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Abstract. One important functionality of liver cells is ammonia detoxi cation and urea

1. Introduction

it converts ammonia into a water-soluble compound
named urea which in turn is removed by the kidney [1].
Due to its importance, urea production is considered
one of the factors determining hepatocytes' survival
parameter.
Many researchers tend to investigate urea production numerically. Kuchel et al. [2] simpli ed urea cycle
based on its four main participating enzymes. Time
variation of related metabolites' concentration was
obtained; thereupon, some inborn errors of metabolism
pertaining to urea cycle were investigated. Their
presented simulation showed that a numerical method
would present a reliable potential in predicting metabolites concentration in di erent conditions such as enzyme de ciencies, inborn errors, etc. Kohn et al. [3]
simulated ureagenesis in a owchart-like model. They
presented graphical software through which they could
model urea metabolism in human body and predicted
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production. In this study, a numerical model of the urea cycle in hepatocytes was developed.
Navier Stokes and convection equations were employed to study the process of ammonia
elimination and urea production using a micro uidic channel. The concentration of urea
and ammonia throughout the channel was obtained. Furthermore, the urea cycle was
modelled with respect to its four main enzymes. This resulted in twelve rate equations
that were solved to determine the concentration of each metabolite participating in the urea
cycle. Application of results implied common disorders such as hyperammonemia types I
and II and argininosuccinicaciduria types I and II. Result of this study indicated that
there is 80% chance of a reduction in concentration of citrulline, argininosuccinate, arginin,
carbamoyl phosphate, phosphate and fumarate in hyperammonemia type II. A 10-fold
increase of argininosuccinate concentration was observed in both argininosuccinicaciduria
types I and II. The predicted result may be useful in better understanding and controlling
of metabolite de ciencies in patient abnormalities.
© 2019 Sharif University of Technology. All rights reserved.

Liver is a vital organ located in the right part of the
abdomen cavity. Liver plays a substantial role in human's protein production and blood clotting, glucose,
nitrogen, iron metabolisms, ammonia detoxi cation,
and urea production [1].
Ammonia, generated from metabolism of amino
acids in the body, is a very toxic material and should
be eliminated from the circulation system. Liver plays
a substantial role in ammonia elimination. In fact,
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the response of this cycle to di erent metabolic inputs
such as inborn errors. Maher et al. [4] also studied urea
cycle numerically in which they separated reactions
that take place in mitochondria from cytoplasm. Ohno
et al. [5] modelled ammonia metabolism in a hepatic
sinusoid based on metabolic reactions, which took place
in a single cell. They tried to make a hepatic porto
central axis by connecting their computational hepatic
cells and mimicking histological structure of the liver
lobule.
Spatial distribution of metabolites in the ureagenesis was not considered in previous studies. In
reality, hepatic cells are arranged along the porto
central channel, named sinusoid. Therefore, due to this
cellular con guration, ureagenesis has gradients along
the hepatic sinusoid.
In previous models, either total ureagenesis gradient has not been taken into consideration or gradient
inside the porto central axis has been modelled using
simple mathematical equations; besides, the gradient of
the metabolites was not considered in their simulations.
Micro uidic systems lead to a better understanding of cellular functions since these channels are better
at mimicking mechanisms occurring at cellular environments. Both experimental [6,7] and numerical [8,9]
researches have been conducted on these applications
of micro uidics. A structural form of human liver
is composed of sinusoids along which various vital
metabolisms occurred. Sinusoids can be considered as
a microchannel in which liver cells are located along the
border of the channel. In order to model ureagenesis, a
hepatic sinusoid is modelled as a micro channel along
which metabolites are transported. In the rst step
of this study, urea generation produced by hepatocyte monolayer in a rectangular micro uidics is modelled. Navier-Stokes equations along with convectiondi usion equations of species are solved over the whole
micro uidic domain. Two transporter models are also
considered for transport of ammonia and urea. Twelve
di erential equations concerning metabolites including
four pivotal enzymes, i.e., ornithine transcarbamoylase, argininosuccinate synthetase, arginerinosuccinase,
and arginasedescribeurea generation of the hepatocyte,
are inserted as ux boundary conditions. Thanks
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to this simulation, the precise concentration of each
metabolite is obtained along the channel. Having
established an in silico model of ureagenesis in the
micro uidic channel, di erent metabolic disorders pertaining to the urea cycle in the body can be simulated.
These disorders are named according to the de ciencies
they cause or lack of related metabolites, i.e., carbamoyl phosphate de ciency, argininosuccinicaciduria,
and argininemia. Most of these de ciencies can be
detected in inborns appearing to be healthy after birth.
Since the urea cycle is the main way of ammonia
detoxi cation, any disorder in this cycle could increase
the concentration of the ammonia in the body and
cause hyperammonemia, whereupon if these enzymes
de ciencies are not treated, the patient will die while
there is no well-documented cure for them [2]. In this
paper, a precise prediction of metabolites participating
in the urea cycle through a computational modelling in
di erent metabolic situations is presented. Predicted
results are useful in better comprehending, controlling
and managing the e ects of metabolite de ciencies on
overall metabolic behavior in hepatocytes' urea cycle.
This model also provides a useful tool for a better
understanding of the nitrogen metabolism in hepatocytes, in ux, and eux of the metabolites in both
hepatic cells and sinusoids as well as their dispersion
in sinusoid. With the aid of this model, di erent
urea disorders, e ects of the drugs and metabolites on
the entire cycle for each individual can be predicted.
Therefore, researchers as well as physicians would have
a numerical lab in order to test and verify di erent
parameters and their side e ects on hepatic ureagenesis. This would also minimize the need for physical
testing.

