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Supplement S1 Detailed description of the metabolic model versions

A constitutive metabolic model without nutrient blood gradients (model version 1)

In a first step, a minimal model of hepatic fatty acid (FA) metabolism was developed. The
consideration of FA metabolism was restricted to one compartment representing one hepatic zone
along the sinusoid (n=1). Our model comprises the following metabolic pathways: FA uptake from the
blood, mitochondrial FA oxidation, triglycerides (TG) synthesis, TG secretion, uptake of oxygen (O,)
from the blood and use of O, by processes other than mitochondrial FA oxidation (e.g. for glucose
oxidation). The time unit is minutes.

This model version was used to find suitable parameter values (see Supplement S4 “Model
parameter calibration”’) and to evaluate parameters with regard to their importance in determining the
accumulation of TGs independent of metabolite gradients (sensitivity analysis). Moreover, with this
basic model, we can examine the fundamental effect of FA uptake kinetics (linear versus nonlinear) on
TG accumulation.

To simulate the supply of FAs and O, by sinusoidal blood flow within the liver, we estimated
blood values of FA and O, concentrations from the literature. The amount of blood flowing per minute
through the human liver is 1500 ml/min [1]. Commonly reported FA concentrations in human plasma
ranges between 0.1 pmol/mlyeg and 1.4 pmol/mlyeeq [2-4]; this range is used in our model for the
simulation under a low and a high FA supply, respectively. In our model, we do not differentiate
among different types of FA species. Generally, FA inflow in the blood compartment was calculated

in the following way for a low (Eq. 1a) and a high fat diet (Eg. 1b):

— Mlpiood umol pmol

vFA_inflow = 1500 mi:lo * O.lmlblood =150 min (Eq 1a)
_ Mlplood umol umol

VEA_inflow = 1500 e 1.4 T 2100 gy (Eq. 1b)

To estimate blood O, supply, we only considered the concentration of bound oxygen and

neglected the concentration of free O, in the blood due to its very low concentration. The periportal



oxygen concentration is 84-91 pmol/ly g (60 — 65 mMmHG) [5] and the (maximal) oxygen blood flow

(Eg. 2; in pmol/min) in our model is therefore calculated similar to the FA blood supply above:

Vo2 infiow = 1500 224 5 0,091 L2 = 136 5570 (Eq, 2),

mol
mlblood min

The rate of FA uptake (in pmol/min) can be simulated either as a linear, nonsaturable process
[6, 7] (Eg. 3) or as a saturable process using Michaelis-Menten Kinetics [8-11] (Eq. 4). Parameter
values of FA uptake (Keaup, Vimax_raups Knm_raup) Were chosen to lead to nearly similar uptake rates under
a low FA blood concentration in the linear and nonlinear model. We chose a Ky _gayp 0f 300 uM for the
nonlinear uptake Kinetics, thus matching the basal range of total plasma FA concentration in healthy

humans (100 to 400 uM [12]).

VrA_uptake = kFAup * [FAlprooa (Eq.3)

_ Ymax_FAup*[FAlbiood (Eq 4)

v =
FA_uptake KM_FAup+[FA]blOOd

The rate of O, uptake (in pumol/min) from the blood into hepatocytes is simulated using

Michaelis-Menten kinetics [13] (Eq. 5).

UOZ_uptake -

Vmax_OZup*[OZ]blood (Eq 5)
KM_o2up+[02]pi00d '

The use of O, for other oxidative processes, such as glucose oxidation, is factored in by
implementing a degradation rate for O, (mass action law; Eq. 6; in pmol/min). This prevents a
continuous increase of the O, concentration within the compartment under low FA concentration and

allows the establishment of a steady state.

