scientific
literature (Figure 6.1). These drug groups comprise of 18 drug compounds: (i)
statins group: eight anti-hypercholesterolemic compounds, (ii) anti-hypertensives
group: losartan, torasemide, and nifedipine; (iii) immunosuppressant group: cy-
closporine and tacrolimus; (iv) analgesic group: ibuprofen and acetaminophen;
and (v) miscellaneous group: anti-diabetic/gliclazide, sedative/midazolam, and anti-
hyperuricemic/allopurinol. Information from more than 250 peer reviewed research
articles and books has been used to capture in great detail the known metabolic
fate of these drugs in the small intestine and the liver (Table 6.1). In the following
sections, we provide a short summary of the various drugs metabolic and trans-
port pathways included in the reconstruction. Refer to Figure 6.1 for a depiction of
possible elimination routes.
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Table 6.1: Statistics of drug reconstruction and drug module after being combined
with Recon 2

Components Drug Recon- Drug Recon-
struction struction +

Recon 2: Re-
con2_DM1796

Total number of metabolic reactions 187 4,489

Total number of transport reactions 386 2,782

Number of exchange/demand 148 890

reactions

Total number of unique metabolites 210 2,803

Total number of unique genes 57 1,796

Number of compartments 5 8

References 259% >1,500*

*peer reviewed journal articles, primary literature, and books

Statin group

Statins are a group of drugs that target key enzyme of de novo cholesterol biosyn-
thetic pathway, i.e., HMG-CoA reductase (E.C.1.1.1.88), and are principally com-
prised of eight drug compounds (Table 6.2). They are mainly used to treat hyperc-
holesterolemia and coronary atherosclerosis, with liver being the target organ [435].
Most of the currently used statins show to some extend adverse drug action. For
instance, rhabdomyolosis is a common side effect of cerivastatin, which led to its
withdrawal in 2001 [436]. While all statins are administered in their active form, lo-
vastatin and simvastatin are given as pro-drugs [435]. All statins exhibit two chem-
ically different forms, an acid and a lactone form, with the acid forms being bio-
logically more potent [437,438]. The chief metabolic reactions/pathways, in which
these forms participate, are: (i) oxidation, (ii) beta oxidation (pravastatin, fluvas-
tatin), (iii) glucuronidation, (iv) interconversion between acid and lactone forms,
(v) isomerization, (vi) aromatization (pravastatin, fluvastatin), and (vi) demethy-
lation (cerivastatin, and rosuvastatin). These reactions are majorly catalyzed by
enzymes encoded by genes of CYP, UGT families, as well as fatty acid oxidation
genes (Table 6.2). The drug module captures all the known metabolic pathways of
each of these statin drugs in the form of 94 metabolic reactions, leading to forma-
tion of eight metabolites by lovastatin, 12 by simvastatin, ten by atorvastatin, 13 by
pravastatin, 15 by fluvastatin, seven by cerivastatin, three by rosuvastatin, and five
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by pitavastatin. Metabolism of these statins is important for their conversion into ac-
tive forms to act on the target enzyme as well as for their effective elimination. The
major part of statin conversion into their derivative metabolites occurs in the liver.
Small intestinal enterocytes also contribute in part to the oxidation, interconversion
between acid and lactone forms, and isomerization of lovastatin, atorvastatin, and
pravastatin. There exist distinct membrane transporters for all discussed statins, in-
cluding for lovastatin and simvastatin, which are lipophilic statins that can cross cell
membrane with ease.

The transporters are from the organic anion transporter polypeptide family (OATPs),
organic anion transporters (OATs), and ATP binding cassette family (ABCs), where
different representatives are known to transport different statins (Table 6.2). The
various drug derived compounds can follow either the biliary (e.g., simvastatin,
pitavastatin metabolites), the renal (pravastatin metabolites), or both (lovastatin,
atorvastatin, fluvastatin, cerivastatin, rosuvastatin metabolites) routes. Generally,
the transporters of the renal route are OATPs and of the biliary route are from the
ABCs family [68]. Alternatively, a few statins and their metabolites can also un-
dergo entero-hepatic re-circulation (e.g., pravastatin [439]). The drug reconstruc-
tion captures 103 extra-cellular transport reactions for the transport of statins and
their metabolites between cytosol and extracellular space.

Anti-hypertensive group

The anti-hypertensives were majorly represented by three drugs (Table 6.2) and are
mainly used in the treatment of hypertension, congestive heart failure, and angina.
Losartan inhibits the binding of angiotensin II, a peptide hormone, to angiotensin II
type 1 (AT1) receptor. Torasemide inhibits the Na™ /K™ /2CI ™ transport system in
the kidney and nifedipine blocks L-type calcium channels. Chief metabolic path-
ways contained in the drug reconstruction are: (i) oxidation, (ii) glucuronidation
(losartan), (iii) tolyl methylhydroxylation (torasemide), (iv) locatonization (nifedip-
ine), and (v) demethylation (nifedipine), represented by 14 metabolic reactions,
catalyzed by enzymes encoded by CYP2C and CYP3A gene families (Table 6.2).
These reactions lead to the formation of seven metabolites for losartan, three metabo-
lites for torasemide, and four metabolites for nifedipine. The oxidation of the parent
forms of the drugs, such as losartan and torasemide, produces active metabolites
(losartan-E3174/ losartan-M6 [440], torasemide-M3 [441]), which are equally ac-
tive against their respective targets. The three anti-hypertensives and their derived
metabolites are majorly excreted via renal route. However, losartan in the parent
form has also been recovered in bile, transported by ABCBI1 transporter (GenelD:
5243) [424]. Although majority of the efflux transporters remain unknown, the hep-
atic uptake transporter has been identified as being the organic anion transporter,
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OAT1 (SLC22A6, GenelD: 9356) [442]. A total of 24 extra-cellular transport reac-
tions are captured for this group in the drug reconstruction.

Immunosuppressant group

Cyclosporine A and tacrolimus are the considered representatives of the immuno-
suppressant group in the drug reconstruction. Both the drugs are administered for
inhibiting inter-leukin 2 transcription and T-lymphocyte activation. Cyclosporine
A acts via binding to cyclophilin, a peptidyl prolyl isomerase [443, 444], while
tacrolimus binds to the tacrolimus-binding protein. These drug-receptor complexes
inhibit calcineurin, a protein phosphatase, thus, restraining a number of transcrip-
tional events [445]. Immunosuppressants are used in rheumatoid arthritis, severe
psoriasis, and against graft rejection. Metabolic pathways for these drugs include:
(i) oxidation (cyclosporine, tacrolimus), (ii) demethylation (cyclosporine, tacrolimus),
and (iii) sulphation and glucuronidation (cyclosporine), catalyzed by enzymes en-
coded by CYP3A4 (GenelD: 1576) and CYP3A5 (GenelD: 1577) for both the drugs
[446, 447], leading to the formation of 14 metabolites by cyclosporine and eight
metabolites by tacrolimus. These pathways are described with 27 metabolic reac-
tions in the drug reconstruction. Precise transporters for cyclosporine and tacrolimus
have not been identified, however, both these drugs are relatively lipophilic, having
high permeability, and their metabolites follow both renal and biliary routes for ex-
cretion [448,449]. Consequently, 44 extracellular transport reactions were defined.
See Figure 6.1 for the elimination routes.

Analgesic group

Analgesics are used for pain relief. Ibuprofen and acetaminophen are the most com-
monly used drugs of this group. While ibuprofen inhibits both cyclooxygenase 1 and
2 (E.C.1.14.99.1) [450], acetaminophen selectively inhibits cyclooxygenase 2 [451]
and is therefore widely used for fever and pain. Ibuprofen mainly undergoes (i) chi-
ral inversion, (ii) glucuronidation, and (iii) oxidation [452,453]. These transforma-
tions are catalyzed by racemase (E.C.5.1.99.4) [454], UDP-glucuronsyltransferases
(E.C.2.4.1.17) [455], and mono-oxygenase (E.C.1.14.14.1) [456]. These enzymes
are encoded by multiple genes of the ACOT, UGT, and CYP families, respec-
tively (Table 6.2). The metabolism of acetaminophen can be broadly classified
as (i) non-oxidative and (ii) oxidative. The majority of the drug (~ 80%) under-
goes non-oxidative metabolism [457], which consist of sulphation, catalyzed by
sulpho-transferase 1 (SULTI, GenelD: 6817, E.C.2.8.2.1) [458], and glucuronida-
tion, catalyzed by UDP-glucuronsyltransferases, encoded by various UGTs (Ta-
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ble 6.2) [459]. On the other hand, the oxidative metabolism is catalyzed via cy-
tochrome P450 family proteins (i.e., CYP1, CYP2 and CYP3 families) (Table 6.2).
Accordingly, the drug reconstruction captures 32 metabolic reactions for the anal-
gesic group, comprising of 16 different metabolites each from ibuprofen and ac-
etaminophen. With respect to the elimination route, ibuprofen and its metabolites
follow majorly the renal route, while <1% of the parent drug follows the biliary
route [453]. Although ibuprofen can diffuse into intestinal cells, organic anion
transporter, OAT1 (SLC22A6, GenelD: 9356) mediates its transport in the kidney
[460] and in the liver [461]. In case of acetaminophen, both passive transport pro-
cess [457] and active transport via various ABC transporters (Table 6.2) have been
reported [424,457]. The majority of acetaminophen metabolites follow renal route,
while very few follow the biliary route (e.g., sulphate conjugates). Additionally,
acetaminophen-glutathione-conjugates undergo entero-hepatic re-circulation [457].
In total, 38 extracellular transport reactions are shown for this group in the drug
reconstruction. See Figure 6.1 for the elimination routes.