2. Mathematical method
The width and length of the microchannel in this simulation are chosen in a way that the micro uidic channel
resembles the average unit of hepatic porto central axis.
The channel dimensions are given in Table 1. Similar
to hepatic sinusoids, cells are lying along the channel.
It is assumed that a layer with the thickness of one cell
exists at the bottom wall of the microchannel. The

Table 1. Values of the used parameters in the present simulation.
Parameters
Value
Width of micro channel (w)
Height of micro channel (h)
Average inlet velocity (U0 )
Ammonia di usion coecient (DNH4 ) [10]
Urea di usion coecient (DUrea ) [10]
Ammonia inlet concentration (C0NH4 ) [10]
Urea inlet concentration (C0Urea ) [10]

150 m
50 m
0.001 m/s
10 11 m2 /s
10 11 m2 /s
6  10 6 mol/m3
0 mol/m3
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At the inlet, the boundary condition is:
Ci = C0;i ;

Figure 1. Schematic of the micro uidic device used in
the simulation.

con guration of the cells in the micro uidic devices
is shown schematically in Figure 1. The mathematical procedure can be divided into extracellular
and subcellular modelling [5]. In the extracellular
section, uid ow distribution along the microchannel
is obtained using unsteady two-dimensional continuity
and Navier-Stokes equations [11]. These equations for
incompressible uid are as follows:

r:~u = 0;




(1)


@~u
+ ~u:r~u =
@t

rp + r2~u;

(2)

where ~u, p, , and  are uid velocity, pressure, density,
and viscosity, respectively. The bulk of the uid in
the extracellular domain is assumed to behave like
Newtonian uids.
The inlet velocity (Figure 1) is de ned as follows:
~u = U0  ~n:

(3)

U0 is uid velocity at the entrance of the channel, and
~n is the normal unit vector at this boundary. At the
outlet, it is assumed that the velocity has no changes
in the ow direction so that exit ow is fully developed
and can be described as follows:
@~u
= 0:
(4)
@x
The no-slip boundary condition is applied to upper and
lower walls of the micro channel, that is:
~u = 0:

(5)

Once uid ow distribution is determined, the
velocity is applied to mass transfer equations. In the
extracellular section, only concentration distribution
of the ammonia and urea is calculated throughout
the micro uidic channel. Since the concentration of
the metabolites is considered to be diluted, the uid
ow distribution will not be a ected. The following
unsteady convection-di usion equations are solved for
both ammonia and urea:


@Ci
~ Ci + Ci~u Ri =0;
+ r: Di r
i = 1; 2: (6)
@t
In the above equation, index i refers to the related
metabolites, i.e., ammonia and urea, and Ci , Ri , and
Di represent their concentration, reaction equation,
and di usion coecient, respectively [12].

i = 1 ; 2;

