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Abstract

Computational models using metabolic reconstructions for in silico simulation of metabolic disorders such as type 2
diabetes mellitus (T2DM) can provide a better understanding of disease pathophysiology and avoid high experimentation
costs. There is a limited amount of computational work, using metabolic reconstructions, performed in this field for the
better understanding of T2DM. In this study, a new algorithm for generating tissue-specific metabolic models is presented,
along with the resulting multi-confidence level (MCL) multi-tissue model. The effect of T2DM on liver, muscle, and fat in MKR
mice was first studied by microarray analysis and subsequently the changes in gene expression of frank T2DM MKR mice
versus healthy mice were applied to the multi-tissue model to test the effect. Using the first multi-tissue genome-scale
model of all metabolic pathways in T2DM, we found out that branched-chain amino acids’ degradation and fatty acids
oxidation pathway is downregulated in T2DM MKR mice. Microarray data showed low expression of genes in MKR mice
versus healthy mice in the degradation of branched-chain amino acids and fatty-acid oxidation pathways. In addition, the
flux balance analysis using the MCL multi-tissue model showed that the degradation pathways of branched-chain amino
acid and fatty acid oxidation were significantly downregulated in MKR mice versus healthy mice. Validation of the model
was performed using data derived from the literature regarding T2DM. Microarray data was used in conjunction with the
model to predict fluxes of various other metabolic pathways in the T2DM mouse model and alterations in a number of
pathways were detected. The Type 2 Diabetes MCL multi-tissue model may explain the high level of branched-chain amino
acids and free fatty acids in plasma of Type 2 Diabetic subjects from a metabolic fluxes perspective.
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Introduction of BCAAs in plasma of T2DM subjects are associated with
conditions of insulin-resistance [7-12].

Type 2 Diabetes Mellitus (T2DM), the most common form of It is also known that elevated free fatty acid (FFA) levels in

Diabetes in America, is becoming a global pandemic with the L1 i linked to T2DM in patients [13]. One of the studies [14]

greatest increase in cases in many developing countries. The on the effect of high plasma FFA levels, pointed out the

pathophysiology ) of TQD.I\I primarily .involvcs defects in three contribution of high FFA levels in plasma on the impaired insulin
organ systems— liver, peripheral target tissues (skeletal muscle and response of the T2DM subjects.

fat), and pancreatic B-cells [1]. Insulin resistance in the peripheral In contrast to the wealth of knowledge available for the

target tissu'es, pfimari'ly skeleFal muscle, is considered the primary concentrations of circulating BCAAs and FFAs in T2DM patients,
reason for 1r?suhn resistance 1n TZDM (2]. o the actual mechanisms leading to these changes at the metabolic

In the patients with T2DM, withdrawal of insulin treatment has and genetic levels are less understood. With the emergence of
been shown to be associated with increased levels of branched- syster‘hs biology tools associated with high-throughput c{ata it is
chain a‘mino ch.ids (BCGAAs) in the plasma [3]. 1\/.Ioreover, now feasible to create in silico genome scale metabolic
metabolite profiling from tbe plasma Of.TQDM patients (4] reconstruction models to study the causes of various metabolic
revealed BCAAS as the key-blomarkers‘durmg the progression of disorders [15]. After completion of a global human metabolic
TQDNI' It is shown that the concentrations of BCA.A_S in plasma, network [16], Reconl, constraint-based modeling became feasible
!IVCI‘, and skeletal ‘mus?le are higher in T2DM conditions such as to study metabolic disorders in silico. Accounting for more than
in the Zucker diabetic rat [5]. Another study performed on 3000 human metabolic reactions, Reconl provides a firm basis for

hyperglycemic/T2DM Finnish males revealed high plasma level studying human metabolism and metabolic disorders such as
of BCAASs [6] too. Additionally, it has been shown that high levels
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cancer, diabetes, obesity, and inherited gene and enzyme
deficiencies [15].

Following Reconl coming into existence, several tissue-specific
models have also been generated [17-22]. Reconl in itself is not
sufficient for modeling specific tissues as different tissues exhibit
different physiological and hence metabolic behaviors. Increased
efforts are creating multi-tissue metabolic models to study the
pathophysiology of human metabolic disorders [23].

Insulin resistance leading to Type 2 Diabetes Mellitus (T2DM)
1s regulated by more than one tissue system requiring analysis at
multi-tissue level. Major tissues involved in T2DM are skeletal
muscle, liver, adipose, pancreas, brain, and gastrointestinal tract
[24]. As far as the level of metabolites is concerned, skeletal
muscle, liver, and adipose tissues are the major role players in
secreting these metabolites into the blood by various biochemical
pathways. Metabolite concentration levels (such as amino acids
levels) from T2DM subjects’ blood is readily available in literature,
allowing comparison of an in silico model to T2DM phenotype.
The current study introduces a comprehensive multi-tissue-specific
model to study interdependence of hepatocytes, mycoytes, and
adipocytes in the T2DM condition. Table 1 shows a summary of
some different models including the model for the current study
(Kumar et al.) [17,18,20,25,26]. Each model provides specific
advantages and limitation for specific applications. Models can
vary in size and scope and also tissue distribution. For example,
while some models are specific for certain tissues, the current
Kumar model expands the scope to include three tissues.
Moreover, microarray data used in our study contextualizes the
reconstruction according to the three different tissues (liver, WA,
and skeletal muscle). Furthermore, we used microarray data for
three different tissues from the same animals. While we recognize
that the current approach incorporates this data from a different
organism (mice) into a model based on human metabolism, the
similarity in physiological responses across species makes such an
approach reasonable in the absence of fully validated models and
data sets for each species. Most of the studies involving T2DM and
insulin resistance utilize data from insulin-resistant or diabetic
animal models, such as Zucker fatty (ZF) and Zucker diabetic fatty
rats (ZDF)[27], high-fat-fed mice[28], muscle IGF-1 receptor—
lysine—arginine (MKR) mice[29,30], and lep/lep mice[31]. A
common feature of these animal models is that all models have
manifested insulin resistance and often exhibit islet dysfunction as
occurs in the early stages of type 2 diabetes in humans. It is, in our
opinion, valid to use MKR mice and Zucker diabetic fatty rat data
for making predictions on humans’ T2DM phenotypes. To
validate the model, its capability to predict expected phenotypes
from known genotypes was tested. For this purpose, a publically
available comprehensive database for genes and genetic pheno-
types, the Online Mendelian Inheritance in Man (OMIM)
database was used. This was followed by a comparison between
constraint-based simulation results and the levels of plasma amino
acid in the Zucker diabetic rat after gene expression data for the
three tissues from the diabetic MKR mouse compared to normal
control mice [32].

Results

A.1 Multi-confidence level (MCL) multi-tissue model
Before generating the model, an algorithm was applied to
generate a list of high confidence, medium confidence, and low
confidence reactions, based on the source of a particular reaction.
The high confidence list comprised reactions from published
literature and was not altered by the algorithm; the medium
confidence list comprised of reactions from online databases such
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as HPRD, etc.; and the low confidence list comprised of all
remaining reactions that weren’t present in high and medium
confidence reaction lists, as shown in Figure 1 (detailed in
Materials and Methods). The final high confidence reaction list
(Gy,) consists of 1110 reactions and 1593 metabolites. The final
medium confidence reaction list (C,,) consists of 1099 reactions
and 1643 metabolites. The final low confidence reaction list (Cy)
consists of 4433 reactions and 3679 metabolites. The algorithm
required six iterations before completing to give multi-confidence
level (MCL) multi-tissue model with 4704 reactions and 3131
metabolites. Completion is indicated by the fact that the objective
function for the whole model is at a maximum for a particular set
of flux distributions and no more reactions can be added in
subsequent iterations (detailed in Materials and Methods).

A.2 Validation using Online Mendelian Inheritance in Man
(OMIM) Database

® Irom the OMIM database [33], 17 disorders were chosen and
characterized with regard to increases or decreases in
metabolite level in the blood as shown in Figure 2 [22]. Each
of the disorders involves changes in the amino acid levels. The
phenotype of each of these disorders is outlined in Figure 2
above. Each disorder has a set of associated genes, as listed in
Figure 2, which can be used to map to reactions in silico. S-
Adenosylhomocysteine hydrolase is associated with AHCY
gene deficiency [34]. Alkaptonuria is associated with HGD
gene deficiency [35]. Argininemia is associated with mutation
in ARGI gene [36]. Cystinuria is associated with mutations in
SLC3A1 and SLC7A9 genes [37]. Lysinuric protein intoler-
ance 1s associated with mutation in SLC7A7 gene [38].
Formiminotransferace deficiency is associated with mutation in
FTCD gene [39]. Histidinemia is associated with mutation in
HAL gene [40]. Homocystinuria is associated with mutation in
CBS gene [41]. Hyperprolinemia is associated with mutation
in PRODH gene [42]. Maple syrup urine disease is associated
with mutation in DBT, BCKDHB, and BCKDHA genes [43].
Methionine adenosyltransferase deficiency is caused by
mutation in MATIA gene [44]. Methylmalonic aciduria is
caused by mutation in MUT gene [45]. Phenylketonuria is
caused by mutation in PAH gene [46]. Hyperphenylalanin-
emia is associated with mutation in QDPR [47]. Tyrosinemia,
Type I is caused by mutation in FAH gene [48]. Tyrosinemia,
type III is caused by mutation in HPD gene [49]. Glycine
encephalopathy is associated with mutation in AMT, GLDC,
and GCSH genes [50]. In this validation, the reactions
associated with these genes were removed and simulation of
the in silico model was run to predict the phenotype of the
disease associated with removing that particular gene(s). The
predicted phenotype was then compared to the actual
phenotype from the OMIM database. Exchange reactions tell
about the concentration and the exchange flux balances
indicate the increase or decrease in concentration of a
metabolite in the model in the blood/extracellular compart-
ment. This analysis was performed on the MCL multi-tissue
model, Reconl, and the multi-tissue version of Reconl
(modeling the three tissues: adipose, liver, and skeletal muscle).
The results from simulations of Reconl and the multi-tissue
version of Reconl served as benchmarks to compare to the
simulations of MCL multi-tissue model, as shown in receiver-
operator curves (ROC) in Figure 3. ROC curves portray the
trade-off’ between true positive rate (TPR) and false positive
rate (FPR) predictor of a model as the decision threshold of a
parameter is varied.
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Table 1. A comparison of different models.
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Kumar Bordbar Jerby Gille Mardinoglu Recon1
Intracellular Reaction 2202 518 1056 1081 6160 2180
Genes 1496 931 - - 1809 1496
Unique Metabolites 610 413 729 777 2497 1509
Compartments 4 4 6 6 8 7

doi:10.1371/journal.pone.0102319.t001

Reconl and the multi-tissue version of Reconl have an
identical curve which is understandable as a multi-tissue version
of Reconl is just a combination of Reconl models of the three
tissues and the external exchange compartment; however, it is
necessary to test the differences between the two because the
number of type III cycles can increase in the multi-tissue version of
Reconl. A type III cycle is one of three types of extreme pathways
that can exist in a reaction network (type I, type 11, and type III)
and could cause the behavior of the multi-tissue version to be
different than the single tissue version of Reconl. Figure 3
illustrates that the MCL multi-tissue model reaches higher true
positive rates as compared to Reconl. Also, all data points other
than the last one at (1,1) are clustered in an area with a very low
false positive rate. This indicates that all models evaluated in this
experiment performed as expected. The area under the curve
(AUC) provides a quantitative measure of the performance of each
model. The AUC of the MCL multi-tissue model is 0.7151, and

A comparison of intracellular reaction, number of distinct genes, number of unique metabolites, and total compartments in different metabolic reconstructions.

the AUC of Multi — Reconl and Reconl is 0.6719, and AUC of a
random selector (not shown) is approximately 0.3866.

