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| Introduction

Systems biology is intended to elucidate the dynamics of the biological cell based on 2 compendium
of data carried out by what might be called the “ome” and the “omics” sciences, such as the genome
and genomics, the proteome and proteomics, or the metabolome and metabolomies [21, 26]. Mean-
while, biological life, which it is hoped will come to be understood, is rarely restricted to a single cell,
or unicellular organism, The human being is a representative multicellular organism, consisting of
approximately 60 trillion cells, and undoubtedly the subject that we would like to investigate most
intensively. At present, the greater part of the dawm that support systems biology is information at the
molecular and cellular (nanoscopic and microscopic) levels, While the explosive development of
molecular and cellular biology has yielded both copious and precise information at the subcellular
level, biology for higher-level (mesoscopic and macroscopic) structures has lagged far behind. Anat-
omy and histology represent an organism in a hierarchical classification scheme, namely of tissues,
organs, and individual, going from the microscopic to macroscopic. The store of knowledge built up
at each level of the hierarchy is at present disproportionate. The knowledge accumulated in the last
decade at higher levels than the cell is undoubtedly less than that zt the cellular and subcellular levels,
A major constraint is the currently limited technology, which for the tissue or organ level presents
greater difficulties in all aspects of sample preparation, cultivation, and measurement than required
for the single-cell level.

Hitherto, nanoscopic and microscopic mathematical models for the life sciences have been
isolated from mesoscopic and macroscopic ones in most cases, while mesoscopic and macroscopic
entities inevitably consist of macroscopic entities, Here we report an effort to expand the knowledge
of cellular, subeellular, and molecular levels to higher levels such as tissues and organs through
biological simulation, which is one of the main contributions of systems biology. We are aware that
such a bottom-up approach is not always appropriate; for instance, a description of solid-body mo-
tion with quantum mechanics is almost always pointless. However, given the overwhelming shortage
of quantitative information at the mesoscopic and macroscopic levels, a serious effort to elucidate
higher-level behaviors of life based on the abundant molecular and cellular data collected is of value
whatever the difficulty enuiled. To construct a tissue or organ model based on a single-cell model,
simple aggregation of the cell model into a higher-level model is essentially inadequate. Not only
organs of complicated strucrure such as the heart and brain, but those of comparatively simple
structure such as the liver and kidney, are impossible to model by simple multiplication of single cells,
because each tissue or organ has its own intrinsic and exquisitely specific structure, The spatio-
temporal position of the cells in the tissue or organ structure influences the behavior of each cell, and
the total of the cellular behaviors naturally affects the behaviors of the higher structures—the tissue,
organ, or organism—in turn. Therefore, how to effectively assemble the single-cell model(s),
namely, how to represent the mesoscopic and macroscopic structure, is critically important for the
modeling of tssues and/or organs,

For this study the rodent liver was selected as the subject of modeling because of (1) its com-
paratively simple histological structure among mammalian tssues and organs [37], and (2) the
availability of data from previous investigations, including a great deal of kinetic data. The liver
consists of 2 huge structure consisting of repetitions of a fundamentally simple strucrural unit, the
hepatic lobule. The entire liver looks the like a bunch of grapes, in which the portal wacts (influx
vessels) and the central vein (efflux vessel) supply each bunch (Figure 1A). The portal tracts are a
bundle of small branches of the hepatic portal vein, which carries the absorbed food products
directly from the gut to the liver, and the hepatic artery, which supplies oxygen to support liver
metabolism. The central veins are confluent and form the hepatic vein. The hepatic lobule is roughly
hexagonal in sectional configuration and is centered on a central vein. The portal tracts are posi-
tioned at the corners of the hexagon. The blood from the portal vein and hepatic artery branches in
the portal tracts flows to a central vein (Figure 1B, C). The overwhelmingly predominant component
of the liver is the parenchymal liver cell, called the hepatocyte. The hepatocytes form branching
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Figure |. Schematic drawings of the connection of the hepatic lobules in the liver (A), hexagonal shape of a hepatic
structure in section (B), and the porto-central axis (C). |, 2 hepatic lobule; v, influx and efflux vessels consist of terminal
branches of the portal vein, hepatic artery, and hepatic vein; t, periportal tracts; ¢, cenwral vein; p, terminal portal vein; a.
terminal hepatic artery; s, sinusoid; h, hepatocyte. The arrow indicates the direction of sinuseidal blood flow.

cords of cells between capillary vessels, which are known as sinusoids in the hepatic lobule. Blood
flow into the sinusoids comes from terminal branches of the portal tracts, bringing nutrient-rich
blood from the portal vein and oxygen-rich blood from the hepatic artery. Blood from the portal
vein and the hepatic artery passes through the sinusoids, where it comes into intimare contact with
the hepatocytes for the exchange of nutrients and metabolic products. The blood then flows into
branches of the hepatic vein and thence into the inferior vena cava. Therefore, the liver can be
described histologically as a rough hierarchy of the hepatocyte (cell), the hepatic lobule (dssue), and
the liver (organ).