(7)

where C0;i denotes the inlet concentration for ammonia
and urea. The outlet boundary condition for the
aforementioned concentration is de ned as follows:
@Ci
= 0;
i = 1; 2:
(8)
@x
The wall boundary condition in the convectiondi usion equation, described below, is just applied to
the upper wall of the channel:
@Ci
= 0;
i = 1; 2:
(9)
@y
The boundary condition related to the lower wall of
channel correlates with the ammonia and urea concentration. As ammonia enters the cells, the hepatocytes
convert into urea. Then, urea will be excreted in the
channel. Since uid velocity is zero at this boundary,
the ux boundary condition is determined as follows:
@Ci
+ r:( Di rCi ) = Ri ;
i = 1 ; 2:
(10)
@t
Urea generation occurs at a subcellular level.
The rate of urea production is dependent on many
factors such as time, position of the cell along the
microchannel, concentration of related metabolites,
activities of participating enzymes, etc.
Ammonia permeates into and urea excretes from
the hepatocyte through their respective transporters.
Overall, metabolic transportation is schematically
shown in Figure 2. These mechanisms are also modelled using reaction rate equations:
@ NH4 tp
= kNH4 tp (CNH4
@t
for ammonia and:
@Utp
= kUtp (U Utp ) ;
@t
for urea transportations.

NH4

tp ) ;

(11)
(12)

Figure 2. Schematic of urea generation in hepatocytes.
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Urea cycle is brie y described by its four
main participating enzymes [2]. These enzymes are
Ornithine transcarbamoylase, argininosuccinate synthetase, argininosuccinase, and arginase. Their names
are chosen based on the reaction in which they participate. Ammonia rst enters the hepatic cells; thereafter, together with carbamoyl phosphate synthetase,
carbamoyl phosphate is produced. Then, ornithine
transcarbamoylase and ornithine yield phosphate and
citruline, which in turn serves as a substrate for
argininosuccinate synthetase. In the production of
argininosuccinate, ATP is consumed. Fumarate and
arginine are the result of the third enzymatic reaction.
In the last part, arginase catalyzes arginine and produces urea and ornithine. Urea is then excreted from
hepatic cells into sinusoids, and ornithine is utilized
again in the ornithine transcarbamoylase reaction [13].
The overall urea cycle is illustrated in Figure 3. Since
the names of the metabolites participating in urea cycle
are long, for the sake of simplicity, their abbreviations
are used throughout this simulation. The full names,
formulas, and related abbreviations of the metabolites
are given in Table 2.
As previously mentioned, the urea cycle can
be categorized based on its four main participating
enzymes:
I. Ornithine transcarbamoylase: This reaction,
shown in Figure 4, is of the type of reversible BiBi form. The corresponding rate equation is given
by [2] Eq. (13) as shown in Box I. Values, given in
Table 3, are selected within realistic ranges.
II. Argininosuccinatesynthetase (E2 ): Argininosuccinate has three reactants in the forward (C, ATP,
and ASP) and backward (PP, AMO, and AS)

Figure 3. Schematic of the urea cycle in the hepatocyte.
Enzymes are shown in an elliptical con guration.

reactions. Therefore, the mechanism is of Ter Ter
reaction type. The schematic of this reaction is
illustrated in Figure 5.
According to Figure 5, the reaction rate
for the above TerTer mechanisms is given by [2]
Eq. (14) as shown in Box II.
III. Argininosuccinate: Since there are one and two
reactant(s) in the forward and backward reactions,
shown in Figure 6, respectively, the form of this
rate equation is Uni Bi format, which has the
reaction rate of [2]:

Table 2. Compound names, formulas, and abbreviations used in this study [14].
Abbreviation
Full name
Compound formula
C
AS
A
O
U
CP
ATP
ASP
PP
AMP
F
P

411

Citrulline
Argininosuccinate
Arginin
Ornithine
Urea
Carbamoyl phosphate
Adenosine triphosphate
Aspartate
Pyrophosphate
Adenosine monophosphate
Fumarate
Phosphate

C6 H13 N3 O3
C10 H18 N4 O6
C6 H14 N4 O2
C5 H12 N2 O2
CH4 N2 O
CH2 NO5 P2
C10 H16 N5 O13 P3
C4 H7 NO4
P2 O47
C10 H14 N5 O7 P
C4 H4 O4
PO34
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Figure 4. Ornithine transcarbamoylase reaction.