A.3 Validation using Type 2 Diabetes Gene Expression
Change

Subsequent validation analysis involved the application of
microarray data from MKR T2DM mice to the aforementioned
in silico models. The microarray data of the two sets was
compared and genes that had statistically significant (with p-value
<<0.05) fold changes were tabulated. These differentially expressed
genes were then mapped to Reconl and the MCL multi-tissue
model to determine sets of upregulated and downregulated
reactions. The bounds of these reactions were changed according
to the procedure defined elsewhere (Materials and Methods). The
resulting differences in the exchange reactions flux bounds in both
models were compared with amino acid data for the Zucker
diabetic fatty rat from the literature [3], as shown in Table 2. With

| |
Recon 1 I
1 {Liver)
|
|
I
: I
Recon 1 _pl I Lp 1 = active
— -
1 Exchange I 0 = Inactive
I o % I
1 Recon 1 Recon 1
(Skeletal Muscle) [Adipose) 1
1
| |
1 Flux Distributions Boolean vector
e e e e e e e e e e e e e e e -
—
Scoring
Highest objective score <0
L 4
Score >0

Highest objective score >0

max Cy R, - 0.5*Cy MR,

Partial Model

Reaction removed Score matrix

Figure 1. Multi-tissue model building workflow. Recon1, downloaded from BiGG database, is the basis of building this multi-tissue model for
liver, skeletal muscle, and adipose tissues. From the Recon1 individual compartment models, the algorithm first loads a randomized flux distribution
matrix representing randomization of linear programming (LP) problems. Then a Boolean vector describing activity (1= active, 0= inactive) of each
reaction is created. Then scoring for each column of the flux distribution is done. If the objective score is greater than 0, corresponding reaction is
added in the construction. This process is repeated until highest objective score is greater than 0, implying objective function is at its maximum. This
generates a partial model. Then the whole process is repeated again based on the partial model, until there is no change in model size between one
iteration to another iteration.

doi:10.1371/journal.pone.0102319.g001
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Genes
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Metabalic Disorder

AHCY-

FOMIM. 180960 S-ADENOSYLHOMOCYSTEINE HYDROLASE

HGDH

FOMIM: 203500 ALKAPTONURIA

ARG

FOMIM- 207800 ARGININEMIA

SLCTAS, SLC3A1-

-OMIM:220100 CYSTINURIA

SLCTATA

FOMIM:222700 LYSINURIC PROTEIN INTOLERANCE

FTCD

OMIM:229100 FORMIMINOTRANSFERASE DEFICIENCY

HAL-

FOMIM: 235800 HISTIDINEMIA

CB5

FOMIM 236200 HOMOCYSTINURIA

PRODH-

DBT,DLD;BCKDHABCKDHE - ]

MAT1A-

FOMIM: 238500 HYPERPROLINEMIA, TYPE |

-OMIM 248600 MAPLE SYRUP URINE DISEASE

-OMIM:250850 METHIONINE ADENOSYL TRANSFERASE DEFICIENCY

MUT

FOMIM: 251000 METHYLMALONIC ACIDURIA

PAH-

FOMINM 261600 PHENYLKETONURIA

QDPR-

LOMIM: 261630 PHENYLKETONURIA Il

FAH;

-OMIM:276700 TYROSINEMIA, TYPE |

HPD+

FOMIM 276710 TYROSINEMIA, TYPE 11l

GCSH; GLDC; AMT.

OMIM-E05899 GLYCINE ENCEPHALOPATHY

Glycme .

L-Arginine
L-Leucing -
L-Cysteine
L-Glutaming -
L-Serine
L-Proline
L-Threanine
L-Aspartate -
L-Glutamate -
L-Isoleucine -

Amino Acids
L-Phenylalanine

L-Asparagine -

L-Tryptophan

Figure 2. OMIM data used for model validation. Blue and red squares depict an

squares represent unchanged concentration levels.
doi:10.1371/journal.pone.0102319.9002

respect to the reference model with no change; any positive value
corresponds to upregulated and any negative value corresponds to
downregulated.

The difference between the two pairs (Recon 1 and MCL multi-
tissue model) of columns in Table 2 represent two different
analyses in which reactions were used in calculating increases and
decreases in plasma concentration of the corresponding amino
acids. The columns labeled “Ex-Reconl” and “Ex-MCL Multi-
tissue Model” represent analyses in which the exchange reactions
were used solely to determine the increases and decreases in
concentration of amino acids in the blood/plasma. The columns
labeled “Trans-Reconl” and “Trans-MCL Multi-tissue Model”
represent analyses in which transport reactions were used to
determine the increases and decreases in different pathways’
fluxes. In this instance, a transport reaction is defined as a reaction
that moves a particular amino acid from the cytosol to the
extracellular/blood compartment. An exchange reaction is a
special type of reaction that only exists in these types of
computational models and represent flow of metabolites across a
system boundary [51].

The first two rows in Table 3 represent the analyses using
exchange reactions, and as expected the MCL multi-tissue model
outperforms Reconl in every category (a lower FPR is better). The
last two rows in Table 3 represent the analyses using the transport
reactions. Table 3 shows that the MCL multi-tissue model
significantly outperformed Reconl when using exchange reac-
tions, but the results appear to be much closer when using
transport reactions. The MCL multi-tissue model outperformed
Reconl in every category except recall (recall is same as true
positive rate). ROC curves for the differences in flux bounds of the
exchange reactions and transport reactions are shown in Figure 4
and Figure 5 respectively.

PLOS ONE | www.plosone.org

L-Lysine -

L-Valine -
L-Alanine
L-Histidine

L-Methionine

increase and decrease in concentration, respectively. White

These ROC curves clearly demonstrate the differences between
Reconl and MCL multi-tissue model by providing the clear
differences in the area under the curve (AUC) between the two
models. In Figure 4, the MCL multi-tissue model outperformed
Reconl, which isn’t surprising given the results in Table 3. In the
figures 4 and 5, there are more points in Reconl because of the
fact that there are greater number of reactions in Reconl as
compared to the multi-tissue model and therefore downregulated
genes were mapped to more reactions. The AUC of the fold
change simulations of MCL multi-tissue model using Transport
reactions in Figure 4 is 0.3100; the AUC of Reconl in Figure 4 is
0.0412 and the AUC of random selector (not shown) is 0.3866.
The AUC’s of the MCL multi-tissue model using Exchange
reactions and Reconl in Figure 5 are 0.5048 and 0.3998,
respectively, which means that both Reconl and the MCL
multi-tissue model are better than a random selector for transport
reactions. Thus, the MCL multi-tissue model is consistently above
Reconl for both transport and exchange reactions and exceeds the
random selector curve for transport reactions but not for exchange
reactions. The random selector curve is based on a set of reactions
generated by random permutation from the entire set of reactions.

Reconl was highly inaccurate for transport reactions at each
threshold, which demonstrates the difficulty with predicting
increases or decreases of exchange from gene expression fold
changes. The fact that the MCL multi-tissue model displays an
AUC that is roughly 7.5 times greater than the AUC produced by
Reconl provides further validation for the MCL multi-tissue
model in these analyses, at least compared to other systems
available.
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OMIM Gene Deletion Analysis

0.9 1 —m-Multi-Reconl

Reconl

True Positive Rate
o
'

——MCL Multi-tissue Model

AN

0 0.2

04

0.6 0.8 1

False Positive Rate

Figure 3. ROC plot for validation using OMIM data. ROC plot comparing different models using gene-deletion study. This figure demonstrates

the true positive and false positive rates at various threshold values.
doi:10.1371/journal.pone.0102319.g003

A.4 MCL multi-tissue model’s application on MKR mice
microarray data

After the two extensive validations outlined in sections 2.1 and
2.2, the model was used to study physiological behaviors during
T2DM condition — higher plasma concentration of branched-
chain amino acids (BCAAs) and free fatty acids (FFAs) in T2DM
subjects. Branched-chain amino acid metabolism has been studied
in T2DM condition previously [10], [52], [53], but none of the
groups have determined metabolic fluxes through relevant
pathways, as described in this study using a robust computational
model. Past studies [18], [17] have focused on a single tissue (such
as liver) for investigating metabolic disorders. However, this
doesn’t give a complete picture of the metabolic disorder. In
another study [20] the investigators studied T2DM on fat, liver,
and muscle tissues using an i silico model which was less
comprehensive in terms of the number of metabolic reactions used
in the one presented in this study. In order to use the MCL multi-
tissue model for predicting physiological changes in fully T2DM
MKR mice as compared to healthy mice, gene expression data
was first generated for liver, skeletal muscle, and fat tissues for
healthy and diabetic mice. Statistical tests on gene expression data
suggested that several genes were differentially regulated between
MKR and healthy mice. The statistical test — Fisher’s exact test,
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providing significance of the association of the experimental gene
expression values and the Ingenuity Pathway Analysis canonical
pathways, was done using the Ingenuity software (www.ingenuity.
com). From gene expression fold change analysis in the three
tissues, it was found that for BCAA degradation and FA oxidation
pathways, some of the genes are upregulated and some are
downregulated in liver, while the same were predominantly
downregulated in the T2DM MKR mice’s fat and muscle tissues
when compared to their healthy euglycemic littermates, as shown
in Table 4.