Miscellaneous group

This group consisted of three drug compounds that are used as (i) oral hypoglycemic
agent/gliclazide targets K™ /AT P channel and helps in controlling basal glucose
level via acting on glycogen synthase (E.C.2.4.1.11) and fructose-2,6 bis-phosphatase
(E.C. 2.7.1.105) [462], (ii) midazolam is used as a sedative, as it produces an-
tegrade amnesia by causing gamma-amino-butyrate accumulation [463], and (iii)
allopurinol is used in the treatment of hyper-uricemic conditions as it targets xan-
thine oxidase (E.C.1.17.3.2), an urate producing enzyme [464]. These drugs majorly
undergo (i) oxidation and (ii) conjugation with either UDP-ribose (allopurinol) or
UDP-glucuronate (gliclazide, midazolam), which is catalyzed by (i) oxidoreduc-
tases for allopurinol [464] and (ii) monooxygenase (E.C. 1.14.14.1) encoded by
genes of CYP2C/2D family for gliclazide [465,466] and by CYP3A family for mi-
dazolam [467] (see Table 6.2). Various UGTs catalyze the conjugation reactions
(Table 6.2). The metabolism of this group in the drug reconstruction has been cov-
ered in the form of 20 reactions, involving ten metabolites from gliclaizde, six from
midazolam, and three from allopurinol. The elimination routes for gliclazide and
its metabolites are both renal (60-70%) and biliary (10-20%) [468], but exclusively
renal route for midazolam, allopurinol, and their metabolites [464,469]. While
gliclazide and midazolam are highly lipophilic [462,470], allopurinol transporters
have been suggested as concentrative nucleoside transporters (SLC family) [471].
All the transport mechanisms have been represented with 37 reactions in the drug
reconstruction.
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Table 6.2: Drugs with their corresponding metabolic and transport genes

Drug
group

Drug
common
name

ATC code

Genes encoding metabolic and
transport proteins

Refer-
ences

Lovastatin

Statins

C10AA02

CYP3A4 (GenelD: 1576),
CYP3AS5 (GenelD: 1577),
CYP2CS8 (GenelD: 1558),
ABCBI (GenelD:5243)

[354,
424,
472,
473]

Simvastatin

CI0AAO01

CYP3A4 (GenelD: 1576),
CYP3A5 (GenelD: 1577),
UGTIAI (GenelD:54658),
UGTIA3 (GenelD:54659),
ABCBI (GenelD:5243)

[474,
475]

Atorvastatin

CI10AAQ05

CYP3A4 (GenelD: 1576),
CYP3AS5 (GenelD: 1577),
CYP2C8 (GenelD: 1558),
UGTIA3 (GenelD: 54659),
UGTIA4 (GenelD: 54657),
UGTIAI (GenelD: 54658),
UGTIAS (GenelD: 54576),
UGT2B7 (GenelD: 7364),
UGTIA9 (GenelD: 54600),
SLCO1BI (GenelD: 10599),
SLCO2BI (GenelD: 11309),
ABCBI (GenelD: 5243)

[473,
475-
477]

Pravastatin

CI0AAO03

CYP3A4 (GenelD: 1576),
CYP3A5 (GenelD: 1577),
SLCOIBI (GenelD: 10599),
SLCOIBI (GenelD: 10599),
SLCO2BI (GenelD: 11309),
ABCBI1 (GenelD: 8647),
ABCBI (GenelD: 5243),
ABCC?2 (GenelD: 1244),

ABCG?2 (GenelD: 9429)

[424,
472,
478]

Fluvastatin

CI0AA04

CYP3A4 (GenelD: 1576),
CYP3AS5 (GenelD: 1577),
CYP2C8 (GenelD: 1558),
CYP2C9 (GenelD: 1559),
CYP2D6 (GenelD: 1565),
CYP2C19 (GenelD: 1557),
SLCO1B3 (GenelD: 28234),
SLCO2BI (GenelD: 11309),
ABCBI1 (GenelD: 8647)

[473,
479,
480]
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Drug
group

Drug
common
name

ATC code

Genes encoding metabolic and
transport proteins

Refer-
ences

Cerivastatin

C10AA06

CYP3A4 (GenelD: 1576),
CYP3AS5 (GenelD: 1577),
CYP2C8 (GenelD: 1558),
UGTIAI (GenelD: 54658),
UGTIA3 (GenelD: 54659),
SLCO1BI (GenelD: 10599),
ABCBI1 (GenelD: 8647),
ABCBI (GenelD: 5243),
ABCC2 (GenelD: 1244),

ABCG?2 (GenelD: 9429)

[424,
473,
481]

Pitavastatin

C10AA08

CYP3A4 (GenelD: 1576),
CYP3AS5 (GenelD: 1577),
CYP2C8 (GenelD: 1558),
CYP2D6 (GenelD: 1565),
UGTIAI (GenelD: 54658),
UGTI1A3 (GenelD: 54659),
UGT2B7 (GenelD: 7364),
UGTI1A4 (GenelD: 54657),
UGTI1AG6 (GenelD: 54578),
SLCO1B3 (GenelD: 28234),
SLCO2BI (GenelD: 11309),
ABCBI1 (GenelD: 8647),
ABCG?2 (GenelD: 9429)

[424,
482,
483]

Rosuvastatin

C10AA07

CYP2C9 (GenelD: 1559),
CYP2C19 (GenelD: 1557),
SLCOIBI (GenelD: 10599),
SLCOIB3 (GenelD: 28234),
SLCO2BI (GenelD: 11309),
ABCG2 (GenelD: 9429)

[424,
484,
485]

Anti-
hypertensivg

Losartan

C09CAO01

CYP3A4 (GenelD: 1576),
CYP2C9 (GenelD: 1559),
UGTIA3 (GenelD:54659),
UGT2B7 (GenelD:7364),
UGTIAI0 (GenelD: 54575),
UGTIAI (GenelD: 54658),
UGTI1A4 (GenelD: 54657),
UGTIA7 (GenelD: 54577),
UGTIAS (GenelD: 54576),
UGTIA9 (GenelD: 54600),
UGT2B17 (GenelD: 7367),
ABCBI (GenelD: 5243)

[424,
486,
487]
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Drug Drug ATC code Genes encoding metabolic and | Refer-
group common transport proteins ences
name
Torasemide C03CA04, CYP2C9 (GenelD: 1559), [424,
C03CA01 SLCOIBI (GenelD: 10599), 441,
SLC22A6 (GenelD: 9356) 488]
Nifedipine CO08CAO05 CYP3A4 (GenelD: 1576), [489,
CYP3A5 (GenelD: 1577) 490]
Immuno- Cyclosporine | LO4ADOI, CYP3A4 (GenelD: 1576) and [424,
suppressants A SO01XA18 CYP3A5 (GenelD: 1577), 446]
ABCBI (GenelD: 5243)
Tacrolimus D11AX14, CYP3A4 (GenelD: 1576) and [424,
LO4AA05 CYP3A5 (GenelD: 1577), 447]
ABCBI (GenelD: 5243)
. Ibuprofen CO1EB16 ACOT2 (GenelD: 10965), [450,
Analgesics
ACOT4 (GenelD: 122970), 452,
ACOT11 (GenelD: 26027), 454,
ACOTS (GenelD: 10005), 460,
AMACR (GenelD: 23600), 491]
UGTIA3 (GenelD: 54659),
UGTIA9 (GenelD: 54600),
UGT2B7 (GenelD: 7364),
CYP2C9 (GenelD: 1559),
CYP2C8 (GenelD: 1558),
CYP3A4 (GenelD: 1576),
CYP2C19 (GenelD: 1557),
SLC22A6, (GenelD: 9356)
Acetamino- | NO2BEO1 SULTI (GenelD: 6817), [424,
phen UGTIAI (GenelD: 54658), 457-
UGTI1A6 (GenelD: 54578), 459,
UGTIA9 (GenelD: 54600), 492]

UGTIAI0 (GenelD: 54575),
CYP2EI (GenelD: 1571),
CYPIA2 (GenelD: 1544),
CYP2A6 (GenelD: 1543),
CYP2D6 (GenelD: 1565),
CYP3A4 (GenelD: 1576),
ABCC3 (GenelD: 8714), MRP2
(GenelD: 1244), BCRP
(GenelD: 9429), ABCBI
(GenelD: 5243)
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Drug Drug ATC code Genes encoding metabolic and | Refer-

group common transport proteins ences
name
. Gliclazide A10BB09 CYP2C9 (GenelD: 1559), [465,
Miscellan-
cous CYP2C18 (GenelD: 1562), 466]

CYP2C19 (GenelD: 1557),
CYP2C8 (GenelD: 1558),
CYP2D6 (GenelD: 1565)
Midazolam NO5CDO0S8 CYP3A4 (GenelD: 1576), [467]
CYP3AS5 (GenelD: 1577),
UGTI1A4 (GenelD: 54657),
UGT2B4 (GenelD: 7363),
UGT2B7 (GenelD: 7364),
ABCBI (GenelD: 5243)
Allopurinol MO04AAO01 XDH (GenelD: 7498), AOX1 [464]
(GenelD: 316)

6.3.2 Modeling drug metabolism under different dietary regimes

The drug reconstruction module was combined with Recon 2 [31], yielding in Re-
con2_DM1796, where DM stands for drug module, followed by the total number
of unique genes contained in the combined metabolic network (Table 6.1). This
combined reconstruction was used to interrogate role of diet and genetics on drug
metabolism.

