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Abstract: TGFS signaling plays a major role in the reorganization of liver tissue upon injury
and is an important driver of chronic liver disease. This is achieved by a deep impact on a
cohort of cellular functions. To comprehensively assess the full range of affected metabolic
functions, transcript changes of cultured mouse hepatocytes were analyzed with a novel
method (ModeScore), which predicts the activity of metabolic functions by scoring
transcript expression changes with 987 reference flux distributions, which yielded the
following hypotheses. TGF3 multiplies down-regulation of most metabolic functions
occurring in culture stressed controls. This is especially pronounced for tyrosine degradation,
urea synthesis, glucuronization capacity, and cholesterol synthesis. Ethanol degradation
and creatine synthesis are down-regulated only in TGFJ3 treated hepatocytes, but not in the
control. Among the few TGF_3 dependently up-regulated functions, synthesis of various
collagens is most pronounced. Further interesting findings include: down-regulation of
glucose export is postponed by TGF_3, TGFf3 up-regulates the synthesis capacity of ketone
bodies only as an early response, TGF_ suppresses the strong up-regulation of Vanin, and
TGEFp induces re-formation of ceramides and sphingomyelin.
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1. Introduction

TGEFp signaling is central in the late stages of liver regeneration [1]. Increased levels of TGFS are
an intermediate driver of chronic liver diseases [2] and represent a critical positive feedback loop in
alcoholic liver disease [3]. Although besides hepatocytes also Kupffer cells and stellate cells are affected
by TGE(3, we here have enfolded its role towards hepatocytes, the dominant cell type of the liver. We
found that hepatocytes subjected to elevated TGFj levels undergo substantial changes including its
metabolic functions [1].

Primary isolates of hepatocytes can be very reliably and reproducibly cultured on a collagen layer [4,5].
In particular, the metabolism of these hepatocytes resembles the in vivo situation better than immortalized
(i.e., cancer) cells [6]. Freshly isolated hepatocytes suffer from an immediate loss of function due to
culture stress, which can partly be restored by a calf embryo medium and attachment to the collagen
layer. Still, the metabolism of mouse hepatocytes in culture differs quantitatively and also qualitative
aspects from hepatocytes in vivo [7,8], and the cytokine TGEFp is involved in this process [9]. Hepatocytes
in culture are in a non-steady state, which is characterized by permanent functional changes, especially
loss of metabolic functions, and the purpose of this study was to identify if and how the effects of TGF_3
on hepatocytes in culture account for such outcome.

Therefore, a set of transcript profiles of primary mouse hepatocytes (3 time points, 1 h, 6 h, and 24
h, control versus TGF3 stimulation, 3 repeats, which have been analyzed before [9-11]) was screened
for remarkable alterations of metabolic function. Various approaches have been proposed to relate RNA
expression levels to metabolic function [12]. As the majority of metabolic enzymes remains active in
cultured hepatocytes (although at a reduced level), the most widely-used on/off model to relate transcripts
to metabolic networks [13,14] is not suitable here. Therefore, gene changes are analyzed without an a
priori threshold (amplitude or significance level). Gene changes with a lesser amplitude may be ignored
(if the metabolic function scores low in the rankings), but may also become integrated if complementary
genes with respect to a particular function occur with a higher amplitude. In this study, ModeScore [15]
was applied for a plethora of metabolic functions—a novel approach, which relates RNA differences to
functional flux distributions [16] computed in the stoichiometric network of hepatocyte metabolism [17].

2. Results

2.1. General Observations

The average expression of genes associated to metabolic functions shows a 4-fold (2 on log, scale)
higher expression as compared with the rest of the genes (see Figure 1A). The difference between the
average expression of metabolic versus non-metabolic genes is smaller for later time points and for TGF3

treated examples.
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When comparing transcript profiles, two types are evaluated—changes in the time course and changes
induced by TGFp treatment. For changes with time, differences between transcript abundances from 1 h
to 24 h, 1 hto 6 h, and 6 h to 24 h in the control experiment (C1 h/24 h, C1h/6 h, and C6h/24 h) and the
TGEFp treated hepatocytes (T1h/24 h, T1h/6 h, and T6 h/24 h) are considered. For treatment-induced
changes, the differences between abundances of the control and TGFJ treated hepatocytes at 6 h and
24 h (C/T 6 h and C/T 24 h) are evaluated. The difference at 1 h is negligible and not considered.

In Figure 1C, a difference analysis of the average expression is presented. A Welch’s t-test [18] was
performed to assert whether the averages differ significantly. For the non-metabolic genes, there is no
significant difference. For the metabolic genes, the averages of T6 h/24 h and C/T 24 h comparisons are
considerably different with high significance, whereas the averages of the C6 h/24 h comparison are of
low significant differences.

Figure 1B presents a finer distinction in classes of genes associated to HepatoNet1. Excretion proteins
such as albumin, haptoglobin, and collagens display the highest expression (14-fold higher than the non-
metabolic genes—4.3 in log, scale), which decreases with time but is not affected by TGFf3 treatment.
Transporters show the 2™ highest expression also decreasing with time and further decreasing upon
TGFp3 treatment. Expression of enzymes is at a lower level, but still more than threefold (1.8 in log,
scale) higher than the rest of the genes. TGF_ treatment decreases the average expression of this group
of genes at 24 h stronger than transporters or excretion proteins.

The difference analysis in Figure 1D shows that considerable deviations only occur at the 24 h time
point—Ilonger bars occur at C6 h/24 h, T6h/24 h, and C/T 24 h. Down-regulation of the average for
excretion proteins is larger than for enzymes, and is quite small for transporters. Interestingly, TGF_3
treatment seems to play a minor role for excretion proteins, while for enzymes (and for the transporters
at a lower degree) the difference induced by TGFJ treatment (C/T 24 h) is larger than for comparison
of time points (e.g., C6 h/24 h). The significance of these average differences is low for excretion
proteins (due to their low number and their large deviations), low for transport proteins (due to the small
difference), and is high only for enzymes (T6 h/24 h and C/T 24 h comparisons).