The liver tissues’ FA degradation pathway genes did not provide
a clear explanation of high concentration of FFAs in the plasma of
T2DM subjects. However, the biosynthesis pathway from
Ingenuity Pathway Analysis (Figure 6) for fatty acids in the liver
tissues of MKR mice does provide an explanation of the
differences in FFA levels in healthy and diseased subjects’ plasma.
There is a clear increase in the gene expression patterns for
biosynthesis of fatty acids in liver and a decrease in fatty acid
oxidation in skeletal muscle and fat tissues, thereby accumulating
more free fatty acids in the plasma of T2DM subjects.

In order to perform systems level analysis of the gene expression
data, to achieve a better understanding of BCAA and FA
metabolism, we next used the gene expression data along with
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the MCL multi-tissue model to generate flux predictions. Gene
expression data was used for generating a context-specific MCL
multi-tissue  network using an algorithm which wuses gene
expression data to remove the reactions associated with no gene
expression, thereby creating a context-specific metabolic network
for the in silico T2DM condition simulation. Then, flux variability
analysis is performed to find out the reactions without fluxes,
which are then removed. The remaining reactions then represent
an active context-specific metabolic network. This active model
was used to find out the differences between biochemical reaction
activity between T2DM and healthy states.

Figure 7 (A)—~(F) represent the data corresponding to each
subsystem in the three tissues compared to a hypothetical dataset
represented by a random selector. T-scores were obtained for each
subsystem to determine the statistical significance of the degree of
differential expression. The purpose of organizing the data in this
way 18 to identify particular subsystems affected more greatly by
T2DM. This organization scheme helps filter out small subsystems
that contain all downregulated reactions but have very few
reactions, and therefore do not control the overall behavior of the
model.

Cholesterol metabolism is upregulated in adipose tissue (Figure 7
— D) and downregulated in liver tissue (Figure 7 — B) and muscle
tissue (Figure 7 — C). This can lead to higher cholesterol level in
plasma of T2DM subjects as also observed through actual
measurements [54]. The carnitine shuttle is downregulated in
adipose tissues (Figure 7 — A) and muscle tissues (Figure 7 — C), and
is upregulated in liver tissues (Figure 7 — E). As reported in
literature [14], a downregulated carnitine shuttle leads to insulin
resistance by triglyceride accumulations in the cytosol of the cells
by hampering beta-oxidation. Another interesting observation is

PLOS ONE | www.plosone.org

Table 2. Simplified depiction of the validation results.

Amino acid Zucker diabetic fatty rat Ex-Recon1 Ex-MCL multi-tissue Model Trans-Recon1 Trans-MCL multi-tissue Model
Arginine ! 1 - - l
Leucine 1 - - 1 -
Phenylalanine - 1 - - -
Cysteine - - - ! -
Glutamine | - 1 1 -
Serine | 1 - 1 -
Asparagine | - - 1 -
Tryptophan | - - - |
Proline - ! - - -
Threonine ! - - 1 -
Aspartate - i) 1 - -
Glycine l - - ! _
Glutamate 1 - - ! -
Isoleucine 1 - 1 - 1
Lysine l - - - 1
Valine 1 - - 1 1
Methionine | 1 1 - 1
Tyrosine ! - | ! |
Alanine - ! 1 - -
Histidine l 1 ! ! 1
The upward arrow ( 1) depicts higher amino acid level in Zucker diabetic fatty rat versus healthy rat. The downward arrow ( | ) depicts lower amino acid level in Zucker
diabetic fatty rat versus healthy rat. (-) depicts no difference in the amino acid level between the two types of rats.
doi:10.1371/journal.pone.0102319.t002

the upregulated N-Glycan degradation in adipose tissues (Figure 7
— () and downregulated N-Glycan biosynthesis in liver tissues
(Figure 7 — B). The behavior of these pathways leads to altered N-
Glycans structure in the plasma of T2DM subjects [55,56].
Sphingolipid metabolism is upregulated both in adipose tissues
(Figure 7 — D) and muscle tissues (Figure 7 — F), which matches
expectations, as ceramide levels in skeletal muscle of T2DM
Zucker fatty rat were found normal [57,58]. However, there is no
known relation between T2DM and skeletal muscle ceramide level
[59].

It is important to note that in most of the research work done on
studying behavior of these subsystems deal with studying
differences in gene expression in the two physiological conditions;
however, in this study we present differences in fluxes in the
biochemical reactions in the two physiological conditions (T2DM
vs healthy). Figures S1-S15 in File S1 show percentage of
reactions retained by subsystems in the three tissues, fold change
analysis in the three tissues, OMIM data analysis including the
random selector along with zoomed in version, and robustness
analysis results. File S2 provides direction of flux changes
(upregulated or downregulated) in different subsystems along with
the t-scores in adipose, skeletal muscle, and liver tissues in three
individual worksheets corresponding to each tissue type. In the
former method of study, if genes associated with few reactions in a
subsystem are downregulated, then most of the subsystem will be
downregulated because of the steady-state condition. However, in
subsystems with a combination of upregulated and downregulated
genes, the whole subsystem behaves unpredictably, so the flux
results can help decipher such ambiguous situations clearly.
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ROC Plot of Fold Change Analysis Using
Exchange Reactions
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Figure 4. ROC plot for exchange flux changes using Zucker fatty rat data. ROC plot of the results generated by comparing the exchange
flux changes determined by applying diabetic and wild-type gene expression data to the MCL multi-tissue model and Recon1 to available literature

o

data on amino acid concentration changes in the blood/plasma.
doi:10.1371/journal.pone.0102319.g004

Discussion

In the present study, microarray technology was used to
elucidate the relation of free fatty acid and branched-chain amino
acids levels under T2DM and normal condition and the gene
expression profiles in three different tissues — liver, muscle, and
adipose of diabetic MKR mice. The findings from microarray
analysis show that MKR mice have a downregulated fatty acid
oxidation profile in muscle and adipose tissues. In liver, the entire
fatty acid oxidation profile is not downregulated. On the contrary,
fatty acid biosynthesis in liver tissues is considerably upregulated as
shown in figure 6. Therefore, a possible explanation for the higher
circulating free fatty acid levels in the diabetic MKR mice is the
upregulated biosynthesis of fatty acids in liver and considerable
lower oxidation of the fatty acids in the muscle and adipose tissues
of the animals. Gene expression for branched-chain amino acids
metabolism 1is significantly downregulated too. However, mere
downregulation of gene expression does not imply downregulation
of the flux through these pathways. Moreover, using gene
expression data alone doesn’t clearly predict how fast or slow a
biochemical reaction proceeds. However, incorporating metabolic
flux results, based on such computational models, greatly enhances
the understanding of reaction fluxes.

PLOS ONE | www.plosone.org

Wang et al. [60] pointed out that comparisons using only
enrichment statistics with gene expression data provides far fewer
predictions as given by model based approaches. There are a
larger number of pathways that can be identified using the model
based approach as compared to using gene expression data alone.

Subsequently, an algorithm for building a multi-tissue model is
presented in the current paper. The algorithm presented in this
paper uses as few linear programming solutions as possible to
achieve an optimal solution, so that the solution can be found in a
reasonable amount of time. The model provides users with the
ability to predict changes in metabolite levels in the medium after
deleting specific metabolic genes, as well as the ability to predict
changes in metabolite concentrations in the plasma/medium after
applying fold changes to specific genes. Other capabilities include
using a quadratic programming solver to apply experimentally
derived fluxes to specific reactions in the model and determining
the remaining fluxes to examine the behavior of the overall model
in given by the experiment [17].

The positive aspect of this approach is that metabolic fluxes can
be predicted; this is important because metabolic fluxes are
difficult to measure in mammalian tissues, and metabolic fluxes
provide essential information used for characterizing phenotypes
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multi-tissue model outperforms Recon1 is both exchange and transport reactions.

TP stands for True Positive, FP stands for False Positive, TN stands for True Negative, FN stands for False Negative, TNR stands for True Negative Rate, and FPR stands for False Positive Rate. As seen from the Accuracy column, MCL
doi:10.1371/journal.pone.0102319.t003
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of cellular systems. Flux information can help predict metabolic
biomarkers in blood/plasma [22], and can potentially help predict
causes for certain metabolic disorders. However, due to their
qualitative nature, results from these steady state models should be
thought of as supplements to experiments; they are best used to
help provide potential targets for biological experiments.

Figures S7-S12 in file S1 delineate the results of the fold change
analyses by separating the upregulated and downregulated
reactions by subsystems (pathways). As mentioned before, it is
casier to find out approximately which subsystems are upregulated
or downregulated by microarray analysis, but that does not fully
explain the physical effects of the fold changes in these genes, in
terms of changes in the metabolic fluxes. The results show a
significant downregulation of branched-chain amino acid metab-
olism and fatty acid oxidation in muscle and adipose tissues (there
is some down regulation of branched-chain amino acid metabo-
lism in the liver tissue, but it is less apparent than in the other two
tissues). There are more downregulated reactions than upregulated
reactions. Changes in gene expression can only be assumed to
affect relative enzyme levels, which can only affect upper and
lower flux bounds; therefore, we can assume that more downreg-
ulated reactions are affected than upregulated reactions because a
decrease in the flux bounds represents more restriction than an
increase in flux bounds. This is because reactions with increased
flux bounds can still be forced to have lower fluxes by adjacent
downregulated reactions, whereas reaction with decreased flux
bounds cannot be forced to have higher fluxes by adjacent
upregulated reactions.

Statistical significance of the differential regulation of the
subsystems was calculated by using a two sample t-test (assuming
the second sample is a randomly generated set of upregulated,
downregulated, and unchanged reaction predictions and is of the
same size as the subsystem) to determine the statistical significance
of the subsystem’s deviation from random behavior. For example,
if the subsystem 1s 100% downregulated with two reactions, then,
intuitively, this is not very statistically relevant because a random
selector can make this selection 1/9 of the time (assuming the
random selector chooses downregulated, upregulated, and un-
changed each 1/3 of the time). Thus, sorting by the t-score of each
subsystem provides a better understanding of the extent of
differential regulation of the subsystems. Figures S1-S12 in file
S1 demonstrate the approximate effect of the gene expression
during T2DM on certain subsystems. As expected branched chain
amino acid metabolism and fatty acid oxidation have very high t-
scores in muscle and adipose tissue. The results regarding the
branched-chain amino acid metabolism is consistent with the
results available in literature [61]. The downregulation of BCAA
metabolism in adipose tissue causes an increase in BCAAs in the
circulation, which is shown by the amino acid transport fluxes.
This increase in circulating BCAAs causes a decrease in BCAA
metabolism in muscle tissue as well [53], which is consistent with
results in this study. Newgard et al. have reported increased
concentration of BCAA in the plasma of T2DM subjects [10].
Although we didn’t have access to in vivo methods of metabolic
flux measurement, we did find evidences supporting our results.
For example, it is reported that gluconeogenesis flux in humans is
decreased in Type 2 Diabetes [62], which is also demonstrated in
our model. In skeletal muscle, free fatty oxidation flux is reduced
implying abnormal mitochondrial function [63-66] which is also
suggested by our results with reduced fatty acid oxidation in
skeletal muscle as well as reduced carnitine shuttle which is
responsible for fatty acid transport across mitochondria. In order
to compare our findings and the above reported findings, we have
reported predictions on the BCAA exchange metabolites. Apart
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ROC Plot of Fold Change Simulations Using
Transport Reactions
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Figure 5. ROC plot for transport reaction flux changes using Zucker fatty rat data. ROC plot of the results generated by the flux changes in
transport reactions determined by applying T2DM and wild-type gene expression data to the MCL multi-tissue model and Reconland then
comparing the results to available literature data on amino acid concentration changes in the plasma of T2DM Zucker diabetic fatty rat.

doi:10.1371/journal.pone.0102319.g005

from BCAA, other exchange fluxes predictions also resulted from
the analysis, but those predictions’ in vivo validity with respect to
T2DM is not yet confirmed.

