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Abstract Serum uric acid (SUA) balance is mainly regulated by the excretion and reabsorption by the
kidneys. Much attention has recently been focused on the genetic variation of renal uric acid transporter
genes that affect uric acid homeostasis. Here, we have developed a system of equations to study the
human uric acid homeostasis using the physiologically based pharmacokinetic (PBPK) model. The PBPK
model incorporates blood flow and tissue compartment of organs to describe how uric acid is distributed
within the body. We have also implemented the concept of sub-compartments within the kidneys that
allows the model to integrate the genetics of individual patients. We chose to model patients with
single nucleotide polymorphisms (SNPs) on the SLC2A9 gene (encoding the urate transporter protein,
GLUT9) because the gene variation directly affects the amount of uric acid excreted and reabsorbed by
the kidneys. SUA levels predicted from our model simulations of the wild-type and several variants of
GLUT9 show good agreement with the experimental observations. Our model development results in
a framework for implementing genetic factors as a subsystem of PBPK modeling while giving way to a

better representation of human physiology in a highly complex system.
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1. INTRODUCTION

Body uric acid homeostasis is maintained by a balance between the production in the

liver and renal/intestinal excretion [1]. Long-term excess uric acid in the blood (hype-
ruricemia) can lead to the formation of uric crystals in tissues and joints, causing an
inflammatory response and pain [2]. A too lower amount of uric acid due to increased

uric acid clearance causes hypouricemia, a relatively rare condition compared to its coun-
terpart. Hypouricemia has been linked to nephrolithiasis and exercise-induced acute renal
failure [3].

Several transmembrane proteins have been reported to be involved with the kidney’s
dysfunction, which leads to unbalanced serum uric acid (SUA) levels. For example,
GLUT9, ABCG2, and URAT1 are the three core proteins among others in the main-
tenance of the SUA level [1, 5]. Glucose transporter 9 (GLUTY), a high-affinity glucose
transporter encoded by the gene SLC2AY9, reabsorbs uric acid within the kidneys and
transports it back to the blood. Single nucleotide polymorphisms (SNPs) of the SLC2A9

gene were identified to correspond to hypouricemia cases [6]. The ATP-binding cas-
sette transporter ABCG2 is responsible for the excretion of uric acid. Several SNPs in
the ABCG2 gene are associated with hyperuricemia and gout [7]. Urate transporter 1

(URAT1), encoded by the SLC22A12 gene, is a target of both uricosuric and antiurico-
suric agents. A previous study has identified several SLC22A 12 SNPs that can potentially
cause hyperuricemia [3].

The dynamics of uric acid levels in the body can be studied in silico by physiologically
based pharmacokinetic (PBPK) modeling. This type of model is based on human physiol-
ogy, considering important organs and tissues as individual compartments interconnected
via the blood [9]. Compartmental models have been used to study the SUA level in the
human body before [10, 11]. However, to the best of our knowledge, no study aims to
integrate genetic factors into the PBPK modeling of uric acid. Therefore, there is a need
for a model of the kidneys and other compartments to take into account the genes that
affect uric acid regulation.

This work aims to construct a mathematical model that describes the distribution
of uric acid among different compartments of the human body using mass-balance equa-
tions. We utilize perfusion rate-limited PBPK modeling and extend it to integrate genetic
variants of GLUT9 by translating the genetic information into appropriate kinetic rates
of uric acid reabsorption in the kidneys. The present work only focuses on the genetic
information of GLUT9 due to the availability of the data. Model simulations predict the
SUA levels, which are in good agreement with experimental observations from patients
with various genetic polymorphisms. The model will allow for an in-depth look at the
homeostasis of uric acid in the body, which will enable us to develop better methods for
controlling SUA levels.

2. MODEL DEVELOPMENT

Figure 1 depicts compartments and sub-compartments of the human body involved in
the regulation and distribution of uric acid with the arrows representing mass transport
of uric acid from one compartment to another. The diagram is translated into Eq. 2.1-2.9
to describe production, transportation, and excretion rates of uric acid.
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FiGURE 1. Model compartments and mass transport among

compartments.

Boxes represent compartments in the human body

involved in the regulation and distribution of uric acid. Arrows repre-

sent mass transport of uric acid to and from the compartments,

with

Q@’s denoting the blood flow rates (L/h). (See Table 1 for a full list of
model parameters and definitions.) Uric acid is produced in the liver and

excreted from the body via the intestine (gut) and the kidneys.
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In the equations, A’s denote the amount of uric acid (umol) in tissue compartments,
Q’s the blood flow rate (L/h), V’s the volume of the compartments, P’s the partition
coefficients of uric acid between tissue and its blood. The subscripts lun, a, gut, spl, liv,
corp, prox, oth, and v denote lungs, arteries, gut, spleen, liver, renal corpuscles, proximal
tubules, other organs, and veins, respectively. Qo is the total blood flow rate (L/h).
A full list of model parameters and definitions can be found in Table 1. Note that the
physiological parameter values (Q’s and V’s) in Table 1 are from an average person with
a weight of 73 kg.

