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Urinary Glucose Excretion of Luseogliflozin and Explore the Role of
SGLT1/2 in Renal Glucose Reabsorption
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ABSTRACT: (1) Purpose: To develop a mathematical model combining physiologically based pharmacokinetic and urinary
glucose excretion (PBPK-UGE) to simultaneously predict pharmacokinetic (PK) and UGE changes of luseogliflozin (LUS) as well
as to explore the role of sodium-glucose cotransporters (SGLT1 and SGLT2) in renal glucose reabsorption (RGR) in humans. (2)
Methods: The PBPK-UGE model was built using physicochemical and biochemical properties, binding kinetics data, affinity to
SGLTs for glucose, and physiological parameters of renal tubules. (3) Results: The simulations using this model clarified that
SGLT1/2 contributed 15 and 85%, respectively, to RGR in the absence of LUS. However, in the presence of LUS, the contribution
proportion of SGLT1 rose to 52—76% in healthy individuals and 55—83% in T2DM patients, and that of SGLT2 reduced to 24—48
and 17—45%, respectively. Furthermore, this model supported the underlying mechanism that only 23—40% inhibition of the total
RGR with S mg of LUS is resulted from SGLT1’s compensatory effect and the reabsorption activity of unbound SGLT2. (4)
Conclusion: This PBPK-UGE model can predict PK and UGE in healthy individuals and T2DM patients and can also analyze the
contribution of SGLT1/2 to RGR with and without LUS.

1. INTRODUCTION developed by the Taisho company and approved in Japan in
7 . . . P

The primary kidney transporters that mediate reabsorption of 20114d LUS is mﬁtabohzepd b())' mlélg;%le metzf?ollzlgg Enzyr}?es,

plasma glucose have been identified as two sodium-glucose including cytochrome P450 ( ), uridine diphosphate

cotransporters (SGLTs), SGLT1 and SGLT2." In the kidney, glucuronosyltransferase (UGT), alcohol de.hydrogenase, a.nd
SGLT?2 resides in the luminal membrane of the early segment aldehyde dehydrogenase and through multiple pathways like

. . . . 8 .
(S1) of proximal convoluted segments, and SGLT1 is present .ox1da‘t10n .and glucuronidation. .T\A;enty metabohtgs were
in the luminal membrane of the distal segment (S2) of identified in human plasma and urine.” Of all metabolites, M2
proximal renal tubules.”® Although the quantitative contribu- is the on}y active ‘one with a half maximal ;nhlbltory
tion proportion between SGLT1 and SGLT2 to RGR has not concentration (_Icso) of 401 nM toward SGLT2" and the
been directly determined by experiment in humans yet, there is amounF of M2 in p lisma is the highest but OI%IY accc.)u.nts for
a general agreement that about 80—90% of renal glucose approximately 13.5% of unchanged LUS.™ Additionally,

reabsorption is mediated by SGLT2 and 10—20% by

SGLT1.>* Received: October 17, 2022
Luseogliflozin (LUS) is an orally administered SGLT2 Accepted: December 6, 2022
inhibitor indicated for the treatment of patients with type 2 Published: December 15, 2022

diabetes (T2DM).>® LUS selectively inhibits SGLT2, which
can lead to increased glucose excretion in human urine and,
subsequently, reduced blood glucose concentration. LUS was
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Table 1. Summary of Parameters Used in the PBPK-UGE Model

values used in the

literature values and

property (units) model source

PBPK model M,(g'mol™") 434.55 Chemspider

LogP 22 227!

solubility (ug/mL) 512 51.2°

Pg(X 107 cm s71) 4.8 (optimized) 27.5

fup 0.038 3.8%"

Rbp 0.58 calculated by PK-Sim

CL (L/h) 1.95 (optimized) 2.83%

CLg(L/h) GFR: 6.9 and 5.5

GFR fraction 1.0

partition coefficients Rodgers and Rowland  optimized

cellular permeabilities PK-Sim standard optimized

6.8 pmol/mg protein'®

18.4 pmol/mg protein'®

UGE model  SGLT1 expression (uM)  0.049
SGLT?2 expression (uM)  0.19
ratio of ICy, 1770 1770

ko, for SGLT1
(uM~' 07

kog for SGLT1 (h™")

0.048 (calculated)

0.11 (assumed)

molecular weight
lipophilicity

solubility in water
Caco-2 cell permeability

descriptions

fraction of free drug in plasma

blood-to-plasma concentration ratio

total hepatic clearance

renal clearance

fraction of filtered drug in the urine

calculation method from cell to plasma coefficients

permeability calculation method across cell

concentration in the kidney for two cotransporters

ratio of LUS affinity to SGLT2 compared to SGLT1

association rate constant

ko, for SGLT2 84 1.4 X 10°M~"min~"** dissociation rate constant
(uM~'h7)
kog for SGLT2 (h™") 0.11 1.8 X 1073 min~1*
Vinaxsin(g/d) 89.4 (fitted) maximum uptake velocity for healthy individuals and diabetes
Vinaxsan(g/d) 18.9 (calculated) patients
Vinaxs12om(g/d) 119 119**
Vinagsa, T2om(8/d) 25.2 (calculated)
K, SGLT1 (mM) 1.8 1.8 Michaelis—Menten constant for glucose to SGLT1/2
K,, SGLT2 (mM) 4.9 49"
Vilasma (L) 2.5 default in PK-Sim plasma volume
Viemens1 (L) 0.045 0.045" S1 segment volume
Viemens2 (L) 0.019 0.019" S2 segment volume
Vitaddger (L) 02 02" bladder volume
Quumen(L/h) 2.7 2.7 flow rate of the renal tubular lumen
Quladder(L/h) 0.72 0.72" flow rate of glucose excreted into the bladder
Qurine(L/h) 0.055 0.055" flow rate of urine

distributions of LUS to the kidney in rats are wide, with
kidney/plasma ratios of 6.0'" and 35.3 at 4 h,'” respectively.
Unchanged LUS is to a lesser extent cleared through renal
excretion, with approximately 5% recovered in the human
urine.” Furthermore, previous studies have shown that LUS is
only a weak inhibitor for CYP2C9 and a weak inducer for
CYP3A4, with little effect on the other metabolizing enzymes
and drug transporters.”” LUS showed highly selective binding
with SGLT2, with approximately 1770-fold higher affinity than
to SGLT1 (mean ICs,: 2.26 nM versus 3990 nM) in in vitro
experiments.1