The most negative t-score in adipose and muscle tissues is for
the carnitine shuttle subsystem. The ‘Nucleotides’ subsystem is also
strongly downregulated in both muscle and adipose tissue.
Interestingly, liver tissue displays more upregulation than the
other tissues, with the carnitine shuttle subsystem showing
upregulation. Thus, the carnitine shuttle subsystem appears to
be the subsystem most affected in T2DM. The carnitine shuttle is
responsible for transport of long chain fatty acids into mitochon-
dria for oxidation. So, a downregulated carnitine shuttle in adipose
and muscle tissues implies lower metabolism of the FFAs in those
two tissues. Even though the FFA metabolism is higher in liver
because of upregulated carnitine shuttle, the biosynthesis pathway
of fatty acids is also elevated (Figure 6). This explains the overall
high FFA plasma level in T2DM condition. Other subsystems that
appear to be affected strongly include most metabolic subsystems
of bile acid metabolism, cholesterol metabolism, and branched-
chain amino acid metabolism. These subsystems should be studied
in more depth in future studies.

PLOS ONE | www.plosone.org

In summary, the integration of microarray data and in silico
predictions via constraint-based modeling has facilitated better
understanding of the reason behind high BCAA and FFA levels in
plasma of T2DM subjects. Prior systems biology studies have
shown the ability of constraint-based models to predict metabolic
biomarkers [22]. Similarly, this model provides the complete set of
biomarker predictions generated by the genetic fold change study.
These metabolites represent potential biomarkers that can
facilitate T2DM studies.

Type 2 diabetes is characterized by two major defects: beta-cell
dysfunction and insulin resistance in peripheral tissues. The exact
alterations in molecular pathways associated with beta-cell
dysfunction in insulin-resistant and diabetic states are not clearly
understood. Most of the studies involving T2DM and insulin
resistance utilize data from insulin-resistant or diabetic animal
models, such as Zucker fatty (ZF) and Zucker diabetic fatty rats
(2DF) [27], high-fat-fed mice [28], muscle IGF-1 receptor—lysine—
arginine (MKR) mice [29,30], and lep/lep mice [31]. A common
feature of all these animal models is that all models have
manifested insulin resistance and often exhibit islet dysfunction
as occurs in the early stages of type 2 diabetes in humans.
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Liver tissues’ FA degradation pathways’ genes did not provide a clear explanation of high concentration.

doi:10.1371/journal.pone.0102319.t004
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Therefore, it is, in our opinion, valid to use MKR mice and
Zucker diabetic fatty rat data for making predictions on humans’
T2DM phenotypes.

In a mammalian system, the specific objective of a particular
function of a cell, at a given time and under certain conditions, is
difficult to identify, whereas in unicellular systems, the objective
function can be assumed to be the maximization of cell growth.
This is because mammalian systems are much more complex,
especially when attempting to define models for different tissues,
because each tissue has a different objective. One may consider
that there is an over-arching objective function when considering a
system that defines the overall human body as a linear
combination of partial Reconl’s associated with each tissue, but
this again is difficult to define, because the objective of maximizing
biomass in unicellular organisms only applies during the expo-
nential growth phase. Thus, maximizing biomass in mammalian
systems may be applicable, but only during the growth phase of
the mammal.

Materials and Methods

B.1 Animal Studies

All animal study protocols were approved by the Mount Sinai
School of Medicine Institutional Animal Care and Use Committee
(IACUC). Mice were housed in The Mount Sinai School of
Medicine Center for Comparative Medicine and Surgery, an
Association for Assessment and Accreditation of Laboratory
Animal Care (AAALAC) and Office of Laboratory Animal
Welfare (OLAW) accredited facility, where animal care and
maintenance were provided.

Male 10-weeks old FVB/N — MKR mice were used for the
microarray studies. Generation and characterization of MKR
mice have been described elsewhere [32]. Mice were kept on a 12-
h light/dark cycle, they were allowed free access to diet (Picolab
rodent diet #5053) and fresh water. Death of the mice was caused
by subjecting them to CO,. Liver, Skeletal muscle, and fat tissues
were flash frozen in liquid nitrogen, stored at —80°C, and shipped
on dry ice to NIDDK/NIH facility for further processing.

B.2 RNA Sampling

Total RNA from the liver, fat, and skeletal muscle tissues was
isolated for three biological replicates for both diseased and
healthy animal subjects. Qiagen’s Microarray Tissue Mini Kit
(Qiagen GmbH, Germany) was used for RNA isolation purpose
according to the manufacturer’s instructions. Purified total RNA
was quantified using a spectrophotometer (Thermo Scientific Ltd).
The absorbance values at 260 and 280 nm were used for assessing
the quality of the sample. Only the samples with greater than 1.80
260/280 absorbance ratio were used for microarray analysis [67].

B.3 Microarrays procedure, Statistical analysis and
Biological Inference

RNA quality was tested using bioanalyzer (RNA Nano assay in
the Expert 2100 software, Agilent Technologies, CA) and RIN
(RNA Integrity Number) values were above 8.0 for all the samples.
100 ng of RNA from each sample was amplified to generate
c¢DNA using NUGEN Applause WT — Amp ST system (NuGEN
Technologies, CA), according to the manufacturer’s instructions.
2.5 ng of cDNA was fragmented and biotinylated using Encore
Biotin module NUGEN Technologies, CA). Resultant sample mix
with hybridization reagents (Affymetrix Inc. CA) and injected into
Affymetrix Mouse Gene 1.0 ST arrays and incubated for
18+2 hours in hybridization oven rotating at 60 rpm at 45°C
(Afftymetrix Inc., CA). Arrays were processed using Affymetrix 450
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Figure 6. Canonical biosynthesis pathway of fatty acids in liver using microarray data. Mapping of gene expression for liver tissues on
biosynthesis of fatty acids, using Ingenuity Pathway Analysis software. Red color shows upregulated gene expression in MKR mice versus Healthy

mice.
doi:10.1371/journal.pone.0102319.g006

Fluidic stations using wash and stain kit (Affymetrix Inc.). Chips
were scanned using Affymetrix GeneChip scanner 3000 operated
by Gene Chip Operating Software, version 1. 4 (GCOS 1.4) and
generated. CEL.CHP and RPT files. To access the efficiency of
cDNA synthesis Poly A controls (dap, lys, phe, thr- Affymetrix
Inc.) was spiked to the samples and hybridization controls (bioB,
bioD, bioC and Cre, Affymetrix Inc.) were added to monitor
labeling efficiency according to the manufacturer’s instructions.
The microarray raw data was analyzed using software Partek
genomics suite, version 6.3 Copyright 2008 Partek Inc., St. Louis,
MO, USA. Raw data were subjected to Robust Multichip Average
(RMA) quantile normalization to remove biases introduced by
technical and experimental effects. All expression data were log
base 2 -transformed to get near normal distribution for accurate
statistical inference. Quality control by visualizing the data using
Principal Component Analysis cluster plot ensured that no outliers
were included for the analysis. Next, two-way ANOVA analysis
was performed to obtain a set of differentially expressed genes. A

PLOS ONE | www.plosone.org
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filter of P-value <0.05 and Fold-change >1.5 times was applied to
get the significantly differentially expressed genes list. The results
of the microarray analysis have been deposited to National Center
for Biotechnology Information (NCBI) repository and can be
accessed with Gene Omnibus Expression accession: GSE51866.

The significantly differentially expressed genes list was exported
to — Ingenuity Pathway Analysis (Ingenuity Systems, www.
ingenuity.com) for finding biological inference. Ingenuity Pathway
Analysis is an online software used to study relationship between
genes, proteins, and biological reactions. More technical details
about the Ingenuity Pathway Analysis’ capabilities can be accessed
from the Ingenuity Systems website. Statistically significant genes
from Partek analysis were overlaid on the Ingenuity Pathway
Analysis global molecular network, which is based on information
from other databases such as KEGG, HumanCyc, etc. in the
Ingenuity knowledge base after applying a filter on species type
(mouse) and tissue type (e.g. adipose).
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Figure 7. MCL multi-tissue model predictions on different pathways. (A), (B), and (C) represent downregulated pathways (subsystem) for
adipose, liver, and skeletal muscle tissues respectively. (D), (E), and (F) represent upregulated pathways for adipose, liver, and skeletal muscle tissues
respectively. They are organized by t-score; the more negative the t-score, the more down-regulated the subsystem and the more positive the t-

score, the more up-regulated the subsystem.
doi:10.1371/journal.pone.0102319.g007

B.4 Tissue-specific Model Building Algorithm

Published, detailed reconstruction of human metabolism
(Reconl) was downloaded from the BiGG database in SBML
format [68,69]. The models were created, maintained, and altered
using the COBRA toolbox in MATLAB version 2010a [70]. A
three tissue version of Reconl was generated by adding prefixes -
‘A’, ‘H?, and ‘M:’ to each reaction name and suffixes - [Adp],
[Hep], and [Msc] to each metabolite for adipocytes, hepatocytes,
and skeletal muscle tissue respectively. The extracellular compart-
ment is shared between all three tissues and only one set of
reactions comprising of only extracellular metabolites was
maintained in the MCL multi-tissue model. After removing all
reactions associated with dead-end metabolites from the model,
the size of the three tissue version of Reconl becomes 6644
reactions with 4103 metabolites.