Uric acid is produced in the liver as a consequence of purine breakdown due to the
activity of xanthine oxidase [12]. In our model, uric acid is produced in the liver with the
rate ko (Eq. 2.5). It is released into the venous blood (Eq. 2.9), and then transported to
lungs (Eq. 2.1), and, subsequently, the arterial blood compartment (Eq. 2.2). Uric acid
in the arterial blood is distributed into the gut (Eq. 2.3), spleen (Eq. 2.4), liver (Eq. 2.5),
kidneys (Eq. 2.6 and 2.7), and the other organs (Eq. 2.8), before re-entering into the
venous blood compartment. In the kidneys, uric acid first enters the renal corpuscle
sub-compartment (Eq. 2.6) within the kidneys’ cortex. The uric acid is then filtered
into the proximal tubule sub-compartment with the rate GFR (Eq. 2.7). Within the
proximal tubule sub-compartment, uric acid can be reabsorbed back to the venous blood
compartment by uric acid transporter proteins, GLUT9, embedded in the proximal tubule
cells. Uric acid that is not reabsorbed is excreted as urine. Uric acid is also excreted in
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TABLE 1. Model parameters

Parameter Value Description Reference
ko 300 pmol/h Uric acid production rate [10]
GFR 7.8 L/h Glomerular filtration rate
kei 0.3 L/h Intestinal uric acid clearance rate
Vinax 1.28 x 10~2ymol/h Maximum rate of urate reabsorption [6]
by wild-type GLUT9

Ky 433 pmol/L Michaelis-Menten constant of wild-type GLUT9 [6]

o 2 x 108 Scaling factor fitting
Qiot 390 L/h Total blood flow rate

Qiiv 99.45 L/h Liver’s blood flow rate

Qgut 58.5 L/h Gut’s blood flow rate

Qspl 11.7 L/h Spleen’s blood flow rate

Qxia 74.1 L/h Kidneys’ blood flow rate

Qoth 146.25 L/h Other organs’ blood flow rate

Viiv 1.8 L Liver’s volume

Veus 1.3 L Gut’s volume

Vepl 0.15 L Spleen’s volume [15]
Veorp 9.45x 1072 L Renal corpuscles’ volume ,
Vrox 9.45 x 1072 L Renal proximal tubules’ volume ,
Vun 0.5L Lungs’ volume [15]

Vs 4.2 L Venous blood volume

Va 14 L Arterial blood volume

Votn 63.46 L Other organs’ volume [15]
Py 1.02 Partition coefficient for liver ,
Py 0.97 Partition coefficient for gut ,
Py, 1.07 Partition coefficient for spleen ,
Puia 1.06 Partition coefficient for kidneys ,
Pun 0.97 Partition coefficient for lungs ,
Poin 1.00 Partition coefficient for other organs estimated

the intestine (gut) [13] with the rate k.. Since the unbound fraction of uric acid from
plasma proteins is about 1.0 [10], the total fraction of uric acid in the circulation system
is subject to excretion and reabsorption. Finally, the partition coefficient of each tissue is
calculated based on the Poulin and Theil method [14], using physicochemical parameters
of uric acid provided in [10].

In Eq. 2.7 and 2.9, we represent the reabsorption activity meditated by GLUT9 with

. . . . Aprox Aprox
the Michaelis-Menten kinetics, o - Vipax - S22 /(K + 52°=), where Vipax, Km, and o are

Virox Vbrox
the maximum velocity of uric acid transpoprt by the GLPUTQ protein, a Michaelis-Menten
constant of the protein, and a scaling factor, respectively. In a study by Ruiz, et al.
(2018) [6], different genetic variants of the GLUT9 proteins were expressed on the cell
membrane of Xenopus laevis oocytes. The authors then incubated the oocytes with uric
acid, and the two-electrode voltage clamp was used to measure the current that passed
through the protein channels. The experiment yielded the values of Vi, and K, for each
GLUT9 variant as shown in Table 2. Therefore, the genetic variants can be incorporated
into the model by modifying the constants Vi .x and K, accordingly. The scaling factor
o is added to the Michaelis-Menten kinetics in Eq. 2.7 and 2.9 to scale the activity of
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GLUTY9 measured in the oocytes to the activity of the proteins expressed in the human
kidneys. The scaling factor is usually estimated by in vitro-in vivo extrapolation (IVIVE).
However, information regarding the amount of GLUT9 expressed in the oocytes compared
to the total number of the proteins expressed in the whole human kidneys is not available
from the experiments. Thus instead, we estimated the scaling factor by fitting our model
prediction of the wild-type SUA to the experiment. As all GLUT9 variants studied in
the present work were expressed at a comparable level compared to the wild-type in the
oocyte experiment [6], the wild-type and the variants take the same value of the scaling
factor.