Figure 5. Reaction of argininosuccinatesynthetase.

v1 =

fk1 k2 k3 k4 [CP][O] k2 k4 k6 k8 [P][C]g [E1 ]0
fk2 k7 (k4 + k5 ) + k1 k7 (k4 + k5 )[CP] + k2 k8 (k4 + k5 )[P] + k3 k5 k7 [O] + k2 k4 k6 [C]+

(13)

k1 k3 (k5 + k7 )[CP][O] + k6 k8 (k2 + k4 )[P][C] + k1 k4 k6 [CP][C]+
k1 k3 k6 [CP][O][C] + k3 k5 k8 [O][P] + k3 k6 k8 [O][P][C]g:

Box I
v2 =

fk1 k3 k5 k7 k9 [C][ATP][ASP] k2 k4 k6 k8 k10 k12 [PP][AMP][AS]g[E2 ]0
fk2 k4 k9 k11 (k6 + k7 ) + k1 k4 k6 k8 k11 [C][PP] + k1 k4 k9 k11 (k6 + k7 )[C] + k2 k5 k7 k9 k12 [ASP][AS]+
k2 k5 k7 k9 k11 [ASP] + k1 k3 k6 k8 k11 [C][ATP][PP] + k1 k3 k9 k11 (k6 + k7 )[C][ATP]+
k1 k4 k6 k8 k10 [C][PP][AMP] + k1 k5 k7 k9 k11 [C][ASP] + k3 k5 k7 k9 k12 [ATP][ASP][AS]+
k3 k5 k7 k9 k11 [ATP][ASP] + k2 k5 k7 k10 k12 [ASP][AMP][AS] + k2 k4 k9 k12 (k6 + k7 )[AS]+
k1 k3 k6 k8 k10 [C][ATP][PP][AMP] + k1 k3 k5 (k7 k9 + k7 k11 + k9 k11 )[C][ATP][ASP]+
k1 k3 k5 k8 k11 [C][ATP][ASP][PP] + k2 k4 k6 k8 k11 [PP] + k1 k3 k5 k7 k10 [C][ATP][ASP][AMP]+
k2 k4 k6 k8 k10 [PP][AMP] + k3 k5 k7 k10 k12 [ATP][ASP][AMP][AS] + k2 k4 k6 k8 k12 [PP][AS]+
k3 k6 k8 k10 k12 [ATP][PP][AMP][AS] + k2 k4 k10 k12 (k6 + k7 )[AMP][AS]+
k2 k5 k8 k10 k12 [ASP][PP][AMP][AS] + k8 k10 k12 (k2 k4 + k2 k6 + k4 k6 )[P][AMP][AS]+
k1 k3 k5 k8 k10 [C][ATP][ASP][PP][AMP ]:k3 k5 k8 k10 k12 [ATP][ASP][PP][AMP][AS]g:

Box II

(14)
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Table 3. Constants of each urea reaction rate
equation [2].

Ornithine transcarbamoylase
k1 = 1:7  107 M 1 s 1
k2 = 6:3  10 s 1
k3 = 2:1  106 M 1 s 1
k4 = 1  103 s 1
k5 = 3  103 s 1
k6 = 9  104 M 1 s 1
k7 = 2:6  103 s 1
k8 = 5  105 M 1 s 1

Figure 6. Schematic of argininosuccinate reaction.

Figure 7. Schematic diagram of arginase reaction.

Argininosuccinase

v4 =

k1 = 2:7  106 M 1 s 1
k2 = 7  10 s 1
k3 = 7:5  10 s 1
k4 = 1:5  106 M 1 s 1
k5 = 1:1  103 s 1
k6 = 7  105 M 1 s 1

For the above reaction equations, enzymes' activities have to be identi ed. Di erent urea enzyme's
activities are reported in the literature [15-17].
Schimke [15] declared that enzymes' quantity in
the urea cycle of a person is related to amount of
the protein intake during a day. He also considered other factors a ecting urea cycle enzymes and
implied that di erent physiological states, such
as starvation and corticosteroid, would cause an
increase in all enzymes participating in ureagenesis [16]. Stanbury et al. [18] stated that adrenalectomy and arginine-free diet of the patient enhance
these enzymes. In this study, the activity of
each enzyme is chosen according to the activities
reported in the study carried out by Kuchel et
al [2]. These activities are given in Table 4.