The algorithm for trimming down the general three tissue
version of Reconl is built by minimizing the number of linear
programming problems needed to trim the reconstruction [17,22].
The algorithm contains three sets of reactions: a high-confidence
set, a medium-confidence set, and a low-confidence set. The high
confidence set of reactions was created based on literature results
containing confirmed protein expression in the three tissues and
were mapped to specific reactions in Reconl for specific tissue
types [71-101]. The medium confidence set of reactions was
obtained from tissue-specific data from publically available
databases HPRD [102-104], UniProt [105], and Brenda [106]
and their online databases with tissue-specific data [107-109]. The
low confidence set of reactions was the list of remaining reactions
that were not in either the high or medium confidence sets.

PLOS ONE | www.plosone.org
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The overall goal of this algorithm is: (1) maintain all high
confidence reactions and (2) maximize the number of medium
confidence reactions minus 0.5 multiplied by the number of low
confidence reactions in the final trimmed version of the
reconstruction. Statement (2) can be considered the objective
function of the algorithm as shown below —

Maximize CMmRP—OS * CXﬂRP

The value 0.5 reflects equal probability of obtaining the most
parsimonious model as well as including a maximal number of
moderate probability reactions in the partial model using above
algorithm [17].

R,, is a partial subset of reactions from Reconl that defines the
solution space for the tissue-specific reconstruction, Cy; and Cx
are the medium and low confidence set of reactions, respectively.
The algorithm makes more efficient use of all of the information
gained from a single linear programming (LP) solution. Every
reconstruction can be broken down into elementary flux modes;
these can be thought of as the simplest possible flux distributions.
Therefore, every reconstruction is a linear combination of
elementary flux modes, and thus, each linear programming
solution is a smaller linear combination of elementary flux modes.
Ideally, the algorithm would identify all elementary flux modes in
a reconstruction or even LP solution and find the optimal
combination from the elementary flux modes, but as of now, this is
computationally infeasible due to combinatorial explosion [110].
Elementary flux modes have been determined for smaller
networks, but cannot be found for more complex networks like
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Reconl. However, LP solutions represent feasible flux distribu-
tions that are typically much smaller than the size of the final
networks. Final networks can also be thought of as linear
combinations of all of these possible linear programming solutions.
Therefore, the algorithm pre-loads a very large matrix with
information on around 10,000-20,000 randomly generated flux
distributions represented by linear programming solutions. The
randomization of the solutions is the randomization of the
objective functions of the associated linear programming prob-
lems. The algorithm randomly selects a few high confidence and
medium confidence reactions to be maximized in the objective
function; low confidence reactions will never be in the objective
function. Then, a Boolean vector is created which describes the
activity of each reaction in the network (1 for active and 0 for
inactive). This vector represents one flux distribution and also
represents one column in the large matrix of random flux
distributions (the large matrix is named fdMatrix). The rows of
each Boolean column vector, and consequently the matrix,
represent distinct reactions in the general network. The creation
of this matrix represents the second step of the algorithm.

The next step of the algorithm consists of providing scores for
each flux distribution. The scores are calculated by subtracting
half the number of active low confidence reactions from the
number of active medium confidence reactions. If a score is
positive, it means that adding the reactions associated with this flux
distribution will add to the value of the objective function of the
algorithm. Scores are calculated for each column in the matrix.
This marks the beginning of the third step of the algorithm. This
step involves addition of flux distributions associated with the high
confidence set of reactions. It starts by ordering the list of scores
associated with the flux distributions from high to low values.
Then, the flux distribution with the highest score is checked for
any active high confidence reactions; if there are no high
confidence reactions, then the flux distribution with the second
highest score is checked for high confidence reactions. This
procedure continues until the highest scoring flux distribution
containing at least one high confidence reaction is found. All of the
active reactions within this flux distribution are added to a final list
of reactions. Also, any high confidence reactions added to the final
list of reactions are removed from the list of remaining high
confidence reactions. Then, the rows of the fdMatrix which are
associated with the set of active reactions that were recently added
to the final list of reactions are set to rows filled with zeros. This is
done because these reactions are now in the final list of reactions
and therefore do not contribute to the objective score anymore.
Changing the values in the rows changes the scores associated with
each column/flux distribution in fdMatrix, thus the scores must be
re-calculated to reflect the changes in the rows. These re-
calculated scores are sorted again to reveal the columns/flux
distributions with the highest scores. Then, the highest scoring
column/flux distribution with at least one reaction that is in the list
of remaining high confidence reactions is selected, and the whole
cycle repeats itself. This cycle is repeated until there are no
reactions left in the list of remaining high confidence reactions,
which means that all of the high confidence reactions were added
to the list of final reactions, which is one of the requirements of the
algorithm. Also, it’s important to note that the high confidence
reactions were added in a way that maximizes the score/objective
function of the algorithm.

The next step of the algorithm involves adding other flux
distributions that increase the value of the objective function. After
adding all of the high confidence reactions, the number of medium
confidence reactions added to the reconstruction was optimized.
The process for adding flux distributions that adds a positive value
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to the objective function is very similar to the process that added
all of the high confidence reactions. Each of the remaining flux
distributions is assigned an objective score based on the number of
medium confidence reactions and low confidence reactions
remaining within that distribution. These scores are sorted to find
the distribution with the highest objective value. If the highest
objective score is above zero, then the reactions of that distribution
are added to the reconstruction. Then, the rows that correspond to
the reactions that were just added are filled with zeros to prevent
double counting toward the objective function. This process is
repeated as long as the highest objective score is greater than zero.
This means that reactions are added only if the corresponding
distributions increase the objective function, and reactions are no
longer added when the objective function cannot be increased by
the randomly created distributions, meaning that the objective
function is at a maximum for this particular set of flux
distributions.

Then, this whole process is repeated again; a new set of random
flux distributions is created based on the partial model this time
(the distributions were created from the general model the first
time), and reactions from the high confidence list are added along
with their associated reactions determined by the flux distribu-
tions, and medium confidence reactions are optimized. As part of
the model building algorithm during the reconstruction process,
maximizing the flux to ascertain activity/inactivity of a reaction is
needed. A random flux distribution is used only in the
reconstruction process which is subjected to our algorithm to find
out whether each reaction adds to biological meaning or not. This
process repeats itself until the model doesn’t change in size from
one iteration to the next. The time required to solve a problem
associated with a three tissue system varies from 0.05-0.1 seconds.
The number of reactions maximized in each iteration is variable;
in the first iteration, all reactions are maximized. In the second
iteration, all reactions that had zero flux in the solution to the first
linear programming iteration are maximized, and so on. This
continues until either all reactions are proven to carry a flux (have
a non-zero solution to any linear programming problem), or some
set of reactions are proven to be unable to carry flux (the set of
reactions is maximized/minimized and no flux profiles result). The
latter is explicitly proven by performing distinct linear program-
ming problems and maximizing/minimizing each reaction in the
set individually as explained in f tissue-specific model building
algorithm.

B.5 Validation Procedure

Robustness analysis of the algorithm was performed by
generating 5 replicate models with starting point as 5 different
randomized stoichiometric matrices. All 5 of the replicate models
were similar in size (Figure S15 in File S1), thereby validating the
robustness of the algorithm. Further validations of the model are
described in the following subsections.

B.5.1 OMIM gene deletion analysis. The first validation
procedure uses similar approach as used in studies by Shlomi et al.
The validation tests the effect of deleting genes in silico versus
experimental data. The experimental phenotypic effect of deleting
genes is available in the public database — OMIM [111]. The
known biomarkers of the amino acid-associated disorders com-
piled above were manually extracted from the disease description
field in the OMIM database. This set of disorders was further
filtered to include only the disorders that were reported to show a
concentration change in at least one of the model’s boundary
metabolites. This resulted in a final set of 17 disorders that
composed the validation set. In this validation, disorders that are
known to increase or decrease amino acid levels in the blood were
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considered. This is because the calculated steady state models can
only allow accumulation in the extracellular (blood) compartment.

After mapping OMIM disorder identifier to specific human
genes, reactions associated with the affected genes were found.
Then, those reactions were artificially “turned on” by equating the
lower bounds of the associated reactions to 1. This means that a
flux with zero value through the affected reactions is not
permitted. The purpose of forcing the reactions to be active is to
model a situation in which these reactions are used; this will
provide a greater contrast for when the reactions are removed (if
zero flux is still allowed, then the model may not use the affected
reactions and therefore the comparison would be between
reactions that may not be used and reactions that are deactivated).
After the lower bounds are changed, flux variability analysis is
performed on the model [112] providing a minimum and
maximum flux allowed by the solution space of the model. Then,
the two sets of flux bounds are compared to determine if the
reactions are upregulated, downregulated or unchanged. The
reactions are considered either upregulated or downregulated if
the change in flux bounds is greater than a threshold, or less than
the negative of that same threshold. The change between the sets
of flux bounds is calculated by:

For reaction ‘i*:

Disease reaction flux < wild-type reaction flux if,

[disease Min(i) + M (i) < ref Min(i)] AND |disease Max(i) <refMax(i)|
OR
[disease Min(i) <refMin(i)] AND [disease Max(i)+ M (i) <refMax(i)|

Disease reaction flux > wild-type reaction flux if,

[disease Min(i) > (ref Min(i)+ M (i))] AND [disease Max(i) > refMax(i)]
OR
[disease Min(i) > refMin(i)] AND [disease Max(i) > (refMax(i)+ M (i))]

Where:

M((i)=¢ * |mean(ref Min(i),ref Max(i),disease Min(i),disease Max(i))|

The set of reactions represented by the variable 7” are the set of
exchange reactions of metabolites that have been identified in the
phenotype descriptions of the OMIM database. In this validation,
they are amino acids. The variables discaseMax and disecaseMin
are the flux bounds of the amino acids in the disease version of the
model with particular genes knocked out. The variables refMin
and refMax are the flux bounds of the amino acids in the healthy
model that has no genes knocked out. The variable € represents
the threshold value used for the receiver-operator characteristic
(ROC) curves.

The results of this validation are depicted via ROC curves in the
Results section. In this simulation, the threshold value is varied to
distinguish between very large changes in flux bounds and very
small changes in flux bounds. Thus, for a given threshold value
and disease, upregulated and downregulated predictions are made
for each amino acid exchange reaction. These predictions are
checked against the known phenotype of that specific disease. This
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generates a list of true positive, false positive, true negative, and
false negative predictions for the specific disease at a particular
threshold. This analysis is repeated using the same threshold value
for each disease in the validation. All of the predictions from each
disease are added together, to provide a number of true positives
(TP), false positives (FP), true negatives (I'N), and false negatives
(FN) for that particular threshold value. Then, the false positive
rate (FPR) and the true positive rate (I'PR) are calculated as below.