In consideration of the significant contribution of SGLT2 to
renal reabsorption of glucose along with the extremely high
affinity to SGLT2 for LUS, it is anticipated that LUS can
diminish RGR by approximately 90% when drug exposure is
sufficient in the lumen of renal tubules. However, it was
inconsistent with the clinical observations of the diabetics
where only moderate inhibition in RGR was achieved after oral
administration of LUS, even at a maximal clinical dose of 5 mg
once daily. In a previous simulation study,"* residual activities
of SGLT2 and SGLT1 compensation have been put forward to
analyze the differences between in vitro inhibition and in vivo
observations. In a study,"” it was found that there was no
significant difference between the affinity for glucose to SGLT1
(K,, = 1.8 mM) and SGLT2 (K,, = 4.9 mM). Another paper'®
has shown that cotransporter expression in kidney tissue was

also relatively close for SGLT1 (6.8 pmol/mg protein) and
SGLT2 (18.4 pmol/mg protein). In view of the combination
of affinity and protein expression, the two kidney cotrans-
porters should have comparable potential in the RGR, or the
contribution differences between them may not be as
significant as previously perceived. To explain this, we set up
a mathematical model to examine the factors causing this
phenomenon.

Currently, only a few papers involving quantitative
pharmacology modeling predicted the effects of several
SGLT2 inhibitors on urine glucose excretion in hu-
mans.'*"”7*° Nevertheless, none of these papers involves
quantitative simulation of LUS on UGE in humans using
pharmacology modeling of PBPK combined SGLT2 occu-
pancy (SO) and UGE models. Therefore, here, we developed a
new mathematical model, termed as the PBPK-UGE model,
where the PBPK model, SO model, and UGE model were
incorporated. Next, under multiple dosage regimens, this
model was utilized to (i) simulate the human PK profiles of
LUS; (ii) simulate time-course profiles of SGLT2 occupancy
by LUS; (iii) simulate the UGE rate-time profiles under
multiple dosage regimens of LUS in humans; and (iv) analyze
the underlying mechanism of moderate inhibition of RGR
(23—40%) with the treatment of LUS, which is a highly potent
inhibitor for SGLT2 (ICs, = 2.26 nM).
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Figure 1. Structure of the PBPK-UGE model for LUS in humans. The model is composed of two parts. In the PBPK part, the Cy, of LUS can be
predicted. In sub-part 1 of UGE, the free LUS concentration—time profiles in S1 and S2 segments can be simulated using C,, combined eqs 1 and 2.
In sub-part 2 of UGE, the time courses of the two cotransporter occupancies can be completely depicted using eqs 3—6. In sub-part 3 of UGE, the
process of glucose transmission through renal tubules and the excretion through urine can be fully simulated using eqs 7—14.

2. MATERIALS AND METHODS

2.1. PBPK-UGE Model Development. 2.1.1. Software.
The PBPK-UGE model was constructed using PK-Sim and
MoBi (Version 9.1, Bayer Technology Services, Leverkusen,
Germany); Digit (Version 1.0.4, Simulations Plus, USA) was
applied to digitize the figures of plasma concentration—time
and UGE—time curves of LUS from the references; Origin
2019 (version 9.6.5.169, OriginLab, USA) was used to draw
the figures. The V,,,, value was fitted using JMP (Version
11.0.0, SAS, USA).

2.1.2. Data Collection. A large number of literature studies
were investigated to obtain the data for (i) model develop-
ment: @ physicochemical and biochemical properties of
LUS;*' @ binding kinetics;*> ® affinity to SGLT's for glucose
and expression of SGLT data;'> and @ physiological
parameters for renal tubules.'” The data have been
summarized in Table 1. (ii) Model validation: ® PK validation:
clinical PK concertation—time profiles'>*"**** and ® UGE
validation: clinical cumulative UGE—time and UGE rate—time
profiles.”>**

2.1.3. Model Structure. The PBPK-UGE model is
composed of two parts (PBPK model and UGE model). The
PBPK model is connected by blood flow rate (Q) and tissue
compartments, which involves the gastrointestine, blood
(arterial supply and venous return), eliminating tissues (liver
and kidney), and non-eliminating tissues (13 compartments in
total, such as the lung).”® The purpose of the PBPK model is
to predict the LUS concentration in the kidney tissue (Cy). Cy
can be predicted using C, (M) = plasma concentration (M)
X Kk (the renal partition coefficient of intracellular-to-
plasma).

The renal tubules were separated into three compartments:
the S1, S2, and S3 segments. SGLT2 and SGLT1 were
expressed in the S1 and S2 segments, respectively. S3 is the
bladder compartment. The division contributes to an accurate

48429

description of the change of luminal glucose concentration in
the renal proximal tubule and the calculation of UGE over
time. Since the three segments could achieve a good simulation
between the observed and predicted UGE, the renal tubules
were not divided into more sub-segments. Because the
important contributors to RGR (SGLT1/2) are expressed in
proximal tubules, the distal renal tubules are not incorporated
into the present model owing to their irrelevance to RGR and
UGE.”® A bladder compartment is