Argininosuccinatesynthetase

k1 = 2:4  105 M 1 s 1
k2 = 2:3  10 s 1
k3 = 3:5  104 M 1 s 1
k4 = 1  10 s 1
k5 = 4:8  105 M 1 s 1
k6 = 1  10 s 1
k7 = 2  10 s 1
k8 = 8:9  105 M 1 s 1
k9 = 5  10 s 1
k10 = 6:4  105 M 1 s 1
k11 = 5  10 s 1
k12 = 1:7  105 M 1 s 1

Eqs. (17)-(28) give concentration of metabolites participating in the urea cycle. These di erential equations
are coupled and must be solved simultaneously [2]:

Arginase

d[C]
= v1
dt

k1 = 1  107 M 1 s 1
k2 = 5:4  104 s 1
k3 = 5:3  103 s 1
k4 = 3  104 s 1
k5 = 1  107 M 1 s 1

v3 =

fk1 k3 k5 [AS] k2 k4 k6 [F][At]g[E3 ]0
fk5 (k2 + k3 ) + k1 (k3 + k5 )[AS]+

k1 k3 k4 [A][E4 ]0
:
k4 (k2+ k3 )+ k5 (k2+ k3 )[O]+ k1 (k3+ k4 )[A] (16)

d[AS]
= v2
dt

(15)

k2 k4 [F] + k6 (k2 + k3 )[A]+
k4 k6 [A][F] + k1 k4 [AS][F]g:

IV. Arginase: The reaction of arginase in the urea
cycle is irreversible. This reaction is depicted in
Figure 7, and its related rate equation is given
by [2]:

(17)

v2 ;

(18)

v3 ;

d[A]
= v3
dt

v4 ;

(19)

d[O]
= v4
dt

v1 ;

(20)

d[U]
= + v4
dt

kUtp  Utp ;

d[CP]
= kNH4 NH+4
dt

tp

d[ATP]
 [Y]pool
= kATP
dt

(21)

v1 ;

(22)

v2 ;

(23)
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Table 4. Enzymes' activities participating in urea cycle [2].
Total activity Total enzyme Concentration
Enzyme
(I. U./kg liver) (mg/kg liver)
(mol/lit)

Ornithine transcarbamoylase
Argininosuccinatesynthetase
Argininosuccinase
Arginase

1:1  105
1:4  103
5  103
9:2  105

1:4  102
3:5  102
2:2  102
5:1  102

2:6  10 6
4  10 6
2:2  10 6
8:9  10 6

Table 5. Initial concentration of metabolites used in this study [19].
Abbreviation
Full name
Initial concentration
C
AS
A
O
U
CP
ATP
ASP
PP
AMP
F
P

d[ASP]
 [Y]pool
= kASP
dt

Citrulline
Argininosuccinate
Arginin
Ornithine
Urea
Carbamoyl phosphate
Adenosine triphosphate
Aspartate
Pyrophosphate
Adenosine monophosphate
Fumarate
Phosphate

(24)

v2 ;

d[PP]
 [PP] + v2 ;
= kPP
dt

(25)

d[AMP]
 [AMP] + v2 ;
= kAMP
dt

(26)

d[F]
= kF [F] + v3 ;
dt

(27)

d[P]
= kP [P] + v1 :
(28)
dt
In order to solve the aforementioned ordinary differential equations, the initial concentration of each
metabolite requires to be determined, and these values
are given in Table 5.
The amounts of ammonia consumption and urea
generation are speci ed using Eqs. (21) and (22),
respectively. Concentration di erence of ammonia and
urea between inside and outside of the hepatocytes is
the reason for transmission of these metabolites into
and out of the hepatic cells. In order to consider this
e ect, Eq. (10) is modi ed for ammonia and urea as
follows:


@CNH+4
+ r: DNH+4 rCNH+4
@t


= kNH+4 CNH+4 tp

NH+4



tp

;

(29)