Concentrations of nutrients and metabolites in the periportal zone (the upper reach of the
sinusoid) are inevitably different from those in the perivenous zone (the lower reach) even if the
properties of all the hepatocytes are homogencous, because the downstream hepatocytes aceept
nutrients and metabolites already taken up and put there by the upstream hepatocytes. Thus a liver
model constructed by muldplying single hepatocytes by the number of hepatocytes in the liver
would not be representative, but it may be possible to investigate the global behavior of the liver by
a simple multiplication of the hepatic lobule, since the liver is a repetitive accumulation of the
hepatic lobules as functioning units, Nevertheless, since a human hepatic lobule consists of
approximately one million hepatocytes (there are approximately 100 billion hepatocytes and
100,000 Jobules in a human liver), simulation of the hepatic lobule at the molecular level is far
from realizable with the computational resources currently available. Thereupon, we consider a
sinusoid along the porto-central axis (the line between the portal tracts and the central vein) and the
surrounding hepatocytes, known as hepatic cords (Figure 1C), to be the primary histological unit for
modeling, Since the hepatic lobule has a point symmetry in which the center point is the central vein,
the overall behavior of the hepatic lobule and the liver can be derived from that of the porto-central
axis. The porto-central axis is the minimal unit preserving the proportionality with the dynamics of the
greater, macroscopic structure. Through model construction of the porto-central axis, it becomes
possible to investigate the behavior of the liver, at the organ level, based on molecular-level simu-
lations of single hepatocytes.
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A muldrude of hepatocyte zonal heterogeneites are known [19, 23-25]. Fauy 2cid oxidadon,
gluconeogenesis, urecagenesis, amino acid conversion to glucose, cholesterol synthesis, and glutathi-
one peroxidation and conjugation are predominant in the periportal zone; Glycolysis, liponeogenesis,
ghutamine formation from ammonia, monooxygenation, and plucuronidation are predominant in
the perivenous zone. In addition to the heterogencity generated by the structural constraints de-
scribed above, enzyme activites regulated by the substrate concentrations in blood, the circulating
hormone levels, the autonomic hepatic nerves, and the biomatrix are known to actively modify the
conditions of the zonal heterogeneities. Such active regulation of heterogeneities must result from
some gain in evolutionary fitness. Since fitness is necessarily the property not of molecules, genes,
cells, tissues, or organs, but of classes of organisms [34], the advantage generated by heterogeneous
regulation within an organ at the subcellular level must be measured to elucidate the functional ac-
tvity of the organ that the regulation has evolved. At present, it is extremely hard for the experi-
mental biosciences to measure the properties of an organism simultaneously at multiple levels such as
the cell, tissue, and organism. In this study, we constructed a model of the porto-central axis, and
obrained insight into the origin of one of the regulated heterogeneities in merabolism, ammonia
detoxification.

Ammonia metabolism is one of the most important metabolic pathways for a mammal, since
the accumulation of ammonia induces lethal uremis. Ammonia is detoxified exclusively by the
hepatocyte in mammals. Accordingly, appropriate ammonia metabolism in the mammalian liver is
directly reflected in the health of the organism. The efficiency of ammonia metabolism should
therefore link directly with flucmadons of fimess. The fimess flucmatdon related to ammonia
metabolism may be captured and analyzed through calculation of the efficiency of ammonia
detoxification in the porto-central axis unit. The pathway structure of ammonia metabolism around
the core of the urea cycle is relatvely simple among the major metabolic pathways, and there are 2
number of biclogical investigations and several mathematical models for single hepatocytes. The
metabolism of ammonia and amino acids is also heterogeneous in the hepatic lobule, The periportal
zone is characterized by a high capacity for uptake and catabolism of amino acids (excepr glhitamate
and aspartate) as well as for urea synthesis and gluconeogenesis. On the other hand, glutamine
synthesis, ornithine transamination, and the uptake of vascular ghitamate, aspartate, malate, and a-
ketoglurarate are restricted to a small perivenous hepatocyte population [20]. Accordingly, in the
hepatic lobule the major pathways for ammonia detoxification and urea and glutamine synthesis are
anatomically separated from each other and represent in functional terms the sequence of a
periportal low-affinity system (urea synthesis) and a perivenous high-affinity system (glutamine
synthesis) for ammonia detoxification [13-18, 20]. Perivenous glutamine synthase-containing
hepatocytes act as high-affinity scavengers for the ammonia that escapes the upstream urea-
synthesizing compartment.

Three major enzymes involved in ammonia metabolism— carbamoyl phosphate synthase (CPS),
ornithine aminotransferase (OAT), and glutamine synthase (GS)—have been characterized as being
heterogeneously expressed (synthesized at different rates) in particular locations within the hepatc
lobule [5, 9, 10, 22—-24]. The regulation of gene expression of these enzymes may be mainly deter-
mined not by the substrate concentrations, the hormone levels, or neural regulation, but rather by
the histological position of the hepatocyte in the lobule [12, 20, 36, 43, 44]. Additionally,
ornithine aminotransferase is demonstrated to be coexpressed with glutamine synthase in perivenous
hepatocytes in adult mouse liver, while there is no such coexpression in the kidney, intestine,
and brain [30, 31]. One possible explanation of this phenomenon is that the colocalized enzymes
lead to more efficient removal of ammonia because ornithine aminotransferase produces glutamate,
which is a substrate for glutamine synthase [31]. However, these are still matters of speculation
and only subjected 1o thought experiments. Positional regulation, such as regulation of gene
expression, can modulate the pattern of intralobular hererogencity. Such hererogeneiry may appear
1o be dispensable, but for some reason it is actually present. This raises the question of the pur-
pose for which heterogeneous gene expressions exist. While various possible determinants of the
positional regulation of gene expression have been proposed (gradual change in the concentrations
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of blood constituents, the extracellular matrix produced by the endothelium of the central venule,
intrahepatic cell-cell interaction, etc.), the regulative function of heterogeneous gene expression has been
developed evolutionally and has preserved whichever determinants are selected for over time.