2.2. ModeScore Analysis

Metabolism is represented by a modified version of HepatoNetl [17] (see Section 4.2 and
Supplementary file 2) and 987 reference functions (see Section 4.3 and Supplementary file 3) for which
flux distributions have been computed using FASIMU [19], see Supplementary file 4. In the ModeScore
method ([15], see also Section 4.5) a regulation amplitude for each reference flux distribution and each
pair of transcript profiles is computed. This value is compatible to the change in log, abundances, viz. if
only one gene is assigned to the flux distribution, then the score is equal to the difference of both logs
abundances. These scores are shown in Supplementary file 5. Additionally, for each gene assigned to the
flux distribution, a contribution score is computed regarding how much the gene reflects the evaluation of
the flux distribution. A score of 1 is computed for those genes whose difference in abundances is equal to
the flux distribution amplitude. A score of O is given to a difference far from the flux distribution score.
For more details, see the methods section. These component scores are shown in the Supplementary

file 6 in the column “Score”.
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Figure 1. A Average expression values of metabolic genes (upon mapping to HepatoNet1)
vs. all other genes, by expression profile (C = control, T = TGEF( treated). In B, the set of
metabolic genes is split into genes encoding enzymes, transporters, and selected excretion
proteins. Error bars indicate average standard deviation of the 3 repeat experiments. C and D
show differences of average expressions. Red bars indicate down-regulation and green bars
indicate up-regulation. Either 2 time points in the control experiment are compared (e.g.,
C1 h/24 h) or the same time point of control vs. treated sample (e.g., C/T 24 h). P-values refer
to the probability that the averages of the two series are equal, determined with the Welch’s
t test [18] and the average RNA abundance values. The error bars refer to the average of
standard deviation of the repeats, not the standard deviation of the gene abundances (which
would be huge in this diagram).
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For each pair of transcript profiles, the functions with the highest up-regulation or down-regulation are

inspected, and those functional units with the most remarkable pattern were selected—see Supplemen-

tary file 1 for a detailed account of this process. For a functional unit, the relevant genes with a consistent
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pattern (see Supplementary file 6 for all genes) have been selected for the functional interpretation
as follows.

2.3. Tyrosine Degradation

Three hepatic functions are closely connected—degradation of tyrosine, conversion of phenylala-
nine to tyrosine (consisting of a single intracellular reaction), and degradation of phenylalanine (a
combination of the other two)—and thus are treated in combination. These functions are among the
most down-regulated functions with time (comparing 24 h and 1 h in both TGF} treated and untreated
cells) and among those with the highest down-regulating effect of TGF(3. See Supplementary file 1 for
more details, in particular Section 2.4 and Table 1 for the ranking of selected functions, furthermore
Supplementary file 5 for the full ranked lists. The specific part consists of 6 enzymes—the reaction
chain from phenylalanine to acetoacetate and fumarate, see Figure 2A and Supplementary file 6.

Figure 2. (A) Regulation of the degradation cascade of phenylalanine and tyrosine; (B)
Regulation of selected collagens and a promoter. Red bars indicate down-regulation and
green bars indicate up-regulation. Either 2 time points in the control experiment (e.g., C1h/24
h) or the same time point of control vs. TGFJ treated sample (e.g., C/T 24 h) are compared.
Error bars indicate average standard deviation of 3 independent experiments. P-values refer
to the probability that there is equal expression of two respective probe values, as determined
with the Welch’s t test [18] in 3 independent experiments.
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Degradation of tyrosine is among the most critical liver functions for the organism. Liver damage
accompanied by a deranged tyrosine degradation capacity may lead to accumulation of false
neurotransmitters, a main factor for hepatic encephalopathy [20]. The particularly intensive drop in
the expression of RNAs encoding for enzymes of this pathway documents the loss of hepatic functions
during hepatocyte culture.

Note that although the length of the bars in Figure 2A (resp. the fold-change of the mRNA) is largely

different, a clear common pattern can be recognized. Some of the gene changes (e.g., Hpd, C/T 24 h)
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would likely be excluded by the often applied thresholds (less than 2-fold, p-value 0.21) but it cannot be
denied that this gene’s change follows the identified pattern. Retaining also the lesser changed genes is in
accordance with the finding that the amount of RNA change is not well correlated with flux changes [12]
and that the typical range for relevant RNA changes differs considerably for different genes [21].

To sum it up, based on the analyzed expression profiles, it can be hypothesized that (i) hepatocytes
in culture lose the ability to degrade tyrosine; (ii) TGF( increases this effect; and (iii) genes associated
with phenylalanine/tyrosine are commonly regulated (e.g., by the same transcription factor).

2.4. Collagen Regulation

Macroscopically, cultured hepatocytes undergo a dedifferentiation, which is accompanied by an in-
crease of fibers. Thus, the regulation of collagen proteins was analyzed. In the ModeScore analysis, the
most remarkable regulation is observed for the following collagens (see Figure 2B):

Collagens XXVIlo; (CORAL in Supplementary file 5) and XVa; (COFA1) show the strongest
up-regulating effect of TGFj (top 2 scorers in the treatment/control comparison at 24 h, Table 1 in
Supplementary file 5). Thus, a specific accumulation of these collagens in the TGFp treated culture can
be expected. In fetal liver tissue, a high concentration of RNA encoding collagen XXVIlo; and a low
concentration of the corresponding protein was found [22], indicating that export is possible. SOX9 is an
activator of the collagen XX VIla; gene [23] and indeed, the respective gene as well is up-regulated (see
Figure 2B). Other collagens with a high up-regulation upon TGFf are collagen Io;, VIIoy, and Voo(see
Figure 1 in Supplementary file 1 and Table 1 in Supplementary file 5). Interestingly, collagen XX VIIoy
is also considerably up-regulated in the control experiment, while the other collagens mentioned above
are down-regulated (VIIo; and XVa; ) or only slightly up-regulated (Io; and Vo) in this setting.

Collagen IVas (CO4AS) is highly up-regulated in the control experiment (most of all collagens, 4th
of all functions) but much less upon TGF3 treatment. Thus, TGFS suppresses the up-regulation of
this protein.

Collagen XVIIlo; represents the strongest down-regulated collagen in the TGFj treated sample,
whereas there is only a mild down-regulation for this gene in the control sample—it is among the top
10% of down-regulated functions in C/T 24 h (rank 66 of 987, in Table 1 in Supplementary file 5).
Functionally, this collagen is an endostatin precursor [24] and cannot be regarded as a fibrogenic collagen
in hepatocytes. Its expression is liver-specific [25] and it plays a negative regulatory role in angionesis
during liver regeneration [26,27]. Its down-regulation is in agreement with the general loss of liver-
specific functions.

As these collagens are exceptionally rich in proline, we analyzed whether the proline synthesis/transamination

pathway would also be up-regulated, but found that it is relatively constant (see Supplementary file 1).

2.5. Ethanol Degradation

All relevant genes involved in the main degradation pathway of alcohol are relatively constant in the
control experiment but strongly down-regulated by TGFj, see Figure 3A. Cuiclan et al. [11] confirmed
that TGFJ induces down-regulation of Adhl (encoding alcohol dehydrogenase) on RNA and protein
level. The 4 most relevant forms of aldehyde dehydrogenase are even (slightly) up-regulated in the
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control experiment but down-regulated upon TGF( treatment, Aldhlal especially strong. The final
reaction, acetyl-CoA synthase, is down-regulated in the control experiment but even more so upon
TGFp treatment.

Figure 3. Regulation of genes involved in ethanol degradation (A); and bilirubin conjugation
(B). Among the genes encoding alcohol and aldehyde dehydrogenase only those are selected
that show a sufficient expression in hepatocytes and activity on ethanol/ethanal.
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Interestingly, the microsomal ethanol degradation pathway (indicated by the Cyp2el gene) is also
strongly down-regulated in the control culture, independently of TGFj3. The pathological ethanol
esteration in the absence of the enzymes for proper degradation (by fatty acid ethyl ester synthase, gene
Cesld) has a low expression, is down-regulated in time and further down-regulated by TGF{3. This
confirms an assumption that alcohol and TGF} are factors in a positive feedback loop [3,28].

2.6. Bilirubin Conjugation

The specific reactions of bilirubin conjugation are UDP glucuronosyltransferase 1 (Ugtl, several
isoforms) and a specific transporter of conjugated bilirubin (Abcc3), the first of which shows a
considerable down-regulation in TGF( treated cells, see Figure 3B.

Reactions steps with less specificity for bilirubin, but nevertheless involved in functions supplying
UDP-glucuronate are UDP-glucose dehydrogenase (Ugdh), Phosphoglucomutase (Pgm2), and
UDP-glucose pyrophosphorylase (Ugp2), all of which show a stronger down-regulation, especially in
TGEFp treated hepatocytes.

It can be summarized that there is a loss of glucuronization capacity, which is enhanced by TGF3
treatment. The loss affects bilirubin conjugation but is not particularly specific to bilirubin.

In pig liver, inhibition of TGFj did not display a strong impact on bilirubin levels as compared with
other liver function markers (Figure 2 in [1]). This finding is in concordance with the lack of a short term

response in the bilirubin conjugation here.
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2.7. Urea Synthesis

Urea can be synthesized from a range of nitrogen-containing metabolites, however, the final reaction
steps are common—urea cycle and carbamoyl synthase—Cpsl1, Otc, Ass1, Asl, Argl (see Figure 4A). A
set of facultative reactions are often used to supply the necessary precursors (aspartate, ammonium, and
carbon dioxide) from typical substrates as alanine, glutamine, glutamate, and pyruvate: Gotl, Gpt/Gpt2,
Gludl, and Gls2, see Figure 4B.

Figure 4. Regulation of genes involved in urea synthesis. Panel (A) shows genes essential

for urea synthesis, whereas panel (B) shows genes used for the supply of precursors.
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Arginase is one of the most down-regulated genes in the dataset. Apparently, it is switched off from
a highly abundant state and TGFJ treatment makes no difference. Ornithine transcarbamylase (Otc) is
down-regulated at a moderate quantity, and a further down-regulation is achieved upon TGF_ treatment.
Argininosuccinate synthase (Assl) is moderately down-regulated but constant in TGF_
treated hepatocytes. Argininosuccinate lyase (Asl) is down-regulated by a considerable amount only
in TGFp treated hepatocytes. Carbamoyl synthetase (Cps1) is sharply down-regulated, even more so in
the TGEp treated group. Apparently, the urea cycle is not regulated in a synchronized manner. It can be
predicted that hepatocytes in culture lose most of their capacity to synthesize urea, and TGFJ leads to an
additional down-regulation. The amount of this effect is less clear, and an estimation would depend on
the information which enzymes are rate-limiting in the pathway.

Among the facultative reactions, both forms of alanine aminotransferase (Gpt and Gpt2) are possibly
commonly regulated. A strong decline can be found only in TGFj treated hepatocytes. Glutamate
oxaloacetate transaminase (Got) has only a slight down-regulation with time. Since these genes are
also involved in many other functions, it is apparent that their regulation is very likely decoupled from
the function of urea synthesis. Interestingly, reactions providing NHj are oppositely regulated—in
the control experiment, Gls2 (providing NH;3 from glutamine) is up-regulated and Gludl (providing
NH; from glutamate) is down-regulated, while upon TGF_ treatment, Gls2 is constant and Gludl is

down-regulated.
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2.8. Cholesterol Synthesis

The reaction steps from mevalonate to farnesyl-diphosphate are down-regulated with time, and
further down-regulated by TGEF( treatment, see Figure SA. The 12 reaction steps from Farnesyl-diphosphate
show a similar pattern (see Figure SA and B), which is a considerable down-regulation with time and
further down-regulation by TGF_ treatment, with a single exception—lathosterol oxidase (Sc5d) is
up-regulated by TGF3. However, this multi-specific enzyme (alternative substrates are for example
O7-avenasterol and episterol) is also involved in other relevant functions.

Conclusively, cholesterol synthesis can be predicted as down-regulated in the control experiment and
even more down-regulated in TGFp treated hepatocytes. This is not surprising as cholesterol synthesis
(for bile acids and lipoprotein particles export) is a typical liver function.

2.9. Glucose Release from Glycogen

The reactions involved in the hepatic release of glucose from glycogen storage can be grouped in
two—split of activated glucose from the glycogen polysaccharide structure and dephosphorylation and
export of glucose. As can be seen from Figure 6A, there is only a slight down-regulation of the first
group of genes (Pygl, Pgm?2) while the second group (Slc37a4, Gbpc, Slc2a2) is sharply down-regulated
with time, in particular in TGF] treated hepatocytes. This is agreement with macroscopic observations—
degradation of the cell’s glycogen storage is a universal function of human cells while the actual export
of glucose is specific for hepatocytes. In particular, dephosphorylation of glucose-6-phosphate (G6pc)
(a reaction only needed for glucose export) switches from a clearly on to an off status.

Figure 5. Regulation of genes involved in cholesterol synthesis.
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Figure 6. Regulation of genes involved in glucose release from glycogen.
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Glucose-6-phosphatase shows an early down-regulation in the control experiment (from 1 h to 6 h),
while in TGFj treated sample, down-regulation occurs later, i.e., in the interval between 6 h and 24 h
(Figure 6B). From this result, it can be hypothesized that loss of glucose export capability is delayed in
the TGF] treated hepatocytes.

2.10. Supply of 3-hydroxybutyrate

Genes involved in the 3-hydroxybutyrate synthesis pathway of show an inconclusive regulation when
comparing 1 h to 24 h. While mitochondrial HMG-CoA synthase (Hmgcs2) is down-regulated in the
control experiments and up-regulated upon TGFf treatment, both types of 3-hydroxybutyrate dehy-
drogenase (Bdh1/Bdh2) are up-regulated in the control experiment and unchanged in TGF3 treated
hepatocytes. Intriguingly, the two genes Acatl and Hmgcs2 show a rare pattern in TGF( treated sample,
that is they are up-regulated at the 6 h time point and then down-regulated again (see Figure 7B). Thus,
TGFp apparently induces an early response of increasing the production of ketone bodies.

In a rat proximal tubule cell line 3-hydroxybutyrate induced TGFf3 expression [29]. Thus, a positive
feedback of the two parameters can be hypothesized. TGF3 may mediate elevation of ketone bodies by
exercise, as TGF]3 application to murine brains mobilizes ketone bodies [30], while inhibition of TGF_3
by an antibody [31] reduces it.

2.11. Creatine Synthesis

Guanidinoacetate methyltransferase (Gamt), the final step in creatine synthesis, shows the rare pattern,
up-regulation in untreated hepatocytes and down-regulation in TGFJ3 treated hepatocytes (see Figure 8A,
second group of bars). The respective transcript changes are moderate (+0.67,—1.56), but statistically
highly significant (p < 0.011, p <0.033). This fact is especially remarkable, as there is endogenous TGF[3
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production (see Section 2.13) in untreated cultured hepatocytes. Apparently, there is a threshold switch,

which suppresses the effect of moderate TGFp levels to Gamt.

Figure 7. Regulation of genes involved in synthesis of 3-hydroxybutyrate. Panel A shows

comparisons of the 1 h and 24 h time points only, panel B shows comparisons involving the

6 h time point
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The penultimate step, glycine amidinotransferase (Gatm), shows only a slight up-regulation in both

experiments (see Figure 8A, first group of bars). The absolute expression is also low, but as creatine is
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known to be exported by hepatocytes and glycine amidinotransferase is essential for this function, we
assume that sufficient RNA is present in the cell to synthesize glycine amidinotransferase. Apparently,
this seems to be the case, where low affinity of the chip’s probes lead to a low luminescence. The low
deviation in the three repeats supports this assumption.

It can be concluded that creatine synthesis is sensitive to TGFS. Creatine supplementation prevents
NAFLD in rat [32]. Thus, down-regulation of Gamt by TGF3 and a decrease in internal creatine
production will possibly increase fat accumulation in hepatocytes.

This result is in concordance with the finding in pig livers (Figure 2 in [1]), in which there is a strong
creatine excretion into the serum of control livers (with elevated TGFj levels) that does not occur when
TGFp is inhibited.

As ornithine is a byproduct of Gatm, creatine synthesis is coupled to reactions of the urea cycle (see
Supplementary file 6 for these reactions and Section 2.7). As urea synthesis is the function with a much
higher reaction flux in hepatocytes, it is not feasible to associate transcript changes of enzymes such as
arginase to creatine synthesis.

2.12. Solitude Genes with a Remarkable Pattern

In this subsection, genes with a remarkable regulation not accompanied by a similar pattern of other
genes belonging to the same functional context are considered.

Sphingosine kinase (Sphk1) is constant in the control group and heavily up-regulated in TGFJ treated
sample, see Figure 8A, third group of bars. As the genes encoding enzymes adjacent in the network are
not regulated in this way, the only conclusive explanation is that the re-formation of phospholipids that
depend on sphingosine kinase, such as sphingomyelin and the various ceramides, is enhanced by TGFp.

It has been found that Vanin (Vnnl), besides the enzymatic function as pantetheinases, plays a
role in inflammation, oxidative stress, cell migration, and numerous diseases [33]. Vanin is strongly
up-regulated in the control culture and the effect is attenuated by TGFp.

2.13. Endogenous TGFB Production

It has been noted that hepatocytes in monolayer culture start to produce TGFS [10]. Indeed, the
RNA encoding TGFf3; increases threefold in the control experiment, see Figure 8B. Thus, even in the
control TGEFp is not completely absent. Interestingly, in TGF( treated group, there is an even larger
increase in endogenous TGFf3 production, which additionally accelerates the effects sensitive to TGFp.
Furthermore, the expression of the main TGEFp receptor Tgfbrl, while constantly low in the control
experiment, increases dramatically in TGF3 treated hepatocytes. Thus, in TGFj treated hepatocytes, an
amplified effect of TGF( is observed. The other TGF3 form, TGF3,, the alternative receptor Tgfbr2,
and the associated protein Tgtbrapl are relatively constant throughout both culture conditions.

3. Discussion

As the metabolism of primary hepatocytes changes during culture even without the addition of TGFj3,
the question arises as for which conclusions can be drawn from TGEp treated cultures for hepatocytes
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in vivo. It must be assumed that changes induced by TGFj are independent from the changes induced
by culture stress, at least regarding metabolic liver functions. Endogenous production of TGFJ in the
control culture is taken into account in Section 2.13. Consequently, the main problem is to distinguish
whether the TGFJ treatment just leads to an acceleration of processes that would have occurred later in
the control or whether there is a specific regulation that would not have occurred. To account for this,
the findings in the results section have been related to studies of metabolic functions in hepatocytes and
also other cell types.

Although fetal calf serum is provided for 3 hours directly after extraction from mouse liver to facilitate
the survival from extraction stress, in the presented course of the experiment a serum-free medium is
used [4]. Apparently, this condition differs from the in vivo state where the hepatocyte is confronted
with a constantly changing metabolic load. It is commonly accepted that each metabolic challenge
of hepatocytes in vivo stimulates a response of transcription, while a lack of new responses leads to a
gradual loss of enzymatic capacity by protein degradation [34]. Thus, a reduction in the overall metabolic
capacity can be expected, which is reflected in the general down-regulation of all enzymes by average,
see Figure 1. Consequently, the interesting cases are those that deviate from the trivial pattern, either by
a stronger than normal down-regulation, by an up-regulation, or by a specific effect of TGF_.

Would it have been possible to obtain the same results with alternative approaches that relate
transcript data to metabolic functions? Often, metabolic functions are represented by metabolic
subsystems defined for instance by GO terms [35] or KEGG maps [36], e.g., tyrosine degradation is
represented in the KEGG map 00350. But this map also includes synthesis of thyridoxine, tyramine,
hydroxyphenylacetate, dopaquinone, eumelanine, adrenaline, metanephrine, 3-methoxy-4-hydroxy-
mandelate, 3-methoxy-4-hydroxy-phenylethylene-glycol, and homovanillate (only genes present in mice
are considered). Most of these synthesis pathways are specific to other cell types and are switched off
in hepatocytes. Thus, tyrosine degradation is represented by only 5 out of 37 genes related to this
KEGG map. So the down-regulation of genes involved in tyrosine degradation would not be particularly
remarkable considering the fact that many metabolic genes are down-regulated (see Section 2.1).

The system of KEGG modules [37] represents small functional pathways. The module M00044
for example would indeed represent the 5 genes for tyrosine degradation. However, the set of KEGG
modules is a fixed and restricted set of pathways and does not cover comprehensively all relevant
metabolic functions, considering that the 260 modules cover pathways in cells in all kingdoms of life.
For instance, hepatic ethanol degradation is not such a module.

Both classification schemes would ignore any transporters (which is for instance very relevant for
glucose release), supply of initial substrates, and disposal of side products (see for instance the urea
synthesis, several reactions are apparently coupled to the urea cycle although belonging to amino acid
metabolism in the first place).

Gene ontology annotations are available from various sources. For instance, the gene ontology term
tyrosine catabolic process GO:0006572 would have recovered the five genes using the annotation of the
Brainarray chip definition file. For this pathway, the GO term tyrosine catabolic process to fumarate
(G0O:0019445) would even be more appropriate, but this annotation is not present in the data annotation
deposited at Ensemble/BioMART. For several appropriate GO terms of ethanol detoxification, no genes

are annotated to the enzymes involved (alcohol dehydrogenase and aldehyde dehydrogenase) as they are
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multi-specific. The GO annotation provides only a set of genes connected to the function, whereas a
specific role is not asserted but would be given by the flux distribution annotated with genes.

Often, to assess the regulation of such a subsystem, the number of gene changes above a certain
threshold (usually 2-fold) is counted. Looking at Figure 2A, there is a convincing and remarkably
complete pattern of down-regulation. However, in fact, 4 of the bars are just below 2-fold, thus, only
8 from 12 comparisons would be considered as down-regulated, obscuring the pattern that is obvious
when looking at the data directly. ModeScore, however, considers the data continuously.

Another alternative approach to screen for remarkable regulations would be to rank the genes by
their transcript change. In this way, the huge drop in arginase (see section 2.7) is found as the top down-
regulated gene, and homogentisate 1,2-dioxygenase from tyrosine degradation would also be considered.
However, this approach is biased towards single genes with large transcript changes and quite consistent
regulations with a lesser magnitude such as in the cholesterol synthesis would be disregarded.

An additional approach would be the computation of gene correlations and subsequent restriction of
metabolic genes. It can be expected that many genes have a higher correlation with each other than the 6
genes in phenylalanine degradation, as the fold change ranges from 16-fold to 1.6-fold. The correlation
coefficient would be rather low and probably obscured by the noise. The convincing regulation pattern
in Figure 2A does not come from an extremely high correlation but from a combination of the position
in a pathway and the correlation.

Elementary flux modes would be an alternative to the reference solutions computed by FBA. As
the set of all elementary flux modes is too large, the set of the k-shortest should be used instead [38].
The elementary flux modes computed from the whole network would be considerably larger than the
functional flux distributions used here, because in most of the functional definitions the supply of
intermediate substrates (such as pyruvate) and energy carriers (ATP, NADH) is allowed. Beside the
intermediates, most of the reference flux distributions used in ModeScore also satisfy the conditions of
an elementary flux mode, caused by the application of the flux minimization principle [39]. To cover
the same functionality with a complete set of k-shortest elementary flux modes would require many
more modes since all alternative routes are considered while here only a single flux distribution for
each function is used. The completeness of alternative routes would be traded for a larger set of flux
distribution, and could be worthwhile in a future analysis.

The underlying metabolic network is of critical importance for the ModeScore application. As the
aim of the study is a broad screening, only genome-scale networks are suitable. The only published
alternative to HepatoNetl [17] is the network by Jerby et al. [40], based on Reconl [41] inferred from
expression data [42]. The big advantage of HepatoNetl is the manual curation of individual reactions
based on biochemical literature and the comprehensive testing: computed flux distributions for specified
liver functions have been tested to represent experimentally confirmed biochemical pathways. In fact,

the functions used in ModeScore have been derived from the functions used to test HepatoNet1.



Metabolites 2012, 2 997

4. Methods and Materials

4.1. Affymetrix Chip Experiment

Primary hepatocytes were isolated from livers of male C57/BL-6 mice (100-150 g) using
collagenase perfusion. Hepatocytes were plated on collagen coated 6-well plates at a density of 3 x 105
cells/well in Williams’ medium E supplemented with 10% fetal bovine serum, 2 mM L-glutamine, 1%
penicillin/streptomycin and 100 nM dexamethasone. Hepatocytes were allowed to attach, and medium
was exchanged after 4 h with Williams medium E supplemented with 2 mM L-glutamine and 1%
penicillin/streptomycin. 5 ng/mL recombinant TGF3; was added to the serum-free culture medium
for 1, 6 and 24 hours. Control conditions included cells maintained for the same period in serum-free
medium without TGF{3;. Total RNA was collected at each time point and purified with the RNeasy Mini
kit (Qiagen, Hilden, Germany), and the integrity was verified by denaturating agarose electrophoresis.
A total of 5 g RNA was transcribed into cDNA by oligo dT primers, reverse transcribed to biotinylated
complementary RNA with the Gene Chip IVT Labeling Kit (Affymetrix, High Wycombe, England), and
hybridized to arrays of type moe430_2 from Affymetrix (Santa Clara, CA). The data is publicly available
with Acc. No. E-MEXP-1176 at ArrayExpress [46].

4.2. Network and Gene Assignments

HepatoNetl [17] was chosen as a tested metabolic model for the human hepatocyte. It is applicable
to murine hepatocytes except for the gene assignments that are obtained from the following resources:
(i) Metabolic reactions with a KEGG reaction annotation in HepatoNet]l can be mapped to a human
gene using KEGG:; (i1) Other metabolic functions with an EC number can also be mapped to a human
gene using KEGG; (iii) Transporters with an annotation in TCDB can be mapped to a mammalian
enzyme (UniProt nomenclature) using the TCDB; (iv) Protein synthesis reactions have been mapped
to the protein directly, which makes sense for this work as the RNA is the most specific requisite for the
synthesis reaction; (v) Proteins have been mapped to their encoding gene using ENSEMBL/BioMART;
(vi) Genes of the different species have been mapped to mouse genes (ENSEMBL nomenclature) using
the computed homologies contained in ENSEMBL/BioMART database; (vii) Ensemble annotations have
been given by the Affymetrix software HepatoNet] was enlarged by the synthesis reactions of collagens.
If a reaction is catalyzed by more than one enzyme and the gene transcript abundances indicate that
some of the isozymes are always off, it is removed from the annotation [43,44]. See Supplementary
file 2 for the final network, which has also been deposited in BioModels [47] under the identifier
MODEL1208060000.

4.3. Reference Solutions

The simulations published for HepatoNetl1 [17] have been redesigned for the use of ModeScore. There
are 3 categories of functions: (i) regeneration of internal building blocks; (ii) hepatic functions towards
the other organism of the body; (iii) replication of all internal metabolites, totaling 992 simulations. The
solutions have been obtained with 5 different parameters settings, all of which include thermodynamic
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realizability [45] with concentration bound hard bounds. The first solution series is computed without
any implied scoring scheme, the second with flux minimization, the rest additionally with soft bounds
for the concentrations. Among the different solutions, the one with the fewest used reactions is used.
Reference flux distributions with no associated genes are removed, 987 remain. After the computation
(k)

each mode M, = (m( ./ is the flux rate

,k))izl...n is normalized, i.e., divided by >, \mz(-k)|, where m

through reaction ¢, and n the number of reactions.

4.4. ModeScore Method

The core of the ModeScore method [15] is the calculation of an amplitude value for a reference
mode and a pair of transcript profiles, and additionally for each gene a contribution score, as follows:
Let the k-th reference mode be denoted by M, = (mE’“))i:L,,n and the relative expression profile by

V' = (v;)i=1..n, where v; is the difference of the log, values of the transcript abundances of one state and
a reference state. Then the score of the mode is

(k)
; iScore;(m; 7, v;
Score(My, V) = Lien W (i, vi)
Ziefk wi
where
L= {ilm™ £0} and  w; = /|mP|w,
and

A'ui—m(.k> 2
(k) é<2 | >
score;(m; ", v;) = e ™ :

i

A is chosen such that Score(Mjy, V') is maximal, see [15] for details on the optimization procedure.
The non-negative numbers w; are the weight adjustments to increase the influence of reactions with
stoichiometric factors larger than one (except protons). For lumped reactions, w; is set to the number of
individual conversions. For spontaneous reactions, it is set to zero. For a complete list, see Supplemen-
tary file 7.

To evaluate a function (i.e., a reference flux distribution) with respect to two expression profiles, the
amplitude, calculated as 1/ is used. The amplitude is compatible to the log, expression change, i.e.,
if all genes are changed by the same amount o the amplitude would be «. Rather than averaging the
transcript changes of all genes related to a function, the amplitude shows the most consistent pattern
of synchronous regulation. The Score(My, V) is of lesser importance; it serves as a significance score
where values close to 1 indicate an unequivocal decision and low values less than 0.2 show an ambigu-
ous pattern.

(k)

./, v;) values are used, where

To evaluate the contributions of the individual genes, the score;(m
a high scorei(mf-k), v;) shows a high influence of the gene on the whole function’s evaluation. The
table in Supplementary file 5 are sorted by the combined scorei(m(k)

)

,v;) adjusted with the weight
parameters w;.

4.5. ModeScore Analysis

The functions with very high and low amplitudes (about 20 each) of the profile comparisons 1 h
vs. 24 h for each untreated (A) and treated samples (B) and the control vs. TGF3 comparison for
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24 h (C) have been analyzed for their functional relevance, see Supplementary file 5. Functions related
to intermediates are replaced by their super-ordinate function (e.g., for tyrosine degradation); similar
functions have been collected (collagens).

For each of these functions, the scores for individual reactions (see Supplementary file 6) have been
analyzed for the set of genes that are responsible to get the function in question to appear with a particular
regulation pattern. For a complete account of the selection process, see Supplementary file 1.

5. Conclusions

ModeScore analysis of RNA transcripts from cultured mouse hepatocytes treated with TGF3 vs.
untreated controls has yielded hypotheses for the regulation of metabolic functions worth elucidating

in vitro and in vivo, in mouse and man. The main conclusions are:

e the high sensitivity of the phenylalanine/tyrosine degradation capacity to TGFB3. Even though
there is a strong down-regulation in the control culture, the large additional impact of TGF3 makes
a specific effect very likely. The inhibition of TGFJ3 production or its signaling pathway could be
a starting point for treatment of an imminent danger of brain failure in patients with critical liver
diseases [20].

e the strong negative impact of TGFB on ethanol degradation capacity, a fact that has been
experimentally confirmed [11]. As it is not found in the control culture, a specific mechanism
is highly likely.

e the collagens that are up-regulated most by TGF3 treatment (XXVIIoy, XVay, oy, Vo, Voy).
They can subsequently be related to the predominant fiber proteins in liver fibrosis and lead to a
therapeutic starting point to estimate how much a particular cirrhotic disease process is related to
hepatocyte dysfunction and sensitive to TGF(,

e down-regulation of glucose export is postponed by TGFj3 while for most other functions TGF_3
accelerates the down-regulation,

e creatine synthesis, glucuronization capacity, urea synthesis, and cholesterol synthesis are
negatively affected by TGFj,

e an early and short-term up-regulating response to TGF[ regarding the synthesis capacity of
ketone bodies

o that TGF3 suppresses the strong culture stress induced up-regulation of Vanin, and

o that TGF3 induces the re-formation of ceramides and sphingomyelin.

Acknowledgments

All authors acknowledge the funding by the BMBF Germany as part of the VirtualLiver Network.
AH acknowledges helpful discussions with Bernd Binder.

Conflicts of Interest

The authors declare no conflict of interest.



Metabolites 2012, 2 1000

References

Liska, V.; Treska, V.; Mirka, H.; Kobr, J.; Sykora, R.; Skalicky, T.; Sutnar, A.; Vycital, O.; Bruha, J.;
Pitule, P.; et al. Inhibition of transforming growth factor beta-1 augments liver regeneration
after partial portal vein ligation in a porcine experimental model. Hepatogastroenterology 2012,
59, 235-240.

2. Dooley, S.; ten Dijke, P. TGF3in progression of liver disease. Cell Tissue Res. 2012, 347, 245-256.

10.

1.

12.
13.

Gerjevic, L.N.; Liu, N.; Lu, S.; Harrison-Findik, D.D. Alcohol activates TGF-beta but inhibits
BMP receptor-mediated Smad signaling and Smad4 binding to hepcidin promoter in the liver. Int.
J. Hepatol. 2012, 2012, 459278.

Klingmiiller, U.; Bauer, A.; Bohl, S.; Nickel, P.J.; Breitkopf, K.; Dooley, S.; Zellmer, S.; Kern,
C.; Merfort, 1.; Sparna, T.; ef al. Primary mouse hepatocytes for systems biology approaches:
A standardized in vitro system for modelling of signal transduction pathways. Syst. Biol. 2006,
153,433-447.

Zeilinger, K.; Auth, S.; Unger, J.; Grebe, A.; Mao, L.; Petrik, M.; Holland, G.; Appel, K;
Niissler, A.; Neuhaus, P.; er al. Liver cell culture in bioreactors for in vitro drug studies as an
alternative to animal testing. ALTEX 2000, /7, 3—10.

Risal, P.; Cho, B.H.; Sylvester, K.G.; Kim, J.C.; Kim, H.T.; Jeong, Y.J. The establishment and
characterization of immortal hepatocyte cell lines from a mouse liver injury model. In Vitro Cell.
Dev. Biol.-Anim. 2011, 47, 526-534.

Knobeloch, D.; Ehnert, S.; Schyschka, L.; Biichler, P.; Schoenberg, M.; Kleeff, J.; Thasler, W.E.;
Nussler, N.C.; Godoy, P.; Hengstler, J.; et al. Human hepatocytes: Isolation, culture, and quality
procedures. Methods Mol. Biol. 2012, 806, 99—-120.

Guthke, R.; Zeilinger, K.; Sickinger, S.; Schmidt-Heck, W.; Buentemeyer, H.; Iding, K.;
Lehmann, J.; Pfaff, M.; Pless, G.; Gerlach, J.C. Dynamics of amino acid metabolism of primary
human liver cells in 3D bioreactors. Bioprocess. Biosyst. Eng. 2006, 28, 331-340.

Godoy, P.; Hengstler, J.G.; Ilkavets, I.; Meyer, C.; Bachmann, A.; Miiller, A.; Tuschl, G.;
Mueller, S.O.; Dooley, S. Extracellular matrix modulates sensitivity of hepatocytes to fibroblastoid
dedifferentiation and transforming growth factor beta-induced apoptosis. Hepatology 2009, 49,
2031-2043.

Dooley, S.; Hamzavi, J.; Ciuclan, L.; Godoy, P.; llkavets, I.; Ehnert, S.; Ueberham, E.; Gebhardt, R.;
Kanzler, S.; Geier, A.; et al. Hepatocyte-specific Smad7 expression attenuates TGF-beta-mediated
fibrogenesis and protects against liver damage. Gastroenterology 2008, 135, 642—659.

Ciuclan, L.; Ehnert, S.; Ilkavets, I.; Weng, H.L.; Gaitantzi, H.; Tsukamoto, H.; Ueberham, E.;
Meindl-Beinker, N.M.; Singer, M.V.; Breitkopf, K.; et al. TGF-beta enhances alcohol
dependent hepatocyte damage via down-regulation of alcohol dehydrogenase 1. J. Hepatol. 2010,
52,407-416.

Hoppe, A. What mRNA abundances can tell us about metabolism. Metabolites 2012, 2, 614-631.
Becker, S.A.; Palsson, B.@. Context-specific metabolic networks are consistent with experiments.
PLoS Comput. Biol. 2008, 4, e1000082.



Metabolites 2012, 2 1001

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Shlomi, T.; Cabili, M.N.; Herrgard, M.J.; Palsson, B.@.; Ruppin, E. Network-based prediction of
human tissue-specific metabolism. Nat. Biotechnol. 2008, 26, 1003—-1010.

Hoppe, A.; Holzhiitter, H.G. ModeScore: A Method to Infer Changed Activity of Metabolic Func-
tion from Transcript Profiles. In Proceedings of GCB’12 German Conference on Bioinformatics,
Jena, Germany, 20-22 September 2012.

Hoffmann, S.; Hoppe, A.; Holzhiitter, H.G. Composition of metabolic flux distributions by
functionally interpretable minimal flux modes (MinModes). Genome Inform. 2006, 17, 195-207.
Gille, C.; Bolling, C.; Hoppe, A.; Bulik, S.; Hoffmann, S.; Hiibner, K.; Karlstidt, A.; Ganeshan,
R.; Konig, M.; Rother, K.; ef al. HepatoNetl: A comprehensive metabolic reconstruction of the
human hepatocyte for the analysis of liver physiology. Mol. Syst. Biol. 2010, 6, 411.

Welch, B.L. The generalisation of student’s problems when several different population variances
are involved. Biometrika 1947, 34, 28-35.

Hoppe, A.; Hoffmann, S.; Gerasch, A.; Gille, C.; Holzhiitter, H.G. FASIMU: Flexible software for
flux-balance computation series in large metabolic networks. BMC Bioinform. 2011, 12, 28.
Fulenwider, J.T.; Nordlinger, B.M.; Faraj, B.A.; Ivey, G.L.; Rudman, D. Deranged tyrosine
metabolism in cirrhosis. Yale J. Biol. Med. 1978, 51, 625-633.

Chandrasekaran, S.; Price, N.D. Probabilistic integrative modeling of genome-scale metabolic and
regulatory networks in Escherichia coli and Mycobacterium tuberculosis. Proc. Natl. Acad. Sci.
USA 2010, 107, 17845-17850.

Boot-Handford, R.P.; Tuckwell, D.S.; Plumb, D.A.; Rock, C.F.; Poulsom, R. A novel and highly
conserved collagen (pro(alpha)1(XXVII)) with a unique expression pattern and unusual molecular
characteristics establishes a new clade within the vertebrate fibrillar collagen family. J. Biol. Chem.
2003, 278, 31067-31077.

Jenkins, E.; Moss, J.B.; Pace, J.M.; Bridgewater, L.C. The new collagen gene COL27A1 contains
SOX9-responsive enhancer elements. Matrix Biol. 2005, 24, 177-184.

Liétard, J.; Théret, N.; Rehn, M.; Musso, O.; Dargere, D.; Pihlajaniemi, T.; Clément, B. The
promoter of the long variant of collagen XVIII, the precursor of endostatin, contains liver-specific
regulatory elements. Hepatology 2000, 32, 1377-1385.

Oh, S.P.; Kamagata, Y.; Muragaki, Y.; Timmons, S.; Ooshima, A.; Olsen, B.R. Isolation and
sequencing of cDNAs for proteins with multiple domains of Gly-Xaa-Yaa repeats identify a distinct
family of collagenous proteins. Proc. Natl. Acad. Sci. USA 1994, 91, 4229-4233.

Clément, B.; Musso, O.; Liétard, J.; Théret, N. Homeostatic control of angiogenesis: A newly
identified function of the liver? Hepatology 1999, 29, 621-623.

Dogrul, A.B.; Colakoglu, T.; Kosemehmetoglu, K.; Birben, E.; Yaman, E.; Gedikoglu, G.;
Abbasoglu, O. Antiangiogenic response after 70% hepatectomy and its relationship with hepatic
regeneration and angiogenesis in rats. Surgery 2010, 147, 288-294.

Zhuge, J.; Cederbaum, A.l. Increased toxicity by transforming growth factor-beta 1 in liver cells
overexpressing CYP2EIL. Free Radic Biol. Med. 2006, 41, 1100-1112.

Zhang, D.; Yang, H.; Kong, X.; Wang, K.; Mao, X.; Yan, X.; Wang, Y.; Liu, S.; Zhang, X.; Li, J.;
et al. Proteomics analysis reveals diabetic kidney as a ketogenic organ in type 2 diabetes. Am. J.
Physiol. Endocrinol. Metab. 2011, 300, E287-E295.



Metabolites 2012, 2 1002

30.

31.

32.

33.

34.

35.

36.
37.

38.

39.

40.

41.

42.

43.

44.

Shibakusa, T.; Mizunoya, W.; Okabe, Y.; Matsumura, S.; Iwaki, Y.; Okuno, A.; Shibata, K.;
Inoue, K.; Fushiki, T. Transforming growth factor-beta in the brain is activated by exercise and
increases mobilization of fat-related energy substrates in rats. Am. J. Physiol. Regul. Integr. Comp.
Physiol. 2007, 292, R1851-R1861.

Ishikawa, T.; Mizunoya, W.; Shibakusa, T.; Inoue, K.; Fushiki, T. Transforming growth factor-beta
in the brain regulates fat metabolism during endurance exercise. Am. J. Physiol. Endocrinol.
Metab. 2006, 291, E1151-E1159.

Deminice, R.; da Silva, R.P.; Lamarre, S.G.; Brown, C.; Furey, G.N.; McCarter, S.A.;
Jordao, A.A.; Kelly, K.B.; King-Jones, K.; Jacobs, R.L.; ef al. Creatine supplementation prevents
the accumulation of fat in the livers of rats fed a high-fat diet. J. Nutr. 2011, 141, 1799-1804.
Kaskow, B.J.; Proffit, J.M.; Blangero, J.; Moses, E.K.; Abraham, L.J. Diverse biological activities
of the vascular non-inflammatory molecules-the Vanin pantetheinases. Biochem. Biophys. Res.
Commun. 2012, 417, 653—658.

Zimran, A.; Forman, L.; Suzuki, T.; Dale, G.L.; Beutler, E. In vivo aging of red cell enzymes:
Study of biotinylated red blood cells in rabbits. Am. J. Hematol. 1990, 33, 249-254.

Ashburner, M.; Ball, C.A.; Blake, J.A.; Botstein, D.; Butler, H.; Cherry, J.M.; Davis, A.P;
Dolinski, K.; Dwight, S.S.; Eppig, J.T.; et al. Gene ontology: tool for the unification of biology.
The Gene Ontology Consortium. Nat. Genet 2000, 25, 25-29.

Kanehisa, M. The KEGG database. Novartis Found. Symp. 2002, 247, 91-101.

Kanehisa, M.; Araki, M.; Goto, S.; Hattori, M.; Hirakawa, M.; Itoh, M.; Katayama, T.; Kawashima,
S.; Okuda, S.; Tokimatsu, T.; et al. KEGG for linking genomes to life and the environment. Nucleic
Acids Res. 2008, 36, D480-D484.

De Figueiredo, L.F.; Podhorski, A.; Rubio, A.; Kaleta, C.; Beasley, J.E.; Schuster, S.; Planes, F.J.
Computing the shortest elementary flux modes in genome-scale metabolic networks.
Bioinformatics 2009, 25, 3158-3165.

Holzhiitter, H.G. The principle of flux minimization and its application to estimate stationary fluxes
in metabolic networks. Eur. J. Biochem. 2004, 271, 2905-2922.

Jerby, L.; Shlomi, T.; Ruppin, E. Computational reconstruction of tissue-specific metabolic models:
Application to human liver metabolism. Mol. Syst. Biol. 2010, 6, 401.

Duarte, N.C.; Becker, S.A.; Jamshidi, N.; Thiele, 1.; Mo, M.L.; Vo, T.D.; Srivas, R.; Palsson, B.@.
Global reconstruction of the human metabolic network based on genomic and bibliomic data. Proc.
Natl. Acad. Sci. USA 2007, 104, 1777-1782.

Shlomi, T. Metabolic network-based interpretation of gene expression data elucidates human
cellular metabolism. Biotechnol. Genet Eng. Rev. 2010, 26, 281-296.

Kharchenko, P.; Vitkup, D.; Church, G.M. Filling gaps in a metabolic network using expression
information. Bioinformatics 2004, 20 (Suppl 1),1178-1185.

Manichaikul, A.; Ghamsari, L.; Hom, E.FY.; Lin, C.; Murray, R.R.; Chang, R.L.; Balaji, S.;
Hao, T.; Shen, Y.; Chavali, A.K.; ef al. Metabolic network analysis integrated with transcript
verification for sequenced genomes. Nat. Methods 2009, 6, 589-592.



Metabolites 2012, 2 1003

45. Hoppe, A.; Hoffmann, S.; Holzhiitter, H.G. Including metabolite concentrations into flux balance
analysis: Thermodynamic realizability as a constraint on flux distributions in metabolic networks.
BMC Syst. Biol. 2007, 1, 23.

46. ArrayExpress — a database of functional genomics experiments. Avaialbe online: http:/www.
ebi.ac.uk/arrayexpress/ (Accessed on 12 November 2012).

47. BioModels Database — a database of annotated published models. Avaialbe online:  http://
BioModels.net/ (Accessed on 12 November 2012).

(© 2012 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article
distributed under the terms and conditions of the Creative Commons Attribution license
(http://creativecommons.org/licenses/by/3.0/).


http://www.ebi.ac.uk/arrayexpress
http://www.ebi.ac.uk/arrayexpress
http://BioModels.net
http://BioModels.net

	Introduction
	Results
	General Observations
	ModeScore Analysis
	Tyrosine Degradation
	Collagen Regulation
	Ethanol Degradation
	Bilirubin Conjugation
	Urea Synthesis
	Cholesterol Synthesis
	Glucose Release from Glycogen
	Supply of b-hydroxybutyrate
	Creatine Synthesis
	Solitude Genes with a Remarkable Pattern
	Endogenous TGFb Production

	Discussion
	Methods and Materials
	Affymetrix Chip Experiment
	Network and Gene Assignments
	Reference Solutions
	ModeScore Method
	ModeScore Analysis

	Conclusions
	Supplementary files
	Acknowledgments
	Conflicts of Interest