1  10 7
1  10 5
1  10 7
4:5  10 4
1  10 5
1  10 4
1  10 3
1  10 3
1  10 5
1  10 5
1  10 5
1  10 5

@CU
+ r: ( DU rCU ) = kUtp Utp :
@t

(30)

The overall procedure of the presented numerical
simulation is illustrated in Figure 8. The rst step is
the calculation of velocity pro le using Navier-Stokes
equations. Afterwards, distribution of urea and ammonia in the channel is obtained by solving convection
di usion, transport, and urea cycle with regarding the
aforementioned di erential equations, simultaneously.
A nite-element code is developed for this timedependent simulation. Simulation is carried out by
a computer featuring a core i7 CPU, 8 GB RAM.
Di erent element sizes are used to compute ammonia
concentrations in the channel. Figure 9 depicts variation of ammonia concentration versus total number of
elements used within the channel. According to this gure, 60 triangular elements are sucient for this study.
In order to validate the numerical procedure,
rst, a lumped model based on the presented model of
Kuchel et al. [2] is developed. In the lumped model,
spatial distribution of metabolites is considered to
have negligible e ect on the metabolite concentration.
Therefore, the complicated partial di erential
equations governing the status of the metabolite
system are simpli ed into zero-dimensional ordinary
di erential equations. Results of this simulation
are given in Table 6, demonstrating acceptable
compatibility to those of Kuchel et al. [2], especially
at the beginning of the simulation. The di erence of
the obtained data from those of Kuchel et al. [2] is
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Figure 8. owchart of the solution.
for each metabolite, which seemed to be closer to the
normal value in the liver.
Table 6 shows the obtained results from the
FEM code generated for predicting urea along with
the results attained by Kuchel et al. [2] in the lump
model. In addition to the results of variation of
metabolites along a sinusoid, an improved model of
Kuchel et al. [2] will be presented in which gradient
of each participating metabolites is considered. This
mimicking model is more similar to what happens
inside the liver sinusoids.

3. Results
Figure 9. Grid study for this simulation. Ammonia
concentrations across the channel are compared for
di erent triangular grid numbers (24, 60, and 164).

due to the fact that, in the latter, all of the metabolite
concentrations except for ornithine were set to zero.
In [19], Kuchel et al. assumed di erent concentrations

The uid contains high ammonia concentration that
enters the micro channel. The inlet concentration
of ammonia was chosen based on previous reported
experimental data [20]. Then, hepatocytes convert
ammonia into urea. Inlet uid velocity in the micro uidic device is set based on average blood velocity
in the liver sinusoid and considered 0.001 m/s. In
Figure 10, the velocity distribution in the micro channel
is demonstrated. Due to low mainstream velocity,

Table 6. Comparison of di erent species concentrations with the respective concentrations of the species presented by
Kuchel et al. [2]; data in parentheses are the obtained data from the present lumped simulation study.

Compound
O
C
AS
A
CP
ATP
ASP
P
PP
AMP
F
U

10 s

Concentration (mol/lit)
360 s

3.96e-4 (4.50e-4)
4.81e-5 (4.8e-5)
9.31e-7 (2.32e-8)
3.9e-7 (1.13e-8)
1.67e-7 (1.47e-04)
5.1e-5 (0.000109)
5.1e-5 (0.000109)
4.7e-5 (7.88e-5)
1.08e-5 (1.09e-05)
1.08e-5 (1.00e-05)
9.97e-5 (7.89e-05)
1.2e-5 (1.56e-05)

2.58e-4 (4.50e-4)
1.84e-4 (1.82e-5)
2.40e-6 (2.97e-8)
8.82e-7 (9.23e-8)
1.78e-7 (1.47e-04)
1.86e-4 (0.000198)
1.86e-4 (0.000198)
1.00e-4 (9.55e-5)
9.96e-5 (1.03e-04)
9.96e-5 (7.63e-05)
9.97e-5 (8.36e-05)
2.20e-3 (0.0012)

600 s

2.56e-4 (4.50e-4)
1.86e-4 (1.82e-5)
2.44e-6 (2.97e-8)
9.04e-7 (9.23e-8)
1.78e-7 (9.34e-05)
1.87e-4 (0.000402)
1.87e-4 (0.000402)
1.00e-4 (1.19e-4)
1.00e-4 (1.03e-04)
1.00e-4 (7.63e-05)
1.00e-4 (8.36e-05)
3.77e-3 (0.0018)
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Figure 10. Velocity distribution in the micro uidic channel.