As the values of Viax in [6] were reported in pA (pcoulomb/s), we can divide them by
the Faraday constant to find the amount of uric acid per time unit (zmol/h), a calculation
commonly used in electrolysis. The conversion is shown in Eq. 2.10.

¢ - Viax
Vinax = dea (210)
where Viax is the maximum velocity of uric acid transport by the protein used in our
model (pmol/h), VP is the maximum velocity of uric acid transport by the protein
measured experimentally in [6] (¢A), F is the Faraday constant = 96,485 pcoulomb/pmol
electrons, and ¢=3600 is a factor to convert second to hour. The converted values of Vj,.x

are shown in Table 2.

TABLE 2. GLUT9 parameters

Genetic variant | VP (uA) [6] | Vipax (pmol/h) | Ky, (pmol/L) [6]

Wild-type (WT) 0.347 1.2839 x 102 433
R171C 0.345 1.2765 x 102 411
R198C 0.181 0.6697 x 102 603
N333S 0.260 0.962 x 102 1221
R380W 0.076 0.2812 x 1072 839
P412R 0.313 1.1581 x 102 434

3. RESuLTS AND DISCUSSION

We solve numerically Eq. 2.1- 2.9 with parameter values in Table 1 using XPPAUT
(http://www.math.pitt.edu/~bard/xpp/xpp.html) to obtain time-series dynamics of
the uric acid levels in different compartments. Fig. 2 shows the simulated steady-state
uric acid levels of a healthy person with a weight of 73 kg with a normal activity of
GLUT9 (Vinax=1.2839x10~2umol /h and K,,=433 pmol/L [6]). The simulation shows the
concentration of the SUA (uric acid in the venous blood compartment) at approximately
250 pmol/L (4.2 mg/dL), which is in a normal range. The uric acid level in the kidneys
is lowest as the compartment is the main site for uric excretion.


http://www.math.pitt.edu/~bard/xpp/xpp.html
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FiGURE 2. Uric acid distribution in the human body. The simu-
lated distribution of the uric acid levels in a healthy person with a weight
of 73 kg with a normal activity of GLUT9 (Viyax=1.2839x10~2pmol/h
and K,,,=433 pmol/L [6]).

Figure 3 compares the steady-state SUA levels in patients with different genetic vari-
ations between model simulations and experimental data [6]. The simulations are per-
formed by using the values of V.« and K, in Table 2. The results show that simulations
from our model, which take into account the genetic variations that affect the reabsorp-
tion rates of the proteins in the kidneys, are in good agreement with experiments for the
wild-type (WT) and three other SNPs (R171C, R198C, and R380W). For the other two
SNPs (P412R and N333S), our model predicts higher SUA levels than those observed in
the patients.

The patient carrying the genetic variant P412R suffered from hypouricemia, having a
SUA level of 143 pmol/L (2.4 mg/dL) [18]. However, the Viyax and Ky, of the variant
measured by the oocyte experiment in [6] were similar to those of the wild-type (Table 2),
which is why our model simulation of the genetic variant yields a SUA of 232 pmol/L
(3.9 mg/dL). However, another study [18] reported differently that the variant P412R
exhibited a significantly decreased urate transport activity compared to the wild-type.
Therefore, this discrepancy between the experiments needs to be reconciled before the
urate transport activity of the variant can be incorporated accurately into the model.

The genetic variant N333S was reported to be genetically associated with another SNP
(G216R) [19]. Since the Vijax and Ky, of G216R were not reported, our simulation for
the patient with N333S variant could not account for the associated SNP at G216R,
which may explain the discrepancy between the SUA level from our simulation and the
observation.
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F1GURE 3. Simulations of patients with genetic variants. The
serum uric acid (SUA) levels are compared between model predictions
(simulation) and observations (experiment) [6] from patients with genetic
variation in SLC249 (encoding GLUT9).

4. CONCLUSION

We have developed a system of equations to study human uric acid homeostasis using
the physiologically based pharmacokinetic (PBPK) model. We have also implemented
the concept of sub-compartments within the kidneys that allows the model to incorporate
the genetic information of individual patients. We focused on the polymorphisms of the
SLC2A9 gene whose mutations are mostly loss-of-function [6], causing hypouricemia. Our
model, which integrates genetic variations that affect the kidneys’ function, simulates the
SUA levels that are in good agreement with the observations in the patients.

During the development of this work, the amount of data that we can obtain about
the urate transporter proteins in question is highly limited. As such, we hope that in
the future, we can expand our model to incorporate more transmembrane proteins that
regulate uric acid homeostasis by the integration of their genetics. By modeling the
contribution of these proteins to the SUA level, the model predictions may lead to better
therapeutic approaches and may enable us to make personalized medical interventions for
individual patients with hyper/hypouricemia.
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