FPR= "¢
1—oe
TPR=1"¢
1+¢

1— . . .
Where, o= ° P, is proportion of unchanged metabolites

1+P,
in the data; € is the threshold, defined above.

TPR = true positive rate; (number of true positives)/(number
of true positives + number of false negatives).

FPR = false positive rate; (number of false positives)/(number
of false positives + number of true negatives).

These values for FPR and TPR are calculated for a range of
threshold values; typically from 0 to 1000, and plotted with FPR
on the x-axis and TPR is on the y-axis. The area under the curve
(AUC) of this plot is the indicator of the quality of the
reconstruction network. An AUC of 0.5 represents a random
classifier; any AUC over 0.5 represents a system that is better than
a random guessing.

B.5.2 T2DM gene expression fold change analysis. The
gene expression of adipose, liver, and muscle tissue for MKR mice
model was examined. The MKR mouse model was developed by
over-expressing the IGF-I receptor in skeletal muscle [113].
Statistical tests were used to identify genes that were significantly
upregulated or downregulated (p-value <0.05). These genes were
mapped to Entrez gene IDs, and subsequently mapped to the
steady-state model. This identified specific reactions that were
either upregulated or downregulated due to differential gene
transcription in type II diabetes. For reactions that had both
upregulated and downregulated genes mapped to them, regulation
status of the reaction was determined by summing the number of
up and downregulated genes that map to that specific reaction in
question and compare the results. This is only done when multiple
gene IDs from the microarray data map to the same Entrez gene
ID; this is not performed in the case where multiple distinct gene
IDs map to the same reaction through gene-to-reaction maps. In
the latter case, the gene-to-reaction logical mapping is used to
determine the regulation status.

Transcription levels of genes do not directly correspond to
reaction fluxes, but a few assumptions can be made to demonstrate
the effect of the levels. The main assumption is that relative gene
transcription levels correlate with relative protein concentrations.
With this assumption, the effect of increased or decreased protein
concentration manifests itself in the upper and lower bounds of the
reactions that are associated with the protein. The reason for this is
because enzyme concentration only affects V. In enzyme
kinetics equations. V... is equal to k., multiplied by enzyme
concentration; therefore, a lower enzyme concentration decreases
the maximum reaction velocity (and minimum reaction velocity, if
the reaction is reversible). Reactions that are determined to be
affected by gene regulation have upper bounds initially set to 100
and lower bounds initially set to —100 or 0 depending on

July 2014 | Volume 9 | Issue 7 | 102319



reversibility. Unaffected reactions have normal reaction bounds
(upper bounds are 1000 and lower bounds are —1000 or 0). Initial
FVA is then performed. Then, upregulated reactions have bounds
doubled downregulated reactions have bounds halved. Then, FVA
is performed, and resulting bounds are compared to initial FVA
results for comparison and analysis. The reasoning for iitially
changing affected reaction bounds from 1000 to 100 was to
magnify the effect of upgregulating reactions. If reaction bounds of
affected reactions are kept at normal 1000 values, then doubling
the reaction bounds due to upregulation may not display
downstream upregulation or display the far-reaching effects of
gene upregulation. The lower bound and upper bound for
exchange reactions are 1 and 1000 respectively.

The first step is to identify all upregulated and downregulated
reactions, and change the associated bounds to one-tenth of the
initial value. This is done so that the effect of increases in reaction
bounds due to upregulation will have an effect in a steady-state
model. Then, FVA is performed on the model to establish a
control set of bounds. After that, the bounds of upregulated
reactions are doubled and downregulated reactions are halved.
Then, FVA is performed again to generate a disease-state set of
bounds. Then, the difference between the two sets of bounds is
determined by the following:

For a given reaction 7’;

(disease Min(i) — refMin(i)) + (disease Max(i) — ref Max(i))

change(i) = M)

[disease Min,disease Max] represent the lower and upper bounds
of the disease set.

[refMin,refMax] represent the lower and upper bounds of the
control set.

|M(i)| is the absolute value of the mean of all four bounds for
reaction 1.

Literature results were obtained for specific concentrations of
amino acids in the plasma for T2DM rat versus healthy rat. The
effect on each of the transport fluxes of each amino acid were
considered to determine an increase or decrease in concentration
in the plasma. This was done instead of simply inspecting the
exchange reactions for each amino acid because the full effect of
the gene expression changes may not be observed on an exchange
reaction if an unaffected pathway exists that involves the exchange

References

1. Saltiel AR (2000) Series introduction: the molecular and physiological basis of
insulin resistance: emerging implications for metabolic and cardiovascular
diseases. J Clin Invest 106: 163-164.

2. DeFronzo RA, Tripathy D (2009) Skeletal muscle insulin resistance is the
primary defect in type 2 diabetes. Diabetes Care 32 Suppl 2: S157-163.

3. Halvatsiotis PG, Turk D, Alzaid A, Dinneen S, Rizza RA, et al. (2002) Insulin
effect on leucine kinetics in type 2 diabetes mellitus. Diabetes Nutr Metab 15:
136-142.

4. Wang TJ, Larson MG, Vasan RS, Cheng S, Rhee EP, et al. (2011) Metabolite

profiles and the risk of developing diabetes. Nat Med 17: 448-453.

. Wijekoon EP, Skinner C, Brosnan ME, Brosnan JT (2004) Amino acid
metabolism in the Zucker diabetic fatty rat: effects of insulin resistance and of
type 2 diabetes. Can ] Physiol Pharmacol 82: 506-514.

6. Stancakova A, Civelek M, Saleem NK, Soininen P, Kangas AJ, et al. (2012)

Hyperglycemia and a common variant of GCKR are associated with the levels
of eight amino acids in 9,369 Finnish men. Diabetes 61: 1895-1902.

7. Pisters PW, Restifo NP, Cersosimo E, Brennan MF (1991) The effects of
euglycemic hyperinsulinemia and amino acid infusion on regional and whole
body glucose disposal in man. Metabolism 40: 59-65.

&

PLOS ONE | www.plosone.org 15

Multi-Tissue Computational Modeling in MKR Mice

reaction in question. Taking all transport reactions into account
generates a more complete picture of the uptake or secretion of
metabolites.

Supporting Information

File S1 Supporting figures. Figure S1. Adipose Chart 1:
Percentage of Reactions Retained by Subsystem in Adipose Tissue
— 1. Figure S2. Adipose Chart 2: Percentage of Reactions
Retained by Subsystem in Adipose Tissue — 2. Figure 83. Liver
Chart 1: Percentage of Reactions Retained by Subsystem in Liver
Tissue — 1. Figure S4. Liver Chart 2: Percentage of Reactions
Retained by Subsystem in Liver Tissue — 2. Figure 85. Skeletal
Muscle Chart 1: Percentage of Reactions Retained by
Subsystem in Skeletal Muscle Tissue — 1. Figure S6. Skeletal
Muscle Chart 2: Percentage of Reactions Retained by
Subsystem in Skeletal Muscle Tissue — 2. Figure S7. Adipose
Fold Change 1: Fold Change Analysis in Adipose Tissue — 1.
Figure S8. Adipose Fold Change 2: I'old Change Analysis in
Adipose Tissue — 2. Figure S89. Liver Fold Change 1: Fold
Change Analysis in Liver Tissue — 1. Figure S10. Liver Fold
Change 2: Fold Change Analysis in Liver Tissue — 2. Figure
S11. Skeletal Muscle Fold Change 1: Fold Change Analysis
in Skeletal Muscle Tissue — 1. Figure S12. Skeletal Muscle
Fold Change 2: Skeletal Fold Change Analysis in Muscle Tissue
— 2. Figure S13. OMIM gene data analysis: OMIM data
analysis including random selector. Figure S14. OMIM gene
data analysis — closeup: OMIM data analysis including
random selector zoomed in version. Figure S15. Robustness
analysis results: Table in the figure shows number of reactions
in each replicate models and the bar plot gives clear visualization
of the same.

(PPT)

File S2.
(XLS)

Acknowledgments

The authors would like to thank Dr. Chithra Keembiyehetty for the

microarray experiments.

Author Contributions

Conceived and designed the experiments: AK TH EJG DL JS MJB.
Performed the experiments: AK TH EJG. Analyzed the data: AK NEL
TH. Contributed reagents/materials/analysis tools: AK TH EJG. Wrote
the paper: AK TH NEL EJG.

8. Huffman KM, Shah SH, Stevens RD, Bain JR, Muehlbauer M, et al. (2009)
Relationships between circulating metabolic intermediates and insulin action in
overweight to obese, inactive men and women. Diabetes Care 32: 1678—
1683.

9. Macotela Y, Emanuelli B, Bang AM, Espinoza DO, Boucher J, et al. (2011)
Dietary leucine-an environmental modifier of insulin resistance acting on
multiple levels of metabolism. PLoS One 6: ¢21187.

10. Newgard CB, An J, Bain JR, Muehlbauer M], Stevens RD, et al. (2009) A
branched-chain amino acid-related metabolic signature that differentiates
obese and lean humans and contributes to insulin resistance. Cell Metab 9:
311-326.

11. Menge BA, Schrader H, Ritter PR, Ellrichmann M, Uhl W, et al. (2010)
Selective amino acid deficiency in patients with impaired glucose tolerance and
type 2 diabetes. Regul Pept 160: 75-80.

12. Fiehn O, Garvey WT, Newman JW, Lok KH, Hoppel CL, et al. (2010) Plasma
metabolomic profiles reflective of glucose homeostasis in non-diabetic and type
2 diabetic obese African-American women. PLoS One 5: €15234.

13. Boden G (1999) Free fatty acids, insulin resistance, and type 2 diabetes mellitus.
Proc Assoc Am Physicians 111: 241-248.

July 2014 | Volume 9 | Issue 7 | e102319



20.

21.

22.

23.

24.

25.

26.

27.

30.

31.

32.

33.

35.

36.

37.

38.

39.

40.

41.

42.

. Mingrone G (2004) Carnitine in type 2 diabetes. Ann N'Y Acad Sci 1033: 99

107.

. Bordbar A, Palsson BO (2012) Using the reconstructed genome-scale human

metabolic network to study physiology and pathology. J Intern Med 271: 131
141.

. Duarte NC, Becker SA, Jamshidi N, Thiele I, Mo ML, et al. (2007) Global

reconstruction of the human metabolic network based on genomic and
bibliomic data. Proc Natl Acad Sci U S A 104: 1777-1782.

. Jerby L, Shlomi T, Ruppin E (2010) Computational reconstruction of tissue-

specific metabolic models: application to human liver metabolism. Mol Syst
Biol 6: 401.