Vo2_degr = kdegrad_oz * [Ozcomp]n=1 (Eq. 6)



The rate of mitochondrial FA oxidation (Eqg. 7; in pmol/min) depends on the FA and O,

concentrations within the hepatic compartment (n=1). The amount of oxygen limits this process.

koxid * [FAcomp]n=1 * [Ozcomp]n=1

Voxidation =

(Eq. 7)

Koxia + [Ozcomp]nzl

The synthesis of TGs (Eg. 8; in umol/min) is implemented with a reversible mass action law

to account for the lipolysis/re-esterification cycle of TGs [14]:

17TG_syn = kfor_TGsyn * [FAcomp]nz1 - kback_TGsyn * [TGcomp]n=1 (Eq 8)

The export of TGs (Eqg. 9; in umol/min) depends on the concentration of TGs and not on the

concentration of FAs [15]. Thus, the export flux is calculated in the following way:

UTG_export = kex_TG * [TGcomp]n=1 (Eq 9)

Therefore, considering the concentrations of FAs, O, and TGs in a hepatic compartment, a

system of three ODEs is implemented in model version 1:

d[FAcomp)
n=1 _
dt = VrA_uptake — VTG_syn — Voxidation (Eq- 10a)

al[ozmmp]n=1

dt = Vo2_uptake — Voxidation — Vo2_degr (Eq- 10b)
d[TGeomp)
dt L= UrG_syn — VTGexport (Eq. 10c)



Zonated metabolic models with nutrient blood gradients (model versions 2 — 4)

Model 1 was extended by implementing three metabolic compartments (n = 1, 2, 3)
consecutively, each with the metabolic pathways described above. Each metabolic compartment
represents one of the three zones along a sinusoid (i.e. periportal zone n=1, middle zone n=2, and
pericentral zone n= 3) [16]. The three compartments are assumed to be distributed almost similar
along a blood vessel and the total cell volume of each zone can be roughly approximated to be one-
third [17]. Reactions and parameter values are similar in each of the three compartments; preventing a
prior establishment of a zonation pattern due to differences in parameter values. In addition to the
three metabolic compartments, we established a fourth compartment representing the hepatic blood
vessel. Here the initial concentrations of FAs and O, in periportal blood are used as input (see above,
Eqg. 1a, b and Eq. 2). The blood compartment allows an establishment of gradients of FAs and O, from
the periportal to the pericentral compartment. This was done by using a flow constant (kge,,) for the
“transport” of metabolites (FAs and oxygen) in the blood compartment.

Each of the three metabolic compartments (n=1, 2, 3) takes up FAs and O, from the associated
blood FA and O, values and, therefore, decreases the concentrations for the subsequent
compartment(s) (see Fig. 1 in the manuscript). This is in accordance to the observation that the first
(periportal) hepatocytes influence the concentration of substances for pericentral hepatocytes by their
uptake and release activities. The flow of substrates (i.e. FAs and O,, Eg. 11) within the blood

compartment was modelled according to mass action kinetics:

ratefiown —>n+1 = Kriow * [Substrate], (Eq. 11)

As presented in Table 1 and Fig. 1 in the manuscript, model version 2 was implemented only
with an oxygen gradient. Model version 3 was implemented with a FA gradient, whereas model
version 4, finally, incorporates both gradients. Each model version was simulated with a linear and a
nonlinear FA uptake kinetics, respectively (see above Eqg. 3 and Eq. 4).

Model version 2 consists of the following ordinary differential equations in each metabolic
compartment (n = 1, 2, 3). The values of [FA]pio0q_n IS Similar for n=1...3.
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TateOZ_flown ->n+1 — kflow * [Oz]blood_n (Eq 12a)

d[FAcomp],,
Tp = kFAup * [FA]blood_n - kfor_TGsyn * [FAcomp]n + kback_TGsyn * [TGcomp]n -

koxid*[FAcomp]n*[Oz comp]n
Koxid+[02 comp]n

(Eq. 12b)

d[OZComp]n _ Vmax_Ozup*[Oz]blood_n kOXid*[FACO‘mP]n*[OZCO‘mP]