Figure 11. Concentration distribution of ammonia in the microchannel at t = 200 s.

Figure 12. Concentration distribution of urea in the microchannel at t = 200 s.
the ow is viscous dominant; therefore, the developing
region is very small.
In the micro channel, ammonia enters the hepatocytes and reacts with its related metabolites. Then,
urea is generated within hepatic cells and excreted
into the micro uidic device. Resulted distributions
of ammonia and urea concentration are presented in
Figures 11 and 12, respectively. The gradual decrease
of ammonia and increase of urea concentration is
obvious along the length of the micro chamber. Most
portion of the ammonia converts to urea at the onset
of the channel, i.e., one third of the channel length.
This fact is in parallel with hepatic zonation in which
ureagenesis takes place in the upstream part of sinusoid [21].
Concentration of the urea across the width of the
channel is computed using the following equation:
C (x; t) =

Z W

0

c(x; y; t)dy:

(31)

Urea concentration along porto central axis, shown
in Figure 13, increases with respect to time.
Concentration of urea production versus time for a

Figure 13. Urea concentration variation along the
channel at di erent times.

single hepatocyte is also shown in Figure 14(f), too.
Urea concentration in a cell reaches a plateau in about
300 s so that the cumulative concentration of the
urea along the length of the channel can increase with
respect to time and length.

F. Shari et al./Scientia Iranica, Transactions B: Mechanical Engineering 26 (2019) 408{420
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Figure 14. Variation of some of metabolites concentration versus time.
With the aid of this model, variation of twelve
metabolites participating in the urea cycle is obtained,
some of which are depicted in Figure 14(a)-(f). Argininosuccinate and carbamoyl phosphate decline corresponding to a monotones increase in urea concentration
up until 200 s. Ornithine and citrulline exhibit a
nearly opposite ux pattern. In the rst 100 s of
simulation, ornithine decreases and, then, increases to
amount of about 3.5e-4 mol/m3 . Quite the contrary,
concentration of citrulline is seen to increase in the span
of 100 s followed by a declination. This concentration
then experiences a mild increase to amount of about
2.5e-9 mol/m3 . Arginin undergoes a sharp decrease
and reaches its minimum amount in a very short
amount of time.

Each metabolite has a substantial role in ureagenesis and, if, for any reason, the concentration
of metabolites or enzymes changes, ammonia cannot
be removed from the blood circulation system. Accordingly, complete lack of each enzyme participating
in urea cycle will cause ammonia accumulation in
the body and lead to death during the rst days of
infant's life [18]. The presented model is very useful
in predicting the de ciencies encountered in urea cycle
and envisaging the consequence of drugs (i.e., sodium
phenylacetate and sodium benzoate) and their side
e ects on the function of this cycle.
For this reason, some of the urea cycle's de ciencies are investigated, and the respective plots are
illustrated in Figures 15 to 18, indicating the ratio
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Figure 18. Increase of adenosine monophosphate,
Figure 15. Increase of citrulline, argininosuccinate and
arginin due to hyperammonemia types I and II,
argininosuccinicaciduria types I and II.

Figure 16. Increase of ornithine, urea and carbamoyl
phosphate due to hyperammonemia types I and II,
argininosuccinicaciduria types I and II.

Figure 17. Increase of adenosine triphosphate, aspartate
and pyrophosphate due to hyperammonemia types I and
II, argininosuccinicaciduria types I and II.

of the metabolites acquired in unhealthy state versus
their respected amount in the normal state. At rst,
hyperammonemia types I and II are considered, which

fumarate and phosphate due to hyperammonemia types I
and II, argininosuccinicaciduria types I and II.