Effect of the diet composition on the synthesis and clearance of different drug
molecules

We were interested in evaluating the role of diet on the metabolism of drugs. There-
fore, we simulated three different dietary regimes, i.e., an average American diet
[347], a balanced diet [83, 348], and a vegetarian diet [493]. We defined 50 drug
objectives representing the synthesis or breakdown of the various drug metabolites
and their derivatives (Table 6.3). In order to avoid any metabolic interaction between
drugs, only one drug was given at a time. Flux balance analysis [11] was performed
on Recon2_DM1796. While the majority of the drug objectives (44/50, 88%) had
the same maximal flux values under all three diet conditions, considerable differ-
ence was found for six objectives. When compared to the average American diet,
81% flux reduction in vegetarian diet and 79% flux reduction in balanced diet was
observed for the glucuronidation reactions of cerivastatin-M1, rosuvastatin, and for
the spontaneous conversion of glucuronide to lactone form of pitavastatin. More-
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over, 90% flux reduction for the conversion of pro-drug to active drug was predicted
for lovastatin and simvastatin, under both vegetarian and balanced diet. Addition-
ally, the sulphation of acetaminophen had a low flux value only under vegetarian
diet, i.e., 62% reduction when compared to the average American and balanced diet
(Table 6.3). These modeling results suggest that diet does influence the capabilities
of the human body to eliminate these drugs.

Effect of the diet composition on drug excretion and key cellular pathways

While it has been known previously that diet influences drug metabolism, we can
now use the model to investigate how drug metabolism may affect cellular metaboli-
sm. We therefore performed flux variability analysis (fastFVA [383]), which com-
putes for each reaction of interest its possible flux range (minimally and maximally
feasible flux value), given some simulation constraints. Changes in flux range upon
altered simulation conditions (e.g., diet composition or drug uptake) are one way
to identify how the models compensate for the alterations. We computed the se-
cretion pattern of Recon2_DM1796 for various drug metabolites (124) under the
three different diet conditions. Each drug was given individually in a particular
diet, allowing the comparison of diet and drug specific models. As expected, all
drug metabolites known to be excreted were found to be secreted under all three
diet conditions. In most cases, the diet composition did not alter the excretion
flux. However, under vegetarian diet compared to the average American diet, 6
out of 124 (5%) drug metabolites had a reduced flux (ranging from 62% to 81 %
flux reduction) through the secretion reactions and corresponded to acetaminophen
metabolites. These observations are consistent with our aforementioned results.

We then analyzed the flux range through some important cellular metabolic reac-
tions, including reactions of the electron transport chain, urea cycle, lactate produc-
tion via anaerobic glycolysis, and the hexose monophosphate shunt. The adminis-
tration of drugs did not cause any change in the overall metabolic network, when
intra-diet conditions were compared between presence and absence of a drug. How-
ever, when we compared the flux ranges through these reactions between the dietary
conditions, average American diet showed highest flux values for all the above path-
ways (except lactate production), where the *ATP’ synthase reaction (ATPS4m’)
had the largest increase in maximally feasible flux value (90%), when compared to
balanced and vegetarian diets. This result is independent of the presence of a drug
and indicates that the average American diet provokes a high energy state of the
human metabolism, consistent with increased occurrence of obesity and diabetes in
individuals consuming this diet [494].
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Effect of genotype on drug metabolism under the average American diet

To study the relationship between drug metabolism in healthy and disease condi-
tions, we performed single gene deletion [13] for all metabolic genes captured in
Recon2_DM1796, and computed the maximally feasible flux through each of the
drug objectives, under the average American diet. An objectives was deemed ‘af-
fected’ by a single gene deletion when its flux was at least 20% reduced compared
to the healthy model. Overall, we found that the majority of the single gene dele-
tions did not affect the different drug objectives. However, 73 out of the 1796
(4%) gene deletions altered the flux through at least one out of 34 unique drug
objectives (Figure 6.2). For instance, the deletion of the gene encoding the cyti-
dine monophosphate kinase (CMPKI, GenelD: 51727, E.C. 2.7.4.14) affected the
highest number of drug objectives (28), highlighting the importance of this reaction
for the metabolism of numerous drug molecules. In fact, CMPKI1 phosphorylates
uridine-monophosphate to uridine-diphosphate (UDP), which is consequently con-
verted into uridine-triphosphate (UTP) by the nucleoside-diphosphate kinase. UTP
is required for the synthesis of UDP-glucuronate, an important co-factor in glu-
curonidation reactions for the majority of the modeled drugs (Figure 6.3A). The
highest number of single gene deletions (54) altered the flux through drug objec-
tives for the glucuronidation of cerivastatin-M1 and of rosuvastatin as well as for
the spontaneous conversion of glucuronide to lactone form of pitavastatin.

We analyzed the relevance of these single gene deletions to known diseases by
mapping the recently published compendium of inborn errors of metabolism [29].
We found that 25 of 73 (34%) gene deletions correspond to 12 unique IEMs (Fig-
ure 6.2). Interestingly, 80% of these affected genes (20/25) encoding for proteins
of energy metabolism (electron transport chain, inosine-monophosphate synthesis,
pyrimidine metabolism, TCA cycle, and glycolysis) and are predicted to alter partic-
ularly the statin drug metabolism. Further 56% of the IEM associated gene deletions
(14/25) encode for complex I & II proteins of the mitochondrial electron transport
chain (Figure 6.2).

Table 6.3: Performance of drug metabolic objectives on different diets. D1: average
American diet, D2: balanced diet, D3: vegetarian diet

Drug group Drug metabolic objectives D1 D2 D3
v/s v/s
D1 D1
Statins Conversion to active hydroxyacid v + J
lovastatin
Oxidation to 6-beta-hydroxy-lovastatin v v v
Oxidation 6-exomethylene-lovastatin v v v
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Drug group

Drug metabolic objectives

Conversion to active simvastatin

Conversion of hydroxy simvastatin
lactone to acid form

Conversion of methyl simvastatin lactone
to acid form

Conversion of carboxy simvastatin lactone
to acid form

Oxidation to 4-hydroxy-atorvastatin-acid

Oxidation to 2-hydroxy-atorvastatin-acid

Isomerization 3-alpha-iso-pravastatin

Isomerization to 6-epi-pravastatin

Beta oxidation to tetranor-CoA-
pravastatin

Oxidation to 5-hydroxy-fluvastatin

Oxidation to 6-hydroxy-fluvastatin

Conversion to des-isoproylpropionic-acid-
fluvastatin-CoA

Hydroxylation of cerivastatin to M23

Hydroxylation of cerivastatin-M1 to M24

Glucuronidation of cerivastatin-M1

Glucuronidation of rosuvastatin

Secretion of N-desmethyl-rosuvastatin

Conversion of glucuronide to
pitavastatin-lactone

Anti-
hypertensives

Oxidation to active metabolite EXP3174
(losartan)

Glucuronidation to losartan-M7

Formation of losartan-N1-glucuronide

Tolyl methylhydroxylation of torasemide

Oxidation of torasemide-M1 to M5

Oxidation of nifedipine to nitropyridine
metabolite

Oxidation of acid metabolite of nifedipine

Immuno-
suppressants

Oxidation of cyclosporine to AM1
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Oxidation of cyclosporine to AM9

Glucuronidation of AM1c-cyclosporine
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Drug group Drug metabolic objectives D1
v/

2]

Sulphation of cyclosporine for excretion

Demthylation to 13-O-desmethyl
tacrolimus

Demethylation to 15-O-desmethyl
tacrolimus

Oxidation of tacrolimus

Analgesics Chiral conversion of iburpofen

Oxidation of S-3-hydroxy ibuprofen

Secretion of 1-hydroxy-ibuprofen

Secretion of 1-hydroxy
S-ibuprofen-glucuronide

Glucuronidation of acetaminophen

Sulphation of acetaminophen

Miscellaneous | Oxidation to methyl-hydroxy-gliclazide

Oxidation to carboxy-gliclazide

Secretion of
6-beta-OH-gliclazide-glucuronide

Oxidation to 1-OH-midazolam

Oxidation to 4-OH-midazolam

Glucuronidation of 1-OH-midazolam

Oxidation of allopurinol

Conjugation to 1-riboside
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Conjugation to 7-riboside

6.3.3 Atorvastatin and cyclosporine drug-drug interaction: single gene
deletion & secretion profile

One of the most fascinating aspect of drug metabolism is in the drug’s ability to
interact with each other, when administered together. In order to study the ability of
Recon2_DM1796 to capture the metabolic interaction of known drugs, we chose to
study the interaction between statins and immunosuppressants. The joint adminis-
tration of atorvastatin and cyclosporine was simulated, under the average American
diet. We predicted that 21 drug metabolites can be secreted, seven derived from
atorvastatin, and eleven from cyclosporine. No change in maximally feasible flux
rate was predicted for these secretion exchange reactions, when given together or
individually. We also investigated the effect of the genotype on the drug interac-
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tion by comparing simulations with and without gene deficiency. We computed the
maximally feasible flux through all 80 associated drug reactions and found that 48%
of the reactions (38/80) were affected by at least one of 58 gene deletions (Figure
6.4). Interestingly, 46 of the 58 (79%) affected genes encoded for proteins of the
mitochondrial electron transport chain, resulted in reduced flux through reactions
of atorvastatin metabolism, and of the transport of the two drugs. Additionally,
two of the gene deletions, being cytidine monophosphate kinase (GenelD: 51727)
and UDP-glucose 6-dehydrogenase (GenelD: 7358), affected metabolic reactions
of both drugs but only elimination reactions of atorvastatin.