- kdegrad_oz * [Ozcomp]n - = (Eq- 12C)

dt KM_OZup+[02]blood_n Koxid‘l'[ozcomp]n
d[TGeompl,,
— a kfor_TGsyn * [FAcomp]n - kback_TGsyn * [TGcomp]n —kex 16 * [TGcomp]n (Eq. 12d)

In model version 3, the simulation under a FA blood gradient was conducted, whereas the
blood O2 concentration ([O2]pi00q_n) is Similar for each metabolic compartment. The system of ODEs

is similar to model version 2 (Eq. 12b-d) with additional Eq. 13 (instead of Eq. 12a).

ratepa flown —>n+1 = Kfiow * [FAlpiooan (Eq. 13)

In model version 4, we combined the metabolic gradients of FAs and oxygen (Egs. 12a-d, 13).

The model codes (in R) can be provided upon request from the corresponding author.



Supplement S2 Sensitivity analysis of model version 4, hepatic fatty acid (FA) metabolism with declining FA and

oxygen gradients from periportal to pericentral. The model was implemented with a linear FA uptake. Dimensionless

sensitivity functions are shown for running the model under a low FA and a high FA supply via blood. For each model run,

only the 4 most influential parameters are plotted due to facility of inspection. Under low FA supply the flow constant of

metabolites (kso4) has a high impact on the third (pericentral) compartment, because it determines how much FAs and oxygen

arrives at this compartment. FA concentration in the blood ([FA]ui004) IS the most relevant factor for all three compartments,

as expected. Furthermore, a high impact on TG accumulation is shown by the TG synthesis parameter (Ks,r tesyn) Under a low

FA supply and the export rate of TGs (ke 1) under a high FA supply via blood.
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Sugglement S3 Parameter scan for different Kex 16 Values for the whole range of [FA]p0q Values. Simulations are shown

for model version 4, hepatic fatty acid (FA) metabolism with declining FA and oxygen gradients, with nonlinear FA uptake
kinetics. Blood flows from the periportal compartment (C1, solid line) to the middle (C2, dashed line) to the pericentral
compartment (C3, pointed line). The export of TGs influence the amount of stored TGs in the compartments, but does not

influence the pattern of zonation.
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Supplement S4 Model parameter calibration

Parameter values and a description of each parameter are provided in Table 2 in the
manuscript. The model represents a qualitative rather than a quantitative representation of a zonated
TG accumulation along a hepatic blood vessel. This should be adequate to encourage our goal of
unveiling the role of metabolic gradients and FA uptake kinetics on the direction of the zonation
pattern (i.e. periportal versus pericentral fat accumulation). The model can be adapted and made more
guantitative as soon as more experimental data are available.

We extracted parameter values for fatty acid and oxygen concentrations from literature (see
above); however most of the kinetic parameters for FA metabolism within each hepatic zone are not
available yet. Thus, the parameter values in model version 1 were adjusted until a good agreement of
model output with well-known observations has been achieved. We used the following four observed
physiological patterns to adjust parameter values:

(1) FA concentration in blood decreases from periportal to pericentral by ~ 50% under a low FA
supply via blood [18],

(2) O, concentration in blood declines from periportal to pericentral by ~ 50% [19],

(3) increased hepatic FA inflow via blood raises TG accumulation [20], and

(4) the oxidation rate is higher than the export rate [21].

Calibration of the model with nonlinear FA uptake kinetics was conducted similar to the
model with linear FA uptake. Simulation runs of the one-compartment model (model version 1) under
a low FA supply via blood revealed that, as intended, TG accumulation and metabolic rates are almost
similar between the linear and the nonlinear model. Under a high-fat diet, TG accumulation in the
nonlinear model was lower than in the linear model (data not shown). The oxidation rate was similar
between the linear and the nonlinear model implementation (due to similar oxygen supply via blood),
whereas the rates of TG synthesis and TG export were greater in the linear model because of the
higher uptake of FAs. Sensitivity analysis was performed for the linear and the nonlinear model
version to access the most important parameters. The results are provided in the manuscript section

“Results” and in Fig. 2.
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