. Gille C, Bolling C, Hoppe A, Bulik S, Hoffmann S, et al. (2010) HepatoNetl: a

comprehensive metabolic reconstruction of the human hepatocyte for the
analysis of liver physiology. Mol Syst Biol 6: 411.

. Lewis NE, Schramm G, Bordbar A, Schellenberger J, Andersen MP, et al.

(2010) Large-scale in silico modeling of metabolic interactions between cell
types in the human brain. Nat Biotechnol 28: 1279-1285.

Bordbar A, Feist AM, Usaite-Black R, Woodcock J, Palsson BO, et al. (2011) A
multi-tissue type genome-scale metabolic network for analysis of whole-body
systems physiology. BMC Syst Biol 5: 180.

Bordbar A, Lewis NE, Schellenberger J, Palsson BO, Jamshidi N (2010) Insight
into human alveolar macrophage and M. tuberculosis interactions via
metabolic reconstructions. Mol Syst Biol 6: 422.

Shlomi T, Cabili MN, Ruppin E (2009) Predicting metabolic biomarkers of
human inborn errors of metabolism. Mol Syst Biol 5: 263.

Bordbar A, Jamshidi N, Palsson BO (2011) iAB-RBC-283: A proteomically
derived knowledge-base of erythrocyte metabolism that can be used to simulate
its physiological and patho-physiological states. BMC Syst Biol 5: 110.
O’Rahilly S (2009) Human genetics illuminates the paths to metabolic disease.
Nature 462: 307-314.

Mardinoglu A, Agren R, Kampf C, Asplund A, Nookaew I, et al. (2013)
Integration of clinical data with a genome-scale metabolic model of the human
adipocyte. Mol Syst Biol 9: 649.

Schellenberger J, Park JO, Conrad TM, Palsson BO (2010) BiGG: a
Biochemical Genetic and Genomic knowledgebase of large scale metabolic
reconstructions. BMC Bioinformatics 11: 213.

Han D, Moon S, Kim H, Choi SE, Lee SJ, et al. (2011) Detection of differential
proteomes associated with the development of type 2 diabetes in the Zucker rat
model using the iTRAQ technique. J Proteome Res 10: 564-577.

. Qiu L, List EO, Kopchick JJ (2005) Differentially expressed proteins in the

pancreas of diet-induced diabetic mice. Mol Cell Proteomics 4: 1311-1318.

. Lu H, Yang Y, Allister EM, Wijesekara N, Wheeler MB (2008) The

identification of potential factors associated with the development of type 2
diabetes: a quantitative proteomics approach. Mol Cell Proteomics 7: 1434~
1451.

Lu H, Koshkin V, Allister EM, Gyulkhandanyan AV, Wheeler MB (2010)
Molecular and metabolic evidence for mitochondrial defects associated with
beta-cell dysfunction in a mouse model of type 2 diabetes. Diabetes 59: 448
459.

Sanchez JC, Converset V, Nolan A, Schmid G, Wang S, et al. (2002) Effect of
rosiglitazone on the differential expression of diabetes-associated proteins in
pancreatic islets of C57B1/6 lep/lep mice. Mol Cell Proteomics 1: 509-516.
Fernandez AM, Kim JK, Yakar S, Dupont J, Hernandez-Sanchez C, et al.
(2001) Functional inactivation of the IGF-I and insulin receptors in skeletal
muscle causes type 2 diabetes. Genes Dev 15: 1926-1934.

McKusick VA (2007) Mendelian Inheritance in Man and its online version,
OMIM. Am J Hum Genet 80: 588-604.

. Baric I, Fumic K, Glenn B, Cuk M, Schulze A, et al. (2004) S-

adenosylhomocysteine hydrolase deficiency in a human: a genetic disorder of
methionine metabolism. Proc Natl Acad Sci U S A 101: 4234-4239.
Vilboux T, Kayser M, Introne W, Suwannarat P, Bernardini I, et al. (2009)
Mutation spectrum of homogentisic acid oxidase (HGD) in alkaptonuria. Hum
Mutat 30: 1611-1619.

Iyer RK, Yoo PK, Kern RM, Rozengurt N, Tsoa R, et al. (2002) Mouse model
for human arginase deficiency. Mol Cell Biol 22: 4491-4498.

Barbosa M, Lopes A, Mota C, Martins E, Oliveira J, et al. (2012) Clinical,
biochemical and molecular characterization of cystinuria in a cohort of 12
patients. Clin Genet 81: 47-55.

Borsani G, Bassi MT, Sperandeo MP, De Grandi A, Buoninconti A, et al.
(1999) SLC7A7, encoding a putative permease-related protein, is mutated in
patients with lysinuric protein intolerance. Nat Genet 21: 297-301.

Hilton JF, Christensen KE, Watkins D, Raby BA, Renaud Y, et al. (2003) The
molecular basis of glutamate formiminotransferase deficiency. Hum Mutat 22:
67-73.

Ishikawa M (1987) Developmental disorders in histidinemia—follow-up study of
language development in histidinemia. Acta Paediatr Jpn 29: 224-228.

Reish O, Townsend D, Berry SA, Tsai MY, King RA (1995) Tyrosinase
inhibition due to interaction of homocyst(e)ine with copper: the mechanism for
reversible hypopigmentation in homocystinuria due to cystathionine beta-
synthase deficiency. Am J Hum Genet 57: 127-132.

Phang JM, Chien-an AH, Valle D (2001) Disorders of proline and
hydroxyproline metabolism.In: Scriver CR, Beaudet AL, Sly WS, Valle D,
editors. The Metabolic and Molecular Bases of Inherited Disease. New York:
McGraw-Hill.

PLOS ONE | www.plosone.org

16

43.

44.

45.

46.

47.

48.

49.

55.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

71.

72.

Multi-Tissue Computational Modeling in MKR Mice

Chuang DT, Shih VE (2001) Maple syrup urine disease (branched-chain
ketoaciduria).In: Scriver CR, Beaudet AL, Sly WS, Valle D, editors. The
Metabolic and Molecular Bases of Inherited Disease. New York: McGraw-Hill.
Mudd SH, Tangerman A, Stabler SP, Allen RH, Wagner C, et al. (2003)
Maternal methionine adenosyltransferase I/III deficiency: reproductive
outcomes in a woman with four pregnancies. J Inherit Metab Dis 26: 443-458.
Ledley FD (1990) Perspectives on methylmalonic acidemia resulting from
molecular cloning of methylmalonyl CoA mutase. Bioessays 12: 335-340.
Blau N, van Spronsen FJ, Levy HL (2010) Phenylketonuria. Lancet 376: 1417
1427.

Dianzani I, de Sanctis L, Smooker PM, Gough T]J, Alliaudi C, et al. (1998)
Dihydropteridine reductase deficiency: physical structure of the QDPR gene,
identification of two new mutations and genotype-phenotype correlations.
Hum Mutat 12: 267-273.

Bliksrud YT, Brodtkorb E, Andresen PA, van den Berg IET, Kvittingen EA
(2005) Tyrosinaemia type I - de novo mutation in liver tissue suppressing an
inborn splicing defect. Journal of Molecular Medicine-Jmm 83: 406-410.
Tomoeda K, Awata H, Matsuura T, Matsuda I, Ploechl E, et al. (2000)
Mutations in the 4-hydroxyphenylpyruvic acid dioxygenase gene are
responsible for tyrosinemia type III and Hawkinsinuria. Molecular Genetics
and Metabolism 71: 506-510.

. Hamosh A, Johnston MV (2001) Nonketotic hyperglycinemia.In: Scriver CR,

Beaudet AL, Sly WS, Valle D, editors. The Metabolic and Molecular Bases of
Inherited Disease. New York: McGraw-Hill.

. Orth JD, Thiele I, Palsson BO (2010) What is flux balance analysis? Nat

Biotechnol 28: 245-248.

. Connor SC, Hansen MK, Corner A, Smith RF, Ryan TE (2010) Integration of

metabolomics and transcriptomics data to aid biomarker discovery in type 2
diabetes. Mol Biosyst 6: 909-921.

. Newgard CB (2012) Interplay between lipids and branched-chain amino acids

in development of insulin resistance. Cell Metab 15: 606-614.

. Brunham LR, Kruit JK, Pape TD, Timmins JM, Reuwer AQ), et al. (2007)

Beta-cell ABCALI influences insulin secretion, glucose homeostasis and response
to thiazolidinedione treatment. Nat Med 13: 340-347.

Higai K, Azuma Y, Aoki Y, Matsumoto K (2003) Altered glycosylation of
alphal-acid glycoprotein in patients with inflammation and diabetes mellitus.
Clin Chim Acta 329: 117-125.

. Itoh N, Sakaue S, Nakagawa H, Kurogochi M, Ohira H, et al. (2007) Analysis

of N-glycan in serum glycoproteins from db/db mice and humans with type 2
diabetes. Am J Physiol Endocrinol Metab 293: E1069-1077.

Aerts JM, Ottenhoff’ R, Powlson AS, Grefhorst A, van Eijk M, et al. (2007)
Pharmacological inhibition of glucosylceramide synthase enhances insulin
sensitivity. Diabetes 56: 1341-1349.

Zhao H, Przybylska M, Wu IH, Zhang ], Siegel C, et al. (2007) Inhibiting
glycosphingolipid synthesis improves glycemic control and insulin sensitivity in
animal models of type 2 diabetes. Diabetes 56: 1210-1218.

Skovbro M, Baranowski M, Skov-Jensen C, Flint A, Dela F, et al. (2008)
Human skeletal muscle ceramide content is not a major factor in muscle insulin
sensitivity. Diabetologia 51: 1253-1260.

Wang Y, Eddy JA, Price ND (2012) Reconstruction of genome-scale metabolic
models for 126 human tissues using mCADRE. BMC Syst Biol 6: 153.
Newgard CB (2012) Interplay between lipids and branched-chain amino acids
in development of insulin resistance. Cell Metab 15: 606-614.

Jones JG, Solomon MA, Sherry AD, Jeffrey FM, Malloy CR (1998) 13C. NMR

measurements of human gluconeogenic fluxes after ingestion of [U-13C]pro-
pionate, phenylacetate, and acetaminophen. Am J Physiol 275: E843-852.
Kelley DE, Goodpaster B, Wing RR, Simoneau JA (1999) Skeletal muscle fatty
acid metabolism in association with insulin resistance, obesity, and weight loss.
Am J Physiol 277: E1130-1141.

Cha BS, Ciaraldi TP, Park KS, Carter L., Mudaliar SR, et al. (2005) Impaired
fatty acid metabolism in type 2 diabetic skeletal muscle cells is reversed by
PPARgamma agonists. Am ] Physiol Endocrinol Metab 289: E151-159.
Thyfault JP, Kraus RM, Hickner RC, Howell AW, Wolfe RR, et al. (2004)
Impaired plasma fatty acid oxidation in extremely obese women. Am J Physiol
Endocrinol Metab 287: E1076-1081.

Kim JY, Hickner RC, Cortright RL, Dohm GL, Houmard JA (2000) Lipid
oxidation is reduced in obese human skeletal muscle. Am J Physiol Endocrinol
Metab 279: E1039-1044.

Butte A (2002) The use and analysis of microarray data. Nat Rev Drug Discov
1: 951-960.

Schellenberger J, Park JO, Conrad TM, Palsson BO (2010) BiGG: a
Biochemical Genetic and Genomic knowledgebase of large scale metabolic
reconstructions. BMC Bioinformatics 11: 213.

Keating SM, Bornstein BJ, Finney A, Hucka M (2006) SBMLToolbox: an
SBML toolbox for MATLAB users. Bioinformatics 22: 1275-1277.

. Schellenberger J, Que R, Fleming RM, Thiele I, Orth JD, et al. (2011)

Quantitative prediction of cellular metabolism with constraint-based models:
the COBRA Toolbox v2.0. Nat Protoc 6: 1290-1307.

Adachi J, Kumar C, Zhang Y, Mann M (2007) In-depth analysis of the
adipocyte proteome by mass spectrometry and bioinformatics. Mol Cell
Proteomics 6: 1257-1273.

Hojlund K, Yi Z, Hwang H, Bowen B, Lefort N, et al. (2008) Characterization
of the human skeletal muscle proteome by one-dimensional gel electrophoresis

and HPLC-ESI-MS/MS. Mol Cell Proteomics 7: 257-267.

July 2014 | Volume 9 | Issue 7 | 102319



74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

. Kislinger T, Cox B, Kannan A, Chung C, Hu P, et al. (2006) Global survey of

organ and organelle protein expression in mouse: combined proteomic and
transcriptomic profiling. Cell 125: 173-186.

Ohgami M, Takahashi N, Yamasaki M, Fukui T (2003) Expression of
acetoacetyl-CoA synthetase, a novel cytosolic ketone body-utilizing enzyme, in
human brain. Biochem Pharmacol 65: 989-994.

Luong A, Hannah VC, Brown MS, Goldstein JL (2000) Molecular
characterization of human acetyl-CoA synthetase, an enzyme regulated by
sterol regulatory element-binding proteins. J Biol Chem 275: 26458-26466.
Scholte HR, Wit-Peeters EM, Bakker JC (1971) The intracellular and
intramitochondrial distribution of short-chain acyl-CoA synthetases in
guinea-pig heart. Biochim Biophys Acta 231: 479-486.

Fujino T, Kondo J, Ishikawa M, Morikawa K, Yamamoto TT (2001) Acetyl-
CoA synthetase 2, a mitochondrial matrix enzyme involved in the oxidation of
acetate. ] Biol Chem 276: 11420-11426.

Harvey JW, Pate MG, Kivipelto J, Asquith RL (2005) Clinical biochemistry of
pregnant and nursing mares. Vet Clin Pathol 34: 248-254.

Ramchandani VA, Bosron WF, Li TK (2001) Research advances in ethanol
metabolism. Pathol Biol (Paris) 49: 676-682.

Deng Y, Wang Z, Gu S, Ji C, Ying K, et al. (2002) Cloning and
characterization of a novel human alcohol dehydrogenase gene (ADHFel).
DNA Seq 13: 301-306.

Sladek NE (2003) Human aldehyde dehydrogenases: potential pathological,
pharmacological, and toxicological impact. J Biochem Mol Toxicol 17: 7-23.
Tillmann H, Eschrich K (1998) Isolation and characterization of an allelic
c¢DNA for human muscle fructose-1,6-bisphosphatase. Gene 212: 295-304.
Ferrer J, Aoki M, Behn P, Nestorowicz A, Riggs A, et al. (1996) Mitochondrial
glycerol-3-phosphate dehydrogenase. Cloning of an alternatively spliced
human islet-cell cDNA, tissue distribution, physical mapping, and identification
of a polymorphic genetic marker. Diabetes 45: 262-266.

Brisson D, Vohl MC, St-Pierre J, Hudson TJ, Gaudet D (2001) Glycerol: a
neglected variable in metabolic processes? Bioessays 23: 534-542.

Arden SD, Zahn T, Steegers S, Webb S, Bergman B, et al. (1999) Molecular
cloning of a pancreatic islet-specific glucose-6-phosphatase catalytic subunit-
related protein. Diabetes 48: 531-542.

Pan CJ, Lei KJ, Annabi B, Hemrika W, Chou JY (1998) Transmembrane
topology of glucose-6-phosphatase. J Biol Chem 273: 6144-6148.

Shieh JJ, Pan CJ, Mansfield BC, Chou JY (2003) A glucose-6-phosphate
hydrolase, widely expressed outside the liver, can explain age-dependent
resolution of hypoglycemia in glycogen storage disease type Ia. J Biol Chem
278: 47098-47103.

Martin CC, Bischof L], Bergman B, Hornbuckle LA, Hilliker C, et al. (2001)
Cloning and characterization of the human and rat islet-specific glucose-6-
phosphatase catalytic subunit-related protein (IGRP) genes. J Biol Chem 276:
25197-25207.

Martin CC, Oeser JK, Svitek CA, Hunter SI, Hutton JC, et al. (2002)
Identification and characterization of a human ¢cDNA and gene encoding a
ubiquitously expressed glucose-6-phosphatase catalytic subunit-related protein.
J Mol Endocrinol 29: 205-222.

Shelly LL, Lei KJ, Pan CJ, Sakata SF, Ruppert S, et al. (1993) Isolation of the
gene for murine glucose-6-phosphatase, the enzyme deficient in glycogen
storage disease type 1A. J Biol Chem 268: 21482-21485.

Millan JL, Driscoll CE, LeVan KM, Goldberg E (1987) Epitopes of human
testis-specific lactate dehydrogenase deduced from a ¢cDNA sequence. Proc
Natl Acad Sci U S A 84: 5311-5315.

Yu Y, Deck JA, Hunsaker LA, Deck LM, Royer RE, et al. (2001) Selective
active site inhibitors of human lactate dehydrogenases A4, B4, and C4.
Biochem Pharmacol 62: 81-89.

PLOS ONE | www.plosone.org

17

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

Multi-Tissue Computational Modeling in MKR Mice

Modaressi S, Christ B, Bratke J, Zahn S, Heise T, et al. (1996) Molecular
cloning, sequencing and expression of the cDNA of the mitochondrial form of
phosphoenolpyruvate carboxykinase from human liver. Biochem J 315 (Pt 3):
807-814.

Eto K, Sakura H, Yasuda K, Hayakawa T, Kawasaki E, et al. (1994) Cloning
of a complete protein-coding sequence of human platelet-type phosphofruc-
tokinase isozyme from pancreatic islet. Biochem Biophys Res Commun 198:
990-998.

Marks DB, Marks AD, Smith CM (1996) Basic medical biochemistry: a clinical
approach. Baltimore: Williams & Wilkins. xi, 806 p. p.

Li X, Qin C, Burghardt R, Safe S (2004) Hormonal regulation of lactate
dehydrogenase-A through activation of protein kinase C pathways in MCF-7
breast cancer cells. Biochem Biophys Res Commun 320: 625-634.

Champe PC, Harvey RA, Ferrier DR (2005) Biochemistry. Lippincott Williams
& Wilkins.

Salway JG (1999) Metabolism at a glance. Oxford; Malden, MA: Blackwell
Science.

Nordlie RC, Sukalski KA (1985) The enzymes of biological membranes.
Plenum Press.

Orten JM, Neuhaus OW (1975) Human Biochemistry. C.V. Mosby & Co.
Devlin TM (2002) Textbook of Biochemistry with Clinical Correlations. John
Wiley & Sons, Inc., New York.

Prasad TS, Kandasamy K, Pandey A (2009) Human Protein Reference
Database and Human Proteinpedia as discovery tools for systems biology.
Methods Mol Biol 577: 67-79.

Mishra GR, Suresh M, Kumaran K, Kannabiran N, Suresh S, et al. (2006)
Human protein reference database—2006 update. Nucleic Acids Res 34:
D411-414.

Peri S, Navarro JD, Amanchy R, Kristiansen TZ, Jonnalagadda CK, et al.
(2003) Development of human protein reference database as an initial platform
for approaching systems biology in humans. Genome Res 13: 2363-2371.
Apweiler R, Martin MJ, O’Donovan C, Magrane M, Alam-Faruque Y, et al.
(2013) Update on activities at the Universal Protein Resource (UniProt) in
2013. Nucleic Acids Research 41: D43-D47.

Schomburg I, Chang A, Placzek S, Sohngen C, Rother M, et al. (2013)
BRENDA in 2013: integrated reactions, kinetic data, enzyme function data,
improved disease classification: new options and contents in BRENDA. Nucleic
Acids Research 41: D764-D772.

Prasad TSK, Goel R, Kandasamy K, Keerthikumar S, Kumar S, et al. (2009)
Human Protein Reference Database-2009 update. Nucleic Acids Research 37:
D767-D772.

Schomburg I, Chang A, Ebeling C, Gremse M, Heldt C, et al. (2004)
BRENDA, the enzyme database: updates and major new developments.
Nucleic Acids Research 32: D431-D433.

Apweiler R, Bairoch A, Wu CH, Barker WC, Boeckmann B, et al. (2004)
UniProt: the Universal Protein knowledgebase. Nucleic Acids Research 32:
D115-D119.

Pfeiffer T, Sanchez-Valdenebro I, Nuno JC, Montero F, Schuster S (1999)
METATOOL: for studying metabolic networks. Bioinformatics 15: 251-257.
Hamosh A, Scott AF, Amberger JS, Bocchini CA, McKusick VA (2005) Online
Mendelian Inheritance in Man (OMIM), a knowledgebase of human genes and
genetic disorders. Nucleic Acids Res 33: D514-517.

Mahadevan R, Schilling CH (2003) The effects of alternate optimal solutions in
constraint-based genome-scale metabolic models. Metab Eng 5: 264-276.
Kim H, Pennisi PA, Gavrilova O, Pack S, Jou W, et al. (2006) Effect of
adipocyte beta3-adrenergic receptor activation on the type 2 diabetic MKR
mice. Am J Physiol Endocrinol Metab 290: E1227-1236.

July 2014 | Volume 9 | Issue 7 | 102319