6.3.4 Metabolic cost of drug metabolism

One of the chief aims of this study was to analyze the effect of drug metabolism
on cellular energy levels. Beside the energy utilization for biomass synthesis, cells
require energy to meet maintenance functions (e.g., turgor pressure and membrane
potential). This is usually modeled by an ATP hydrolysis reaction placed in the cy-
tosol (atp + h20 — adp + pi + h, DM_ATP). Each drug was administered in silico
individually and its effect on the ATP hydrolysis reaction was computed under the
three diets. While majority of the drugs caused reduction in cellular eneergy lev-
els, only two drugs (gliclazide and nifedipine) did not alter the maximal possible
flux through the ATP hydrolysis reaction (Table 6.4). Fluvastatin and pravastatin
increased the ATP yield by synthesizing 29 milimoles and 9.5 milimoles per mil-
imole of drug administered, under the average American and 20.3 milimoles under
the balanced diet and 5.4 milimoles under the vegetarian diet, respectively. This in-
crease was seen due to their ability to undergo beta-oxidation, hence contributing to
cellular energy levels. The drugs that caused the highest reduction in cellular energy
levels were torasemide, acetaminophen, ibuprofen, losartan, and midazolam under
all the three diets. Overall, the effect of drug metabolism on ATP hydrolysis capac-
ity was more profound under average American diet, which represent high energy
diet.

To assess the susceptibility of drug metabolism for single gene disorders, we per-
formed single gene deletion of the drug module, maximizing for the ATP_demand
reaction, under the three diets. Using a 20% cutoff for the ratio between healthy
and single gene deficiency flux values, in total 97 out of 1796 gene deletions (5.4%)
caused a reduction in the flux values through ATP_demand reaction (Figure 6.5).
Among these, 48 gene deletions were common between the three diets, with four
specific to average American, 45 unique to balanced diet, and 44 unique to vegetar-
ian diets. When analyzed for association with IEMs, 37 of these (38%) were found
to be associated with 26 unique IEMs.
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Table 6.4: Metabolic cost of drug metabolism. Effect of drugs and diets on ATP

hydrolysis capacity
Drugs Milimole ATP Milimole ATP Milimole ATP
per milimole per milimole per milimole
drug in average drug in drug in
American diet balanced diet vegetarian diet

Lovastatin 3.5 0.8 0.8
Simvastatin 2.5 -0.3 -0.3
Atorvastatin -2 0.8 0.8
Pravastatin -9.5 -54 -54

Fluvastatin -30 -20.3 -20.3
Cerivastatin 5.3 2.3 23
Rosuvastatin 3.8 2.5 2.5
Pitavastatin 3 3.5 3.5
Losartan 11.5 6.5 6.5
Torasemide 12.7 9.9 9.9

Nifedipine 0 0 0
Cyclosporine 2.1 0.8 0.8
Tacrolimus 2.1 0.8 0.8
Ibuprofen 11.8 6.8 6.8
Acetaminophen 12.5 7.5 7.5
Gliclazide 0 0 0

Midazolam 11.5 6.5 6.5
Allopurinol 2.5 -0.3 -0.3

6.4 Discussion

The presented drug module represents a comprehensive, manually assembled col-
lection of metabolic reactions for the 18 most commonly used drugs. In conjunction
with the most recent human metabolic reconstruction, we investigated the role of di-
etary regime and genetic background on drug metabolism. Our key results include:
(i) diet plays a crucial role in the metabolism and elimination of acetaminophen and
statins, (ii) disturbed statin metabolism may contribute to the phenotypic effects
of mitochondrial energy disorders, (iii) metabolic interactions between atorvastatin
and cyclosporine in individuals with inherited metabolic diseases may occur due to
common metabolic and transport reactions, using common metabolites and trans-
port proteins, and (iv) energy is drained into metabolizing drugs.

Diet has been known to play both a direct and indirect role in drug metabolism, ei-
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ther by inducing/inhibiting phase-I enzymes (e.g., while garlic inhibits CYP3A4 ac-
tivity [495], caffeine induces CYP1A1/1A2 activity [496]) or by affecting the drug
transport systems (e.g., fruit juices and herbal supplements induce the P-glycoprotein
activity [425,497]). Additionally, gut microbiota modulates drug metabolism either
alone or in combination with ingested dietary ingredients [498]. In the current study,
we analyzed the effect of three different dietary regimes on various drug metabolic
pathways. The diets included an average American diet [347], a balanced diet that
constitutes the necessary inputs required to maintain a healthy lifestyle [348], and
a vegetarian diet based on a mixture of corn, lima beans, snap beans, green peas,
and carrots [493]. The metabolism of acetaminophen and statins was predicted to
be greatly altered depending on the diet. For instance, the simulated vegetarian
diet was low in L-cystin, a sulfur containing amino acid, which resulted in a re-
duced excretion capability for six acetaminophen metabolites as well as reduced flux
through the acetaminophen sulphation reaction, when compared to the two other di-
ets (Table 6.3). The sulfur contained in such amino acids enters various metabolic
pathways, including the biosynthesis of phosphoadenylyl sulfate (paps). Paps is an
important cofactor in the sulphation reaction of acetaminophen (Figure 6.3B), in
which the sulphate conjugate of acetaminophen is formed by the sulpho-transferase
1 (E.C.2.8.2.1). Of an administered acetaminophen dosage, about 30-50% is re-
covered in urine in the form of sulphate conjugates [457]. Sulfur-amino acids as
well as sulfur deficient diets have been experimentally shown to cause reduced ac-
etaminophen elimination [499], hepatic necrosis, and liver injury in rats [500]. Fur-
thermore, consistent with our predictions, apiaceous vegetable diets, consisting of
carrots, parsnips, celery, dill, and parsley, which are generally low in sulfur con-
taining compounds, have been reported to cause reduced activity of acetaminophen
metabolic enzymes [501]. The average American diet utilized more of carbohy-
drates (e.g., starch, maltose, lactose, sucrose) and lipids, such as diacylglycerol and
fatty acids, while the balanced and vegeterian diets utilized more of amino acids
(i.e., glycine, alanine, leucine, valine, isoleucine) . The carbohydrates are directly
fed into energy production, via their conversion into glucose. Lipids yielded ATP via
lipolysis of diacylglycerol, followed by beta-oxidation of fatty acids . Glycine enters
glycine cleavage system, yielding 'nadh’, another energy precurssor. Alternatively,
glycine can also produce glycoaldehyde via a five step conversion, which ultimately
produces ‘nadh’ (via a dehydrogenase). On the other hand, alanine, leucine, valine,
and isoleucine are utilized via their respective transamination reactions. Due to this
shift in favourable energy precurssors, which is dictated by the presence of a par-
ticular diet, there was a marked difference in efficacy of statin metabolism. These
statins require energy for their elimination via ABC transporters and for UDP syn-
thesis, which in turn is needed glucuronidation of the statins.

The cellular energy state influences the drug metabolism, which has been particu-

larly reported for antipyrine and aminopyrine drugs [502] as well as for phenazone
and theophylline drugs [426], where an energy deficiency resulted in low clearance
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and elimination of these drugs. We observed in average a 80% flux reduction for
the drug objectives of numerous statins under balanced and vegetarian diets (Table
6.3). When the general cellular reactions were analyzed, average American diet
had much higher flux through ATP synthase, complex I -IV reactions of electron
transport chain, and biomass reaction, implying that a higher cellular energy level
is available for growth and non-growth associated functions under this diet. Hence,
we suggest that a diet rendering energy rich condition to the cell, is favorable for
an efficient drug metabolism and ultimately their excretion, as seen in case of the
statins.