Here we show that the positional regulation of gene expression may improve the energy efficiency
of ammonia metabolism at the tissue and organ levels, using computer simulation of the porto-
central axis unit. Improvement of ammonia detoxification in the liver means increased efficiency at
the individual organism level, and this could very well amount to a gain in evolutionary fimess, This
suggests that these particular forms of gene expression regulation may reasonably be characterized as
advantageous adaptations evolved through natural selection.

2 The Model

We hypothesized that the heterogeneous expression of carbamoyl phosphate synthase, glutamine
synthase, and ornithine aminotransferase improves the energy efficiency of ammonia clearance, and
therefore increases the evolutionary fitness of the liver, as well as that of the organism. The number
of ATP molecules required to eliminate one molecule of ammonia in the hepatic lobule is certainly
an appropriate indicator of the energy efficiency of ammonia detoxification. Because ammonia is
eliminated by multiple pathways, mainly urea synthesis and glutamine synthesis, the stoichiometry of
total ammonia degradation is variable. To calculate the ATP consumption by ammonia metabolism,
a simple model of the hepatic lobule was constructed, through a two-step procedure. In the first step,
a single-compartment model that consisted of the hepatocyte and the sinusoid, named the gore mode,
was built (Figure 2), and unknown parameters were predicted, as will be described later, In the
second step, we modeled the hepatic lobule as a simple compartment model in which eight modeled
compartments were connected in series.

The zone model included 67 substances and 29 total reactions consisting of chemical reactions
and transportations. Almost all of the known enzymes in the mammalian ammonia metabolism have
been described by rate equations, Mathematical models for four enzymes were developed for a urea
cycle model developed by Kuchel and his colleagues [29]. Carbamoyl phosphate synthase [7, 8],
glutamine synthase [40], phosphate-dependent glutaminase (Glnase) [35, 41], N-acetyl glutamate
synthetase (AGS) [2, 3], system N (the sodium-dependent glutamine transport system) [32], system
L (the sodium-independent glutamine transport system) [32], the ammonia transport system
(between the sinusoid and the hepatocellular cytoplasm), the glutamate transport system [11], and
the urea transport system (from the hepatocellular cytoplasm to the sinusoid) were modeled using
kinetic information obtained from previous publications (see Appendix 1 and Web supplements).
The rest of the models, that is, the six enzymes and three transpotters, were quoted from a
ureagenesis model using a MetaNet graph (see Appendix A1.1) [28]. While MetaNet cannot be
guaranteed to reproduce accurate enzyme kinetics [28], it was used with the expectation that it is able
to estimate the rates of reactions roughly but sufficiently well,

The metabolite concentrations were determined mainly based on Kohn and his colleagues’ work
(see Web supplements, Table S1) [28]. The volume ratio of cytoplasm to mitochondria was assumed
to be four to one (28], and that between the cytoplasm and the sinusoidal space one to one. Certain
kinetic parameters were adjusted under an assumption of steady state, If the model is held in steady
state, the following equations are adequately assumed:

YCPs = POCT = POTL = ¥ass = PasL (1)
VGAMT = VGAT = ¥ASL — PArgase (2)
IGOT, = VGATL = ¥AsS = UGOT, (3)
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Figure 2. Schematic representation of the model describing ammonia membolism In single zone model. Filled circles,
open rounded rectangles, and open circles represent substances, enzymes, and transporters, respectively. Solid line
arrows represent reactions and transportations. Broken lines with a triangular arrowhead and with a bar at one end
represent positive and negative feedback, respectively. AGS, N-aceryl glutamate synthetase; Argase, arginase; ASL,
argininosuccinate lyase; ASS, argininosuccinate synthetase; CPS, carbamoyl phosphate synthetase; GAMT, guanidino-
acetate methyltransferase; GAT, arginineglycine amidinotransferase; GDH, gluamate dehydrogenase; Ginase, phosphate-
dependent gluaminase; GOTe, glummateoxaloacemte wansaminase in the cytoplism; GOTm, glummateioxaloacemte
transaminase in the mitochondria; GS, glutamine synthetase: OAT, ornithine aminotransferase, OCT, ornithine carba-
moyltransferase; Arg-tp, arginine transporter; GATL, glummate-aspartate translocase; Gin-tp, gluamine transporter in
mitochondrial membrane; Glu-tp, glutamate transporter; GTL, glutamate translocase; NH, -tp, 2mmonia transporter in
the cell membrane; NH,"-tp,,, 2mmonia transporter in the mitochondrial membrans; OTL, omithine-citrulline trans-
locase; SysL, system L: SysN, system N; Urea-tp, urea transporter. The entity abbreviation may be used with an index
varizble that represents the location of the entity. The indices ¢, m, and s indicate the cytoplasm, mitochondria, and
sinusoid, respactively. Numbers in the rounded rectangles represent EC numbers,