are caused by metabolic block in either the rst or
second step of the urea cycle [18]. Patients with
hyperammonemia type I usually su er from elevated
ketoacidosis (related to metabolic state in which an
elevation in ketone metabolites is noticed), neutropenia increase (neutrophils decrease), intermittent hepatomegaly (enlarged liver), and SGOT increase (serum
glutamic oxaloacetic transaminase) [18]. Oral administration of ornithine and citrulline is also reported
to cause hyperammonemia [22]. Hyperammonemia
type I, caused by a disorder in carbamoyl phosphate
synthetase, is accompanied by a 5-fold reduction in
the forward kinetic constant of this enzyme [18]. This
de ciency is associated with a sharp increase in carbamoyl phosphate concentration (a 25-fold increase).
Since the participation of this enzyme is reduced, the
metabolite is not present and carbamoyl phosphate
concentration increases. Hyper citrullinemia is another
aftere ect of this disease. This study predicts an
increase in the concentration of citrulline up to circa
10 fold. Freeman et al. [23] and Gat eld et al. [24]
also remarked that cabamoylphosphosphate enzyme's
de ciency would lead to an increase in urine Ornithine.
Pursuant to Figure 16, this simulation predicts no Ornithine imbalance. Due to scarce available information
on this area and diculties in getting samples from
patients, usually infants, ornithine concentration in
hepatic vein under the e ect of hyperammonemia is
not reported, and the comparison of the obtained data
cannot be made in an allowable manner.
Hyperammonemia type II is the consequence of
a 3% increase in activity of ornithine transcarbamylase [18]. Although urea production appears to be
normal, this de ciency causes an 80% reduction in the
concentration of citrulline, argininosuccinate, arginin,
carbamoyl phosphate, phosphate, and fumarate. According to many studies' reports, the ammonia concentration in plasma or in urine may change due to urea
disorders [24], and the alteration of other metabolites
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probably due to the diculties in measuring di erent
metabolites behavior remained unsaid.
The next study is carried out on the third enzymes on the urea cycle, i.e., argininosuccinate lyase.
Insuciency of this enzyme would lead to an increase in
argininosuccinic acid in the body. The excess excretion
of argininosuccinic acid in urea induces argininosuccinicaciduria [25]. A 10% increase in Michaelis constant of
argininosuccinase is caused by argininosuccinicaciduria
type I. This de ciency is also one of the congenital
diseases that results in accumulation of the ammonia
in the body. The predicted outcome results in a 10-fold
increase of argininosuccinate concentration, while other
metabolite's concentration remains nearly unchanged.
The increase of carbamoyl phosphate concentration is
not noteworthy; thus, hyperammonemia is not threatening herein, as it was mentioned in [2,18]. Argininosuccinicaciduria type II is followed by a reduction in
the activity of arginase at about 3%. The metabolite
concentration of this condition is nearly similar to that
of argininosuccinicaciduria type I except that type II
concentration is a bit higher.

4. Conclusion
Liver, due to its numerous functions, plays a substantial role in human's life. One of its pivotal functions is
ammonia detoxi cation. Liver removes blood ammonia
through the urea cycle. In this study, a model of
ureagenesis in one sub-branch of the liver, sinusoid,
was simulated in which rough structural forms of hepatocytes in sinusoids were considered. The hepatocytes
were aligned in a monolayer arrangement at the bottom
of the micro uidic devices. The model succeeded in
representing the metabolic heterogeneity of ammonia
detoxi cation along the liver sinusoids, presenting a
close resemblance to the actual hepatic sinusoids inside
the human body.
Fluid velocity and convection di usion equations
were solved in a micro channel. Ammonia elimination
and urea production were modelled via a four-enzyme
simulation in a sub cellular level. Results were in good
agreement with previous experimental data, showing a
25-fold increase of carbamoyl phosphate concentration
in hyperammonemia type I. An 80% reduction in the
concentration of citrulline, argininosuccinate, arginin,
carbamoyl phosphate, phosphate, and fumarate was
observed in hyperammonemia type II, and a 10-fold
increase of argininosuccinate concentration was accompanied by both argininosuccinicaciduria types I and II.
This paper presented a novel model system consisting simultaneously of modelling of ureagenesis in
intra and extra cellular levels by considering related
rate reactions and structure of hepatic lobule. By
means of this simulation, the study of biological entities
a ecting urea cycle and ammonia detoxi cation is

419

possible. The predicted results are useful in better
understanding, controlling, and managing the e ects
of metabolite de ciencies, drugs, and their side e ects
on the overall metabolic behavior in hepatocytes' urea
cycle.
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