Myopathy is associated with 0.1% patient population on statin monotherapy, which
may lead to rhabdomyolosis (i.e., severe muscle damage, myoglobinuria, acute renal
failure and death) when combined with other drugs, such as cyclosporine, digoxin,
and erythromycin. This adverse drug reaction may be due to complex interactions
between the drugs and disease [503]. Atorvastatin and cyclosporine are commonly
prescribed after organ transplantation and rhabdomyolysis due to their concomitant
usage has been reported in renal [504] and cardiac [505] transplant patients. Var-
ious mechanisms of statin-cyclosporine interactions have been proposed, namely
via shared metabolic pathways (as both the drugs are CYP3A4 substrates) as well
as common elimination routes via P-glycoprotein [506]. Based on our simulations,
we propose that additional metabolic routes, such as UDP-glucose 6-dehydrogenase
(E.C. 1.1.1.22) and UMP-CMP kinase (E.C. 2.7.4.14), play a significant role in the
drug-drug interaction. The UMP-CMP kinase provides UDP for synthesis of UDP-
glucuronate that is required for the glucuronidation of these drugs. Statin induced
myopathy may also be caused due to genetic predispositions, particularly seen in
individuals with IEMs causing muscle disease/exercise intolerance, e.g., McAr-
dle disease (OMIM: 232600), CPT-II deficiency (OMIM: 255110), myoadenylate
deaminase deficiency (OMIM:102770) [507], as well as a number of neuromuscu-
lar disorders [508]. Simultaneously, genetic polymorphism in a number of CYP,
OATP, and APOE family genes have also been linked to myopathic outcomes by
statins [509]. We predicted that a major fraction of the gene knockouts (79%), en-
coding for proteins of the mitochondrial electron transport chain, affected metabolic
as well as transport reactions of both atorvastatin and cyclosporine, indicating their
dependence on cellular energy for elimination. Hence, we propose that specific mu-
tations in these genes (Figure 6.4) could alter the interaction profile of these drugs
leading to energy deficiency, which could further contribute to their adverse drug
reactions.

Disease conditions have been known to influence drug metabolism. Such condi-
tions include liver diseases, endocrine disorders, and various types of infections
[423,510]. Only a limited number of studies have analyzed the effect of drugs on
individuals with particular inherited metabolic diseases. The examples include i)
statins and lactic acidosis (OMIM: 245400) [428], ii) antiepileptic drugs and di-
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hydrolipoamide dehydrogenase deficiency (OMIM: 238331) [429], iii) the drugs
methotrexate, trimethoprin, and niacin, and hyperhomocysteinemia (OMIM: 603174),
iv) drugs known to induce hemolytic conditions (e.g., antimalarials, sulfonamides,
antipyretics) and G6PD deficiency (OMIM: 305900) [250], v) the drugs sulfanol,
aminopyrine, and pyrazinamide, and hepatic porphyria [427], and vi) thiopurine
drugs and thiopurine S-methyltransferase deficiency (OMIM:610460). We showed
that the metabolism of statins was most affected by the deletion of various genes,
most of which encode for proteins involved in energy metabolism. In fact, 46 of
these genes encode for the NADH and the succinate dehydrogenases (i.e., com-
plex I and II of electron transport chain). In support of these computational results,
statins are contraindicated in various mitochondrial disorders and a Coql0 therapy
is generally advised [511]. This is due to the fact that several studies have suggested
that a prolong and excessive usage of statins may cause depletion of Coql0 pools,
which may consequently lead to statin induced myopathy (reviewed in [512]) and to
mitochondrial dysfunction. However, conflicting results on Coq10 supplementation
exists, suggesting further research on statin induced mitochondrial dysfunction is
required [513]. The predicted reduction of statin metabolism in lower energy diets
occurred because, all statins and most of their derivatives require ATP for their elim-
ination, which occurs via ABC transport proteins. Further energy is required for the
activation of fluvastatin and pravastatin, and also for the interconversion between
acid and lactone forms of atorvastatin, simvastatin, and lovastatin. At the same
time, even though our simulations of the enzyme deficiencies were carried out un-
der the average American diet, which is rather energy rich, gene deletions in energy
metabolism led to a reduced energetic metabolism of the corresponding models.
We therefore propose that the observed adverse effect of statins on individuals with
mitochondrial disorder may be due to reduced cellular ATP availability.

One way of determining the energy availability of the metabolic model is by com-
puting the maximal possible flux through the ATP hydrolysis reaction. Besides the
other drugs, two of three antihypertensive drugs, analgesics and midazolam, sig-
nificantly reduced the cellular energy availability (Table 6.4), i.e., caused reduction
by >10 milimoles of ATP/milimole of drug. A key reason is the that these drugs
are dependant on ATP dependant transport processes for biliary excretion of parent
and derivative compounds (i.e., losartan, ibuprofen, and acetaminophen). Addition-
ally, losartan, acetaminophen, and midazolam are P-gp (ABCB1, GenelD: 5243,
E.C. 3.6.3.44) substrates, which requires ATP hydrolysis for the biliary/luminal ex-
cretion. In this regard, the module contains six ABC transporters that dedicatedly
transport various drug compounds. Apart from this, ten SLC group transporters
require co-substrates that are intermediates of cellular energy metabolism. For ex-
ample, OAT1 that aids in efflux of torasemide operates in antiport mechanism, ex-
changing with alpha-ketoglutarate that is intermediate of TCA cycle [488]. On the
other hand, knockouts of the genes encoding for proteins of the mitochondrial elec-
tron transport chain caused significant reduction in the flux through ATP hydrolysis
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reaction under diet and drug administration, indicating the susceptibility of drug
metabolism for a defect in energy metabolism.

However, we also encountered conflicting results in case of three drugs, i.e., ator-
vastatin, simvastatin and allopurinol, when the ATP cost was compard for the thee
diets. While there was ATP production by simvastatin and allopurinol in balanced
and vegetarian diets, under the average American diet, there was ATP expenditure.
The reverse was seen for atorvastatin under the three diets (Table 6.4). A possible
reason for such a discrepency could be due to the presence of futile cycles that lead
to the energy production by these drugs. Hence, these values needs to be interpreted
with caution.

In conclusion, we want to highlight the need for a computational modeling to an-
alyze the effects of diets and enzymopathies on drug metabolism. Furthermore,
the need of additional energy precursors to account for efficient operation of drug
metabolic pathways, particularly under IEMs of energy metabolism. We present
here a drug module, which can be readily combined with the human metabolic re-
construction, to investigate the metabolism of drugs on the overall cellular metaboli-
sm. Moreover, tissue specific metabolism of drugs can also be derived from current
module (provided that the precise uptake and secretion transporters as well as the
metabolic enzymes are sufficiently known), thereby aiding in a more individualized
and personalized medication design.

6.5 Materials and methods

6.5.1 Reconstruction of drug metabolism

Drugs were chosen qualifying the following criteria: (i) majorly administered via
the oral route, (ii) most commonly used/highly prescribed by the clinicians, (iii)
undergo extensive metabolism (including first pass extra-hepatic metabolism) for
excretion, and (iv) exhibit significant interactions with other drugs. A thorough
manual curation of the scientific literature was performed to obtain information on
absorption, distribution, biotransformation, elimination, therapeutic usage, clinical
dosage, adverse drug reactions, and associated transporters of the covered drugs.
Additional information was obtained from PharmGKB [514], DrugBank [515], Hu-
man Metabolome Database [516], Chemical Entities of Biological Interest (ChEBI)
database [517], and PubChem database [518]. All the drug compounds were drawn
using MarvinSketch 5.7.0, 2011, from ChemAxon (http://www.chemaxon.com).
The elemental formula, charge, and chemical structure was thoroughly checked
against the aforementioned databases and scientific literature. Genome annotation
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was obtained from EntrezGene [37], and protein information from Uniprot [519]
and BRENDA [34] databases, and used along with scientific literature for assign-
ing gene-protein-reaction associations (GPR) to metabolic and transport reactions.
Reconstruction methodology was kept in accordance with the reconstruction proto-
col [10].

6.5.2 Collection of dietary constituents

Diet information was collected from the US Department of Agriculture, Agricul-
tural research service [347]. All nutrients were converted to a common unit of
grams per day. An average American diet, for both males and females (>2 years),
was collected [347]. A balanced diet representing the recommended dietary refer-
ence intakes (DRIs) of micronutrients as well as macronutrients [348], [83], was
also assembled. The DRI reflects the minimum requirements advised to be taken
daily to maintain a healthy lifestyle. The values were taken for males between 30
and 50 years of age. The total fat and cholesterol intake for balanced diet was also
represented [349,389] . The vegetarian diet information was collected from [493],
and calculated for three cups, as suggested by centers for disease control and pre-
vention (http://www.cdc.gov/nutrition/index.html). The vegetarian diet consisted of
mixture of corn, lima beans, snap beans, green peas, and carrots (with salt). We did
not represent the energy value in food (i.e., caloric load) due to disparity between
various sources and also due to lack of specific information. The total carbohydrate
content in the diet was converted to starch and dextrin uptake, since polysaccha-
rides are most abundant carbohydrate component present in our diet [83]. In the
case of total sugars, disaccharides represent 60% and monosaccharides represent
40%, since free monosaccharides do not represent significant part of the diet [83].

6.5.3 Combining the drug module with the human metabolic
reconstruction

The drug reconstruction was assembled and converted into a mathematical model
using rBioNet [36] as a reconstruction environment, and an established protocol
[10]. All the reactions were checked for mass and charge balance, and manually
corrected. Thereafter, it was combined with recently published community driven
global reconstruction of human metabolism, Recon 2 [31]. Both the matrices were
merged, and analyzed for dead end metabolites and network gaps, using the CO-
BRA toolbox [13]. Gaps were filled by re-visiting scientific literature. Further-
more, the biomass reaction was tested for carrying a non-zero, positive flux value,
and futile cycles (only on exchange reactions) were checked.
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6.5.4 Simulations

The drug and dietary ingredients dosage values were converted to grams per day.
Since, the small intestine acts as a gateway for passage of all ingested components
into the body, the model inputs were formulated as gram dry weight of small intesti-
nal enterocytes, i.e., in mmol - gpw enterocytes * hr~1, described in [30]. The absorption
rates of the inputs are unknown in most cases; hence, we assumed them to be sub-
optimally. The minimum uptake rate was fixed at 10% of maximal possible flux
rate. The lower and upper bounds of the corresponding exchange reactions were
set accordingly. We obtained diet and drug specific models, and tested them for the
fifty drug metabolic objectives, using flux balance analysis [11]. Consequently, the
models were also tested for a functional biomass under each of these conditions.

Drug objectives and secretion reactions

Drugs objectives were chosen such that they represent the overall metabolism of
each drug, including their transport reactions. However, in cases where it was
known that a major part of drugs undergoes a metabolic pathway, e.g., 80% of
acetaminophen undergoes non-oxidative route, this one was chosen over the ox-
idative route. All drug metabolites derived from the parent form of the drug were
constrained to be 'only secreted’ into the extracellular space, i.e., the corresponding
exchange reactions were set to have a lower bound /b = 0.

Modeling the effect of drug metabolism on the ATP demand reaction

The biomass reaction was constrained to carry a minimal flux, i.e., the lower bound
on this reaction was set to be 10% of the maximal possible flux value. The flux
through the cytosolic ATP demand reaction CDM_ATP’) was then maximized. This
computation was performed for each drug independently under all three diets. The
exchange reaction for each parent drug compounds was set to [b = ub = —1 mmol -
g ! DW enterocytes * hr~!'. Simultaneously, single gene deletion was performed opti-
mizing for ATP_demand reaction.

Flux balance analysis (FBA)

Assuming steady state condition, where sum of input fluxes equal the sum of the
output fluxes, FBA follows S.v = 0, where S represents the stoichiometric matrix
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of size mxn (with m being the number of metabolites and n being the number of
reactions in the network). v is a flux vector of size nx1 containing a flux value v;,
for each reaction, i in the network. Under the given simulation conditions, we used
FBA to maximize a given objective function, as defined by the constraints, which
were applied to the model.

Fast flux variability analysis (fast FVA)

Flux variability analysis [12], uses FBA to maximize and minimize each reaction in
the model. The fastFVA [383] implementation was used to perform the FVA.

Single gene deletion analysis

Generally, reactions in a metabolic networks are represented with GPR associations,
which are Boolean relationship between the genes that encode the enzymes/proteins
that catalyze the reactions, making use of or’ when isozymes are involved, and
’and’, when multimeric enzyme complexes are involved. In a single gene deletion
[13], those reactions associated through an *and’ relationship or those encoded by a
single gene are inactived by setting the corresponding reaction bounds to zero (/b =
ub = 0mmol - gpw enterocyres * hr—1), and uses FBA to maximize the given objective
function. This procedure was done for all network genes.

All fluxes were computed and given in mmol - gpw enterocytes - hr—1. All simulations
were carried out using MatLab (MathWork, Inc.) as programming environment,
Tomlab (TomOpt Inc.) as a linear programming solver, and the COBRA toolbox
[13]
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Figure 6.1: Simplified overview of drug metabolism and elimination routes. A.
Orally administered drugs, are primarily absorbed via the enterocytes of the small
intestine, via specific transporters (e.g., SLCO2B1, GenelD: 11309). Once inside
the enterocyte, phase I and phase Il drugs metabolizing enzymes may act on the
parent form of the drug. Alternatively, the parent form may enter into the portal ve-
nous blood. Specific hepatic uptake transporters (e.g., SLCOIBI, GenelD: 10599)
take up the drug and its derivatives for further metabolism. Majority of the drugs
undergo activation from the pro-drug to the active form in liver, and can then either
exit into the hepatic vein to be exposed to systemic circulation for targeted action, or
can enter the biliary route. Drugs can 1) enter the hepatic vein also in their parent
form or 2) in their activated form, which can also enter the 3) bile. On the other
hand, they can undergo extensive metabolism in the liver to be released into both
hepatic vein and 4) bile. Once inside the bile canaliculus, the drugs can either enter
into 5) entero-hepatic re-circulation or be excreted in 6) the feces. Drugs exposed to
the systemic circulation usually exit through 7) the renal route, via urine. B. Drugs
undergo biotransformation from lipophilic to polar state, which further aids in easy
excretion. Shown are phase I reaction, i.e., oxidation of a drug molecule that is
catalyzed by enzymes of the cytochrome P450 family (CYP450), followed by phase
1l reaction, i.e., glucuronidation catalyzed by UDP-glucuronyltransferases (UGT).
Both the reactions occur in the endoplasmic reticulum (E.R) of either enterocytes or
hepatocytes.
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Figure 6.2: Effect of single gene deletion on the drug objectives under average
American diet. Black bars indicate zeros flux, red bars indicate reduced flux, and
white bars indicate no change in flux values compared to the healthy model (per-
centage reduction in the flux values through the mentioned objective reactions are
shown). Gene symbols with * are the ones associated with IEMs. The plot has
been divided into three areas, where area I consist of 16 biomass essential genes
under average American diet constraints. These genes are essential for the biomass
reaction to carry a non-zero flux, under the applied simulation constraints. Area
1I consists of 42 genes encoding for the NADH dehydrogenase, i.e., the complex 1.
Area 11l consists of 4 genes encoding for the succinate dehydrogenase, i.e., complex
11 reactions of the mitochondrial electron transport chain.
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Figure 6.3: Involvement of endogenous metabolites in xenobiotic metabolism: A:
UDP-glucuronate is an important co-factor for glucuronidation reactions for a ma-
Jjority of drugs, including statin group, analgesic group, cyclosporine, losartan, mi-
dazolam, and gliclazide. Knockout of CMPKI results in non-availability of uridine
di- and tri-phosphates that are required for synthesis of UDP-glucuronate. Hence,
a major fraction of drug objectives are affected by CMPKI knock out. B. Sulfur
containing amino acids are source for endogenous paps (i.e., 3’-phosphonato-5’-
adenylyl sulfate) that is involved in sulphation of acetaminophen metabolites, ulti-
mately leading to their excretion. Abbvr: SADT: sulfate adenylyltransferase (E.C.
2.7.7.4), ADSK: adenylyl-sulfate kinase (E.C. 2.7.1.25).
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Figure 6.4: Drug interactions between atorvastatin and cyclosporine. Gene sym-
bols with F and 1 correspond to those that are altered by both drugs. Genes with
I represent the ones affecting metabolic reactions of atorvastatin and cyclosporine,
but, transport reactions of only atorvastatin. Genes with 1 are the ones affect-
ing transport reactions of atorvastatin and cyclosporine, but, metabolic reaction
of only atrovastatin The area between dashed lines highlights the genes encoding
the proteins of mitochondrial electron transport chain. Black bars represent drug
objectives carrying zero flux, and pink bars are the ones carrying reduced flux (per-
centage reduction in the flux values through the mentioned objective reactions are
shown).
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Figure 6.5: Effect of drug metabolism on cellular ATP maintenance under three
diets. Drugs have been shown on the X-axis and all the gene knockouts on the
Y-axis. The ATP_demand reaction was optimized under different diets and single
gene deletion performed. Gene knockouts that caused a reduction in the flux value
through ATP_demand has only been shown. Gene symbols with * are the ones as-
sociated with IEMs. Different color codes represent the reduction in the flux values
through the ATP-demand, under different diet conditions, and white bars represent
no change.
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7 Conclusion and perspective

7.1 Human metabolism

Human metabolism is integrated, wherein the major metabolic pathways for car-
bohydrates, lipids, and amino acids, come together, in order to extract various in-
gredients from the diet, and provide the body with energy and cell maintenance
essentials. Additionally, vitamins and minerals provide the required co-factors, and
meanwhile, the hormones mediate the pathway regulation (condition dependent hor-
monal cascades, e.g., fully fed and starvation states). Each organ then runs specific
pathways depending upon the dietary inputs received and presence of hormonal in-
fluence ensuring the body homeostasis. This balanced mechanism can be disturbed
under metabolic and non-metabolic diseases. Hence, a system analysis of not only
individual component, but also, their complex interaction can aid in restoring back
normalcy. The work presented in this thesis, aimed to understand the mechanisms
of cellular homeostasis and its perturbation under various IEMs.

7.2 Genome scale network reconstruction (GENRE)
for capturing cellular metabolism

Building metabolic GENREs remains one of the fundamental methods of systems
biology to study cellular biochemistry, physiology, and genetics. Throughout this
thesis, metabolic network reconstructions have been done using the manual or bottom-
up approach. This method uses the genome annotation data to start with, and in-
volves intensive study of the relevant scientific literature to accumulate information
on the operating metabolic and transport pathways, the genes, proteins and their
relationship. Subsequently, when the reconstruction is converted into a mathemati-
cal model, the COBRA methods, e.g., FBA, FVA etc. were used to interrogate the
network properties, and test the functionality. Although, laborious and time con-
suming, such approach continues to be the most realistic and reliable method of
GENRE building that is more close to the metabolic and physiological processes
occurring within that organism or cell type. The two human specific GENREs, i.e.,
the first global human metabolic network Recon 1 [18] and the most recent Re-
con 2 [31] represent milestones in exploring and capturing the various biochemical
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mechanisms responsible for attaining cellular homeostasis. These GENREs built
through extensive manual curation efforts, lay their foundation on human genome
annotation and scientific literature. Hence, these mother GENRESs attempted to cap-
ture all the known metabolic pathways functioning in a human body, accounting for
their correct sub-cellular localization, substrate and cofactor utilization, stoichiom-
etry, and directionality. Additionally, they provide catalogue for genes that encode
the proteins catalyzing the metabolic and transport reactions, through establishing
the GPR associations. A plethora of studies that subsequently utilized Recon 1
to not only build cell/tissue specific networks, disease specific networks, but also
other mammalian networks, which all together furthered biomedical prospects of
systems biology in general. However, as the scientific community continues to
grow at a dynamic rate, so does our understanding. Therefore, frequent updates,
refinements, and corrections needs to be periodically incorporated into the mother
GENRESs, which shall retains their continuous usage as well as provide the most
current knowledge (Chapter 2).

7.3 Present status of IEM diagnosis and treatment :
Use of specific diet and medications

Inborn errors of metabolism (IEMs) are the metabolic disorders, caused due to spe-
cific mutation in the genome. Although individually rare, but, collectively numer-
ous, they have an incidence rate of 1:800 live births [3]. Among these, fatty acid ox-
idation disorders are the most highly prevalent ones, with a collective incidence rate
of 1:9000 [258] live births. IEMs in general exhibit a myriad of clinical symptoms,
and affect multiple organ systems, with nervous system being the most affected
one. These disorders follow various inheritance (with the majority being autosomal
recessive) and a range of phenotypic patterns. Typically, they are associated with
either a mild form or a moderate to severe form. The diagnosis at an early stage is
done via newborn screening program that measures amino acids, acylcarnitines and
their ratios, respectively. While the aminoacidopathies and organic acidemias (the
first group of IEMs that give rise to intoxication in general) are usually treatable,
others are non-treatable. The preferable mode of treatment remain use of specific
diet and medications.

7.4 Summary of research methodology used

In order to understand the pathology of metabolic disorders, a sound knowledge on
human metabolism is integral. The use of bottom-up reconstruction as it is based on
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conclusive biochemical data, and subsequent constraint based modelling approach,
provides mechanistic explanation for complex biological interactions. Additionally,
occurrence of higher number of network redundancies necessitates assembly of a
cell/tissue specific network. However, reconstructions are not complete and needs
to be updated frequently as new knowledge becomes available. Recon 1 [18] and
Recon 2 [31] were used as starting points. Expansion of these networks was done
in order to account for missing transporter content (Chapter 3) and detailed lipid
metabolism (Chapter 4). We mainly explored the impact of specific dietary patterns
(Chapter 5) and commonly prescribed medications (Chapter 6) on IEMs and cellular
biochemistry. Therefore, the work presented in this thesis involved:

* A review of literature to investigate the plasma membrane transporter con-
tent of global human metabolic networks, Recon 1 and Recon 2, for major
metabolite classes (i.e., sugar, amino acids, peptides, lipids, nucleosides, vi-
tamins, and others comprising water, heme, carnitine, taurine and betaine).
This resulted in expansion of substrate coverage for the various transport pro-
teins as well as addition of new proteins and improved reactions for their
transport mechanism. The proposed new transport reactions were combined
into a functional "transport module’ for its ready usage. The transport mod-
ule comprised of 71 metabolites, 70 reactions, and 41 genes. Faulty transport
mechanism have been reported in various metabolic disorders, hence, these
IEMs were highlighted along with their extent of coverage (in terms of their
associated genes) in the human GENRE:s.

* Expanding the global human metabolic network in order to account for all
the metabolites used in newborn screening (i.e., amino acids and acylcar-
nitines). The lipid metabolism in Recon 1 was extended with 139 metabo-
lites, 352 reactions, and 14 genes, in order to include complete alpha, omega
and beta-oxidation pathways that included synthesis of these acylcarnitines,
resulting in an acylcarnitine/fatty acid oxidation module (Ac/FAO module).
This was built by manual curation of relevant scientific literature, and com-
bined with Recon 1 to form a functional Reconl_Ac/FAO network. There-
after a compendium of IEMs was assembled and mapped onto this extended
network that comprised of mapped (235 IEMs) and un-charted (139 IEMs)
ones. These IEMs were characterized based on their mode of inheritance,
phenotypic presentations, biomarkers/metabolites used in their identification,
as well as the various organs/organ systems affected. Topological analysis of
Reconl_Ac/FAO network was used to infer the network properties.

* The previous work revealed that IEMs are majorly treated by specific dietary
measures and medications. The small intestine is the chief organ that per-
forms majority of digestion and absorption of food components. Reconstruc-
tion of the first human small intestinal enterocyte specific metabolic network
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(hs_sIEC611) was built in a bottom-up fashion, via an in-depth manual cu-
ration of available scientific literature. Information on various metabolic and
transport reactions specific for small intestinal enterocytes was collected, and
the corresponding reactions were extracted from Recon 1. Additionally, new
reactions were added particularly for peptides and dietary fiber metabolism,
all together comprising 433 unique metabolites, 1282 reactions (distributed
over five intracellular compartments, i.e., cytosol, mitochondria, nucleus, per-
oxisome and endoplasmic reticulum, and two extracellular compartments,
i.e., extracellular space and lumen) and 611 genes.

* The dietary patterns for an average American diet and balanced diet were used
as model constraints, and metabolic tasks (metabolic reactions performed by
a small intestinal enterocyte as inferred from literature) were set as model
objectives, and tested using flux balance analysis. Additionally, flux variabil-
ity was used to analyze secretion profile as well as whole network changes.
hs_sIEC611 captured 109/235 IEMs, hence, was used to study the effect of
diet and enzymopathies on cellular metabolism. Furthermore, the metabolic
link for the clinical symptoms observed in certain IEMs (porphyrias, ornithine
translocase deficient and gyrate atrophy) was investigated, as well as novel co-
morbidities (between methylmalonic acidemia, propionic acidemia and cys-
tathionuria) and probable cellular adaptive mechanisms (for type I citrulline-
mia and Smith-Lemli-Opitz syndrome) were proposed.

* The role of diet in metabolizing drugs has been widely explored. However,
there exists limited number of studies that analyzed the effect of genetic
perturbations/genetic disorders on drug metabolism. We chose to study the
metabolism of commonly prescribed drugs (i.e., statin group, anti-hypertensives,
immunosuppressants, analgesics, anti-diabetic, sedative, and anti-hyperuricimic
drugs) by manually assembling a drug reconstruction, comprising 210 metabo-
lites, 721 reactions, distributed over four intracellular (cytosol, endoplas-
mic reticulum, mitochondria, and peroxisome, and one extracellular compart-
ment) and 57 genes. This was combined with Recon 2 to form a functional
Recon 2-drug module (Recon2_DM1796).

* In addition to the average American and balanced diets, formulated in the
previous study, we formulated a vegetarian diet. These were used as model
constraints, along with the drugs constraints (e.g., secondary drug metabolites
derived from the parent form, were constrained to be only secreted, as 1b = 0,
ub = 1000), and the drug objective were set as model objectives. Drug and
diet specific models were obtained from Recon2_DM1796 and the role of diet
analyzed. Moreover, single gene deletion analysis was performed to account
for the effect of IEMs.
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7.5 Main findings of the research performed

IEMs have long been segregated as ’rare diseases’, confined to a particular geo-
graphical location. However, as MS/MS technology is becoming more precise, tar-
geted, as well as sensitive, new IEMs are being identified. This demands a more
elaborate and systems analysis of their specific pathological mechanisms. There-
fore, one of the best platforms to study the various abnormal processes caused due
to an IEM and predicting possible adaptive mechanisms occurring in such cells,
depends heavily on building IEM specific in silico metabolic models.

7.5.1 Biomedical prospects : IEMs, biomarkers, biomedicine

When the newborn screening data was mapped onto Recon 1, the acylcarnitines
could not be captured. Hence, the existing lipid metabolism (alpha, omega, and
beta oxidation pathways) was expanded to account for the newborn screening data,
which could aid in IEM identification within a metabolic network context [29].
Furthermore, topological analysis of this network resulted in seven IEM pairs that
shared all reactions (i.e., affected reactions) and the literature study revealed that
they do also have overlapping clinical symptoms. This signifies a systems approach
to identify and compare IEM pairs that may not be associated otherwise. Addition-
ally, acetyl-CoA was found to be a common link, connecting various IEMs on the
metabolic map, revealing the metabolic "hotspots’.

A significant part of this work involved the assembling of the IEM compendium
(comprising the mapped and uncharted IEMs) [29], which paved the way for further
study. Since, diet and medications are the most commonly used treatment strategy,
the next level of work focused on these areas.

Enterocytes of the small intestine are majorly involved in digestion and absorption
of food components. Hence, we built hs_sIEC611 [30], human small intestinal ente-
rocyte metabolic network, in a bottom-up approach, which essentially captured the
physiology and biochemistry of this cell type. The building of a cell type specific
metabolic network was necessitated to overcome the generic network’s metabolic
redundancy, as well as to observe the local effects of specific dietary patterns and
IEMs specifically on this cell type. Dietary patterns not only dictated the model
predictions under healthy state, but also, IEMs inflicted models. The derangement
of the enterocyte metabolic functions by IEMs, as well as successful prediction
for metabolic biomarkers for known IEMs, projects the potential of computational
modelling for studying genotype-phenotype correlations and IEMs identification.
Although, this study was a qualitative one, but, if adequate kinetic parameters are
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known this can be used as starting point to make quantitative predictions. One of the
biggest advantage that in silico modelling provided was inferring mechanistic expla-
nations for the clinical symptoms observed and their biochemical connection. This
was achieved for eight different porphyrias, gyrate atrophy, and ornithine translo-
case deficiency, again showing possible applications of computational modelling to
decipher the precise IEM pathology.

Can we investigate why multiple IEMs co-occur in a patient? Why do such IEMs
have overlapping clinical features? This was studied for methylmalonicacidemia
(MMA), propionic acidemia, and cystathionuria. Patients positive for both methyl-
malonic acidemias and cystathionuria has been reported in the literature [353]. Ad-
ditionally, MMA and propionic acidemia share common clinical features. The com-
putational modelling predicted a failure to synthesize phosphatidylcholine (phospha-
tidylcholine being an important membrane constituent exerting anti-inflammatory
role [380,381]), in both MMA and propionic academia, and a flux block in methio-
nine to cysteine conversion common to all three IEMs. These findings suggest that
co-morbid patterns as well as overlapping phenotypes may be linked to underlying
biochemical defects.

The next question that we tried to answer was; what are the special alternative mech-
anisms possessed within cells that help them bypass the deleterious effects of IEMs.
This was analyzed for type I citrullinemia and Smith-Lemli-Opitz syndrome, where
in we were able to identify potential adaptive mechanisms. Further, any form of
metabolic disturbance of these target reactions could be responsible for the broad
phenotypic spectrum observed in these IEMs.

There have been very few reports that analyzed the effect of genetic background on
efficacy of drug metabolism. Additionally, few reports claimed that co-administratio-
n of multiple drugs to IEM patients caused an aggravation of clinical symptoms,
further worsening the pathological consequences (e.g., prolonged use of statins
and cyclosporine in cases of IEMs of energy metabolism caused increased mus-
cle problems, leading to rhabdomyolosis) [507]. Previously we studied the effect
of popular diets and enzymopathies on cellular metabolism, we next chose to study
their effects on xenobiotic metabolism, namely for the most commonly prescribed
drugs. We saw that cells had to bear the burden of extra metabolic cost, in terms
of ATP expenditure, when faced with IEMs, in order to carry out an efficient drug
metabolism. This was highly reflected in case of IEMs of mitochondrial electron
transport chain disorders (e.g., Leigh syndrome, complex I deficiency, succinate de-
hydrogenase deficiency, etc.) that caused marked reduction in the flux through the
statin metabolism. Hence, a disturbed statin metabolism may be responsible in part
for the phenotypic effects of mitochondrial energy disorders, when such patients are
put onto statin therapy. Additionally, we also observed that the choice of diet sig-
nificantly altered the efficacy of drug metabolism and ultimately their elimination
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(e.g., a low sulfur containing amino acid diet contained in the simulated vegetar-
ian diet caused reduced flux through metabolism and elimination of acetaminophen
metabolites). Hence, with this study we showed that diet and IEMs significantly
altered the xenobiotic metabolism, which may cause severe phenotypes, as seen for
IEMs of energy metabolism. In case, of co-administration of drugs, i.e., for ator-
vastatin and cyclosporine, both shard not only common transport proteins but also
metabolic reactions.

7.6 Limitations

The key enzymes of metabolic pathways are strictly regulated (either by hormones
or other forms of external stimuli), e.g., hyperglycemic hormones (glucagon, glu-
cocorticoids, and thyroid) and hypoglycemic hormone (insulin) reciprocally regu-
late the glycolysis and gluconeogenesis pathways by monitoring transcription and
translation of pyruvate kinase, phosphofructokinase, and the bi-functional enzymes
[520]. However, metabolic networks generally doesn’t involve any regulatory as-
pect of metabolism, mainly because all the necessary regulatory or signalling com-
ponents largely remain unknown. The components forming the regulatory network
are DNA-binding proteins and their target promoters and for that of a signalling
network are signalling receptors, protein kinases, and protein phosphatases [5]. In-
tegration of metabolic network with transcriptional regulatory network has been
done for lower organisms like E.coli strain iMC1010 [521], yeasts e.g., S.cerevisiae
strain iIMH805/775 [522]. Additionally, integration of metabolic and transcrip-
tion and translation networks for E.coli strain iAF1260 [316, 523] has also been
accomplished, as well as, various other algorithms developed to aid in this re-
gard [524,525]. This highlights the scope of systems biology methods to not only
build component specific networks (i.e., metabolic and non-metabolic components
of a cell), but also integrate these to unravel phenotypic features, network proper-
ties, biological discovery, and biotechnological applications [52]. However, such
integrated networks for specific human cell types are yet to be constructed. More-
over, this shall also result in combined networks of enormous size, which shall de-
pend heavily on intensive computational power and relatively faster computational
algorithms to study the network properties. Such combinatorial approach holds po-
tential to study complex disease pathologies and suggest patient specific medicare.
Therefore, building of a combinatorial network blending all the basic cellular com-
ponents, i.e., both the metabolic and non-metabolic components would be highly
desirable for making highly meaningful predictions by the finished model.

One of the major concerns often raised for steady state modelling is that the clas-
sical COBRA modelling approach using flux balance analysis could be used for
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determining metabolic flux distribution, but not for metabolite concentration and
dynamic behaviour of the metabolic fluxes [11, 526], which can be studied using
the dynamic flux balance analysis [526]. Apart from steady state modelling, the
other most widely used modelling technique remain kinetic modelling. In general,
kinetic modelling is not amenable for large genome scale networks, as most of the
kinetic parameters remain unknown. However, there exists kinetic metabolic mod-
els of human red blood cell [527], human mesenchymal stem cell [528], as well as
for Escherichia coli [529]. The choice of a specific modelling approach depends on
the questions one tries to answer, e.g., mechanistic explanations for the effects of
network perturbations is essentially done with steady state modelling, and analysis
of dynamic behaviour of the network by kinetic modelling.

7.7 Possible areas for future research

As highlighted in the previous chapters 1 and 2, there exists a number of IEMs with-
out any treatment procedures. Additionally, most of the well-known IEMs demand
better diagnostic criteria. The work presented in this thesis holds promising poten-
tial for various future applications of systems biology methods in the field of IEMs,
particularly for their diagnosis and treatment. The detailed discussion on transport
proteins highlighted the role of transporters in metabolic reconstruction, and can be
used to refine the reconstruction methodology of metabolic networks. Moreover, it
also highlighted the IEMs caused due to faulty transport system, and this informa-
tion could be handy while modelling such diseases. The compendium of IEMs can
be expanded to include newly diagnosed ones. This shall not only help as a global
catalogue to study IEMs, but also highlight the need to expand or refine the mother
generic metabolic network in order to capture such IEMs. Subsequently, cell spe-
cific models can be generated from the mother networks to study the local effects of
IEMs. One such attempt was modelling the metabolism of human small intestinal
enterocytes. Although, we had two specific dietary patterns as model constraints,
more elaborate and patient specific diets can be formulated and applied. Here in we
also predicted certain novel metabolic biomarkers, as well as validated the use of
current ones. Hence, this work can be expanded by building combined organ models
in order to capture those biomarkers missed out due to single cell type modelling.
We also provided a platform for modelling drug metabolism, with the Recon2-drug
module. This can be used to predict better combination therapy of drugs, as well as
synergistic effects of either diets or drugs. One of the basic aim to model commonly
used drugs, was to come up with hypothesis if these easily available drugs be used
as IEM medications. This can be applied to subsequent cell specific networks, in or-
der to derive more meaningful results. Such targeted approaches will aim to deliver
better diagnostic and individualized and patient centric therapeutic measures.

168



7.7.1 Perspective

The world of IEMs is ever expanding, necessitating the need for cataloguing and
studying them, as well as finding easy and reliable identification strategy, and for-
mulating better medications for them. Although, individually rare, significant pro-
portion of these can be fatal, when left untreated. System biology aims to analyze
a system or cell with a holistic approach, yet taking into account of its individual
component and their complex interaction. Genome scale metabolic network recon-
struction and COBRA modelling methods have proven to be useful in understand-
ing these interactions, as well providing mechanistic explanation for the effects and
causes of various perturbations caused to the network. Therefore, it is worthwhile
to use these approaches to explore the world of IEMs. The work presented here
aimed at understanding the precise pathologies of IEMs as well as predict the effect
of these on healthy cellular metabolism, additionally, combining these with specific
diet and drug administration. Hence, this work can be used as a starting point to
hypothesize effective treatment strategies and novel biomarkers for IEMs.
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