Thus, [CPS], [OCT], [OTL), [ASS], [GAMT], [GAT], [GOT.], and [GATL] were determined, based
on the premise of [ASL] = 22E—6 M [29], vargase = 6.6E—6 M s~' [29), and [GOT] = 1E-6M
[28]. The £.,'s of glutaminase and glutamine synthase were calculated from the fluxes through the
enzymes in the perfused rat liver: 72 and 151 nmol min~' per gram [19], with the assumptions
[GS] = 1E=5 M and [Glnase] = 1E—4 M. The activity of glutaminase was approximated as
1.786E—5 M s~ based on reported conversion factors as follows: 0.8 g hepatocyte wet wt per gram
liver wet wt, 0,42 g dry wt per gram hepatocyte wet wr (6], 0.2 ml mitochondsial water per gram dry
wt of liver [1]. The activity in M s~' of glutamine synthase was calculated from the ratio of the
two enzymes’ activities described above. The I/ ,.s of system N and system L were determined
from this premise. vags and 1. were set at [AGS] = 2E—5 M [2] and [GTL] = 1E~-7 M [28],
and vypt., was assumed to be 5E—5 M s~ The values of sgpy and soat Were obtained as
follows:

YGDH = Iicps + ¥GS — ¥Glunwe — INH} -p (4)

YOAT = tGoT, T VYGDH (5)
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These equations gave [GDH] and [OAT]. The ghutamate transport between the cytoplasm and the
sinusoid (¢Giu.p) and the inflow of glutamate from other pathways in mitochondsia (VGu.spp) Were
modeled to meet the requirements as follows:

tGiu-p = tGs + UGTL — tGor, + YGaTL (6)
1Glu-spp = YAGS — YGlunwse — YGTL + #GOT, + IGDH — POAT — FGATL (7)

In addition, the flux of ornithine from other pathways in mitochondria was set equal to roar (see
Web supplements, Table S2).

To develop a hepatic lobule model, eight constructed zone models were put in a row and con-
nected one to the next through sinusoidal compartments (Figure 3), in which substances pass
through the sinusoids while the hepatocytes are isolated from each other. The first zone (the
influx compartment) and the eighth zone (the efflux compartment) were joined to compartments of
the upstream periportal tracts and the downstream central vein. Four substances—ammonia, glu-
tamine, glitamate, and urea— flow through the sinusoid and upstream/downstream vessels. Their
fluxes from the periportal influx compartment to the perivenous efflux compartment are represented
by a simple mass action model as the product of the rate constant and substance concentration (see
Appendix 1). No enzymatic reaction is placed in the vessels.

All rate equations and initial concentrations of metabolites were set to be identical among all
compartments, but some enzymes were given a slope to their content, representing the regulated
heterogeneous gene expressions. In order to evaluate the effects of gradients of the enzyme
expressions on metabolic stare, six combinations of the gene expression conditions were examined
(Table 1). The first model, named the N mode/, had no gradient of the enzyme along the porto-central
axis. The second model, named the GCO model, in which steep gradients of carbamoyl phosphate
synthase, glutamine synthase, and ornithine aminotransferase were introduced, most faithfully
modcled the actual lobular ammonia metabolism among the six models. The remaining four
models—the G model, GC model, O model, and GO model— partially incorporated the enzyme gradients
(see Table 1 for details), These significant enzyme slopes were incorporated using a mechanistic
model, which assessed the transcription rates of carbamoyl phosphate synthase and glutamine
synthase by the relative position in the hepatic lobule (see Appendix A1.3) [5]. In this study, the
relative expression levels were assumed to correspond to the transcription rates. The total contents of
the enzymes in cach model were set equal. The expression status of ornithine aminotransferase was
presumed to be evaluable in the same manner as glitamine synthase, based on the reports of
coexpression of glutamine synthase and ornithine aminowansferase in the hepatic lobule [30, 31].
Additionally, 60 instances of the models were prepared for each model type by varying the parameters
of the flux balance of the glutamate transport system (four patterns): the glutamate flux from ourside
pathways (three patterns) and the rate constant of sinusoidal substance flow (5 patterns), for a total of
4 X 3 X 5 = 60 patterns (see Appendix A1.4).

3 Methods

3.1 MNumerical Integration

Once edch chemical and transport reaction rate had been set, a numerical integration of the model
was conducted using E-CELL system version 1.1 [42]. The model was implemented by defining the
variable Reactor, which describes reaction processes, and the variable Rule, which provides organi-
zational information, substances, and stoichiometry. Simulations were performed using Sun Grid
Engine 5.3 on 40 clustered Xeon 2.0 GHz HPC-IAX, and employing the fourth-order Runge-Kutta
method. The step interval for integration was set to 0.01 s
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Figure 3. Schematic of eight-cellular-compartment model with sinusoidal compartments. PP and PV represent the peri-
porzl end and the perivenous end, respectively. Ammonia (NH,"), urea, glummate (Glu), and glummine (Gin) flow from
the periporml inflow compartment to the perivenous oudflow compartment, Interacting with cellular compartments.

3.2 Data Analysis

To compare the metabolic aspects in the periportal zone and in the perivenous zone, the flux dis-
tributions were examined. To evaluate the effects of the enzyme slope along the lobule metabolic
state, the following rates were calculated and used as the indices:

Rate of ammonia dcgrad:ition:}x,_,l-_dt__ = 1cps + IGs (8)
Rate of ammonia generation: INHigen = ¥olnase + 1GDH (9)
Rate of ammonia detoxification: Jxpecee = INnpdeg — INHEgen (10)
Rate of ATP consumption: Ji1p consum = 2tcps + Pass (11)

Table |. Types of model. Six models examined in this study had different combinations of enzyme gradients along the
porto-central axis. Letters G, C, and O included in the names of model types are the first letter of graduzlly expressed
enzymes: gluamine synthase (GS), carbamoyl phosphate synthase (CS). and omithine aminotransferase (OAT).
respectively. Enzyme gradients were incorporated into models in an all-or-none fashion. Symbol + or — means whether
the enzyme gradient existed in the models. The lewters G, C, and O zlso indicate the existence of the gradient of the
respective enzyme. The N model had no gradient of the enzyme.

Gradual expression of enzyma

Meodel type Gs CPs OAT
N - = -
] + = =
GC + - B
o = - +
GO + - +
GCO + + +
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Energy efficiency 1: = w (12)
)’ ATP consum
Rate of bicarbonate consumption : Juco; consum = ¥cps (13)

Rusrt decox a0d #1441 are nearly equal under the assumption of steady state. Data were summarized
as the mean *+ 5D of 60 models for each gradient pattern of the model.

4 Results

4.1 Simulation of the Single-Zone Model

The zone model, which consists of a hepatocellular compartment and a sinusoidal compartment,
preserved a quasi steady state for longer than 100,000 s with the initial values mainly quoted from
the published literature based on experimental data (see Web supplement, Table S1). The results
support the appropriateness of the zone model, as described below.

4.2 Comparison of the Hepatic Lobule Models with Different Enzyme
Expressions Patterns

Each model with slopes of the various enzyme expressions exhibits lobule-wide metabolic aspects
very different from the N model with no such enzymatic slope. The simulated flux heterogeneities
among the porto-central axis are presented in Figures 4 and 5, In the GCO model, which is the
best-approximated model to actual lobular metabolism, the active pathways were quite different
between the periportal and the perivenous zones (Figure 4). Urea production, urea exportation, and
creatine generation were pronouncedly predominant in the periportal zone (red arrows in Figure 4B,
Figure 5F a, b, j, k, 1, q, t), while glutamine formation and exportation were predominantly seen in
the perivenous zone (blue arrows in Figure 4B, Figure 5F ¢, d, ¢, h, i, o, 1, s). Because mitochondrial
ornithine aminotransferase is mainly expressed in the perivenons zone, the concentration of ghita-
mate, which is a reaction produet of ornithine aminotransferase, was higher in the perivenous than in
the periportal zone. The glutamate concentration in mitochondria was increased from 6.97E—3 to
8.70E—2 M along the porto-central axis, Consequently, the velocity of gluitamate dehydrogenase,
which catalyzes glutamate, was larger in the perivenous than in the periportal zone (Figure 5F d).
Glutamate-aspartate translocase and mitochondrial GOT also exhibited higher activities in the
perivenous zone, while cytoplasmic GOT showed an opposite trend of flux between the periportal
and the perivenous zone (Figure 4B, Figure 5F ¢, i, 0). Cytoplasmic GOT catalyzed transamination
between glutamate and oxaloacetate to produce aspartate, and the generated bulk of aspartate was
used as a substrate for argininosuccinate synthetase in the periportal zone (Figure 4B, Figure 5F j). In
the N model with no enzyme gradient, most of the chemical reactions and transportation exhibited
larger fluxes in the periportal zone than in the perivenous zone (Figure 5A). Due to the high affinity
for ammonia of glutamine synthetase, namely, 1/10 of the K,,, of catbamoyl phosphate synthetase,
ammonia predominantly converted to glutamine in the periportal zone. The fluxes gently changed
from the periportal to the perivenous zone, while dramatic alterations were seen in the sixth and
seventh compartments in the GCO model, revealing that the perivenous hepatocytes played a lesser
role in metabolism in the N model (Figure 5A, F). The G model and the GC model exhibited higher
activities of ureagenesis in the periportal zone and greater formation and export of glutamine in
the perivenous zone, just like the GCO model. However, in coritrast to the GCO model, larger
fluxes of OAT, GDH, mitochondrial GOT, and GATL were observed in both models (Figure 5B,C
¢, d, ¢, 0). In the O model, most of the reactions exhibited higher activity in the perivenous zone,
except for the predominant detoxification of ammonia by glutamine synthetase (Figure 5D). Lobule-
wide metabolic aspects of the GO model resembled those of the GCO model except for the
urea cycle and glutamate transport (Figure 5E). There were fewer contrasts in activities of the urea
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Figure 4. Flux disparities between the two ends of the porto-central axis in N mode! (A) and GCO model (B). The width
of each arrow proportionally reflects the flux ratio between the two ends (the first and the eighth compartment). The
thickest line indicates the flux disparity to be fivefold or more. Red and blue arrows Indicate fluxes predominant in the
periportal and the perivenous zone, respectively, Fluxes with a disparity of less than 1.5 are indicated by the black arrow.
The size of the arrows is propordonal to the flux except for extremely high fluxes: the Glu-tp in A, ornithine amino-
transferase, mitochondrial GOT, and GATL in B. Pronounced urea production, urea export, and creatine gsneration
were seen in the periportal region, while pronounced gluramine formation and reactions which mediate glutamate were
seen in the perivenous. The figure shows a representative result among the 60 parameter conditions (se= Appendix Al .4
for details),
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Figure 5. Flux heterogeneities along the porto-central axis. Relative fluxes of 20 representative processes (enzyme
reaction or transportation across a membrane) are indicated as color matrices, For each process, the depth of color is
proportional to the relative magnitude of its flux, and the maximum absolute flux is indicated by the deepest color. Green
and red indicate positive and negative direction of the process, respecuvely, Colors within the same process are com-
parable, but inter-process comparison s inappropriate. The numbers on the horizental axis (| -B) indicate the com-
partment number, Therefore, the left side represents the periportl and the right side represents the perivenous zone.
Panel A, N model; B, G model; C, GC model; D, O model; E, GO model; F, GCO model. On the vertical axis: 2, CPS; b,
OCT; ¢, OAT; d, GDH; e, GOT,; f, Glnase; g, AGS; h, GS; I, GOT,; |, ASS; k, ASL; |, Argase; m, GAT; n, GAMT; o, GATL;
p» GTL: g, OTL: r, SysL: s, SysN; t, Urea-tp. The figure shows a representative result among the 60 parameter cenditions
(see Appendix Al 4 for details).

cycle and glutamate transport along the porto-central axis in the GO model than in the GCO model
(Figure 5E),

4.3 Evaluation of the Effects of Gene Expression Gradients along the
Porto-central Axis

The GCO model ranks highest among six models in the rate and energy efficiency of ammonia
detoxification. The mean rate of elimination of ammonia from the sinusoid was 11.8% greater in the
GCO model than in the control (N model) (Table 2). Although the rate of degradation of ammonia
in all eight compartments was 20.0% slower in the GCO model than in the control, the rate of
ammonia generation was also 53.8% slower than in the control model (Table 2), showing that the
GCO model was able to remove ammonia more efficiendy than the control, The mean rate of ATP
consumption in the GCO model was 9.5% less than in the control model (Table 2). The O model
and GO model also exhibited less ATP consumption than the control. The energy efficiency 7,
which means the number of consumed ATP molecules required for the elimination of one ammonia
molecule, was smaller in the GCO model than in the control (Figure 5, 3.59 + 0.22 versus 4.47 +
0.49). The O model and the GO model also displayed smaller #, and the G model and the GC
model greater 1, than the control (Figure 6).

Elimination of bicarbonate in the GCO model was comparable in rate to that in the control
(Table 2). The G and GC models exhibited greater elimination of bicarbonate, but the O and GO
models exhibited a lesser elimination of bicarbonate, than the control (Table 2).

5 Discussion

In this study, a mathematical model in which rough histological structure and several forms of reg-
ulation of gene expression has been implemented, and it succeeded in representing the metabolic
heterogeneity of ammonia detoxification in the liver. Heterogeneous flux distributions bearing a
close resemblance to the actual hepatic lobule were observed along the porto-central axis in the
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Table 2. The rates of mewmbolic processes of five modals ralative to tha N model. The highast relative rata of ammenia
datoxification was szen in the GCO model. The O model had the lowast relative rate of ATP consumption and the
lowest relative rate of bicarbonate consumption.

Relative rate
Process Model N G GC o GO GCO
Ammonia degradation 1.00 0.95 1ol 0.79 0.76 0.80
Ammonia ganeration 1.00 1.00 0.99 048 0.46 0.46
Ammonfa detoxification 1.00 0.90 1.03 1.09 1.04 .12
ATP consumption 1.00 .12 1.19 0.78 0.86 0.50
Bicarbonate consumption 1.00 1.26 1.34 0.77 0.94 0,99

GCO model, which is an approximation of the actual regulation of gene expression in the ammonia-
metabolism-related enzymes. The periportal hepatocytes play a role in urea production and creatine
generation, while the perivenous cells play a role in ghitamine generation and glitamate metabolism
in this model (Figure 4). The model without any regulation of gene expression, the N model, also
displayed heterogeneous metabolism, but the extent of the heterogencity was quite reduced com-
pared to the GCO model, indicating that two factors, the histological structure and gradual gene
expression, are likely sufficient to simulate the zonal heterogeneiry in liver ammonia detoxification,
while the histological structure alone was insufficient. The simulation results also suggest that the
gradients of expression of the three enzymes (CPS, GS, and OAT) along the porro-central axis im-
prove the energy efficiency of ammonia detoxification (Table 2 and Figure 6).

Flux distributions in the model with the gradients of CPS, GS, and OAT are close to the schemes
of heterogeneous ammonia metabolism in the lobule discussed in many reports [20, 31]. It has been
suggested that urea production and bicarbonate consumption in exchange for ammonia detoxification
by the urea cycle are more highly activated in periportal hepatocytes, and glutamine generadon and
reactions that mediate glutamate (OAT, GDH) are more highly activated in perivenous (opposite-
side) hepatocytes [20, 31]. Three enzymes, CPS, GS, and OAT, chiefly restrict and:characterize the flux
distributions in each zone. The flux distributions between the periportal and perivenous zone have a
mutually exclusive relationship. Glutamine metabolism (both of synthesis and consumption) was

Energy efficiency n (molecules)

Model

Figure 6. Energy efficiency in the six models with different gene expression patterns. Energy efficiencies i were calculated
from Jra,* detos 2Nd JaTp consum (582 text for details). Data are means + SD.
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hardly seen in the periporral zone, while urea production and creatine generation were not seen in the
perivenous zone. Cytoplasmic GOT showed opposite trends between the two zones. Ornithine
aminotransferase in the perivenous hepatocytes is speculated to lead to an accumulation of glutamate,
which is the substrate for glutamine synthetase, and to increase the elimination of ammonia [31].

Our model] differs in some features from previous investigations, Glutamate dehydrogenase has
been suggested to have significantly increased activity in the perivenous zone [33]. In our model,
higher activides were also shown in the perivenous than in the periportal zone, but the direction of
the reaction was different from the suggestion in a previous report [4]. For glutamate dehydrogenase
in the perivenous zone, a reverse reaction to that suggested by other investigators was predominant
[4]. This might be attributable to the lack of the c-ketoglutarate transport system in our model. If
that mechanism were implemented in our model and the influxes of «-ketoglutarate to the
perivenous mitochondria increased, the reaction direction might be the same as suggested by previ-
ous wotk. Phosphate-dependent glutaminase has been suggested to be highly activated in the peri-
portal zone [20, 45]. However, the tendency towards emphasized activity of phosphate-dependent
glutaminase in the periportal hepatocytes was not recreated in our model.

Several factors are considered to be responsible for the result in our experiments. One factor is
the roughness of the mathematical model of phosphate-dependent glitaminase, such as the lack of a
pH effect despite the actual high sensitivity to pH [41]. Another factor is the absence of regulation of
phosphate-dependent glataminase gene expression, It might be necessary to give a slope 1o gene
expression along the hepatic lobule, as we did with GS, OAT, and CPS. Although this model does
not yet have the requisite accuracy, it is the first realization of a model able to yield metabolic aspects
with both quantitative information at the micro, or kinetic, level and funetional significance at the
macro, or tissue, level in the liver,

It is proposed that one major advantage of the functional separation in the hepatic lobule is that
the periportal urea synthesis flux is flexible with regard to the requirement of the acid-base condition
without the risk of hyperammonemia, because effective elimination of ammonia is carried out by
perivenous glutamine synthetase [13—18, 20]. It is also proposed that ornithine aminotransferase,
which is co-localized with glutamine synthetase, would lead to more efficient removal of ammonia.
In thic stady, because the effect of pH is excluded, no indicaton is given of its relation to the major
advantage of the functional separation, which has been discussed by previous investigators. But it is
newly suggested that the functional separation that is formed by steep gradients of GS, OAT, and
CPS along the hepartic lobule contributes to effective ammonia elimination with efficient energy use.
Interestingly, the glutamine synthetase and ornithine aminotransferase expression paterns are not
the same in other organs, such as the kidney, brain, and intestine [31]. This fact indicates cooperation
of the expression of the two enzymes evolved specifically in the hepatic lobule. The steep gradients
of the three enzymes along the porto-central axis are considered to have been evolved into effective
ammonia detoxification, which takes place exclusively in the liver, Although the improvement in the
energy efficiency shown by simulation is not robust, it is sufficient to confer an adaptive advantage,
since ammonia metabolism consumes a large quantity of ATP in the liver. Schneider and colleagues
have reported ureagenesis accounts for 15% of the total energy consumption of rat hepatocytes
incubated in a nutriment-enriched medium [38]. Ultimately, this simulation will have to be verified
with wet (physiological) experiments, but it is difficult to evaluate changes in the lobular energy
cfficiency along with changes in the porto-central axial regulation of gene expression by wet experi-
ments at present. Technology is continually advancing, however, and the day should not be far off
when such confirmation will be within reach.

In summary, we have shown that a novel systems biological approach for tissue modeling well
simulated the functonal separation in the hepatic lobule, and the simulation results suggested con-
tribution of the gradual expressions of three enzyme (CPS, GS, and OAT) along the porto-central axis
to effective ammonia detoxification with efficient energy use. This method of reconstructing the intra-
cellular chemical processes, based on module architectures such as the hepatic lobule, enables analysis of
certain metabolic aspects with both quantitative information at the kinetic level and functional signifi-
cance at the tissue level, and to evaluate the effect of enzyme gene expression gradients on metabolic
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state. We here present a novel model system constructed by merging the single-cell model, which con-
sisted of intracellular biochernical reacdons, together with a proper soucture (the histological structure
of the hepatic lobule) and emergent new properties of a higher-level order (zonal heterogeneity in
ammonia metabolism). Using such a model, it is possible to study how nanoscopic and microscopic
biological entities influence mesoscopic and macroscopic biological phenomena. Such approaches hold
great promise for advancing our understanding of complicated multcellular dssues, organs, and the
organism in a fimess landscape. This is an extremely useful and exclusive feature of systems biology.
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Appendix |: Details of Mathematical Model

Al.l Mathematical Models of Chemical Reactions and Transports
See Web Supplement, Table 53, for parameter values.

Al.l.l Carbamoyl Phosphate Synthetase (EC. 6.3.4.16)
The enzyme catalyzes

2ATP + NHy™ + HCO3™ — 2AMP + 2Pi + CP

in mitochondria. The kinetic model was obtained from previous literature [7, 8]

18

= encws|CPS]

denominatorcps
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where
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Al.1.2 N-Acetyl Glutamate Synthetase (EC. 2.3.1.1)

The enzymes catalyze AcCoA + Glu — CoA + NAG.
The reaction mechanism is a nonreversible rapid equilibrium random bi-bi mechanism [3]:

kexe 165 [AGS)] [AcCoA] [Glu]

i)

denominatorgs

bags =

where

CoA NAG
dtﬂoﬂﬁmtﬂfﬁcs=Kucco.\,\cslfmmu_ms(1+ ! )(1+ [ ] )

Kicoancs Knacacs
NAG
+ Ko, AGS (1 + K[—]) [AcCoA]
NAG AGS
CoA
+ Kmaccos.acs (1 + M) [Glu] + [AcCoA][Glu)
Kicoaacs

Al.l.3 Glutamine S_'ynthetase (EC. 6.3.1.2)
The cnzyme catalyzes ATP + Glu + NH,* — AMP + Pi + Gln:

koGS [GS] [Glu][ATP] [NH,{"]
(KmG!u,GS + [GI\ID (Km\‘rp,(;s -+ [ATPD (KI'H;QH“‘GS + [NH;-])

Igs =

Al.l.4 Phosphate-Dependent Glutaminase (EC. 3.5.1.2)

The enzyme catalyzes Gln + Pi — Glu + NH,". It is activated by the product: ammonia [27]. Co-
operativity of glutamine and Pi, which is an essential activator for phosphate-dependent glutaminase,
were modeled by the Hill equation [39):

Aeas Giosse [Glnase]
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NH 4"'

Pi ;P;'h . — Pi Pl Glrase
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Al.l.5 Ornithine Carbamoyltransferase (EC. 2.1.3.3)
The enzyme catalyzes CP + Orn «* Pi + Cit. The reaction mechanism is an ordered bi-bi sequential
mechanism [29]:

(#1,0cr#3 ocr A5, 0crA7,00r [CP[Om] — A2 0cTAs 0cT A8, 0048 00t [Cit] [Pi]) [OCT]
denominatorger

where

denominatoraer = A2, 0ct47,00r (Asoct + &s.0ct) + A10ctkrocr (ks0cr + £5.0ct) [CP
+ kaocrks ot (ksoct + Asoct)[Pi] + ks ocrks.ocrAr,0cr[Om]
+ ka acrAs ocrks oct[Cit] + &1 ocr4s ocr (#s,0ct + £7,0c7) [CP)[Orn]
+ ksocrhs,ocr (£2.0cr + A1,0ct)[Pi][Cit] + 4100144 001 45,007 |CP)[Cit]
+ k1.0ct3,0c748,00r[CP)[Orn][Cit] + A3 0crks ocrks oot [Om][Pi]
+ k3 ocths oerks oot [Orm] [Pi)[Cit)

Al.1.6 Argininosuccinate Synthetase (EC. 6.3.4.5)
The enzyme catalyzes ATP + Cit + Asp «* AMP + Pi + ASA. The reaction mechanism is an or-
dered tet-ter mechanism [29]:

(A1 Assks assks assk7 asshe assh11 ass [Cit] [Asp] [ATP]

_ —haasskiasskoasshs assbio asshra ass[ASA][AMP][Pi]) [AsS]
denominatorss
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where
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Al.1.7 Argininosuccinate Lyase (EC. 4.3.2.1)
The enzyme catalyzes ASA ¢ Fum + Arg. The reaction mechanism is an ordered uni-bi mechanism:

(#1543 As1 45,451 [ASA] — £ ast s ast A5 ast [Fum][Arg]) [ASL]
ks ast(koast + A3ast) + A1 ast (£3ast + 4s,ase) [ASA] + A2.as k4 a1 [Fum]
+ &g ast (A2.451 + A3 as1) + ks astks st [Fum][Asg] + &1 ast kg ast [ASA][Fum]

Pas =

Al.l1.8 Arginase (EC. 3.5.3.1)
The enzyme catalyzes Arg — urea + Orn. The reaction is an irreversible process and inhibited by ornithine:

&1 Argrsc k3 Acgusc et Argasc | Arn] [Argase]
£ Asgase (2, Acgase + &3, Acguse) + &5, Argse (2, Asgusc + #3 Agpse ) [Om)]
+ A1 Argase (‘&G,Argue + Aﬁi_-\:pm) [Arm]

VArguse =

Al.l.9 MetaNet Model
OTL, GTL, GATL, OAT, GOT,,, GOT,, GDH, GAT, and GAMT were modeled using MetaNet
[28]. The reaction stoichiometries were defined as follows:
OTL: Cit,, + O, © Cit, + Orn,,
GTL: Glu, < Glu,
GATL: Glu, + Asp, < Glu, + Asp,
OAT: Orm + AKG < Pyrroline-5-carboxylate + Gla
GOT,: Glu+ OAA < Asp+AKG
GOT,.: Asp+ AKG ¢ Glu+ OAA
GDH: Glu+ NAD* & AKG+ NH4+ + NADH
GAT: Gly+ Arg <« O+ GAA

GAMT: SAM + GAA — Cre

Although MetaNet is not gnaranteed to accurately reproduce enzyme kinetics, it was used in our

model with the expectation it would roughly estimate the rates of reactions, The velocities of the
reactions were calculated as follows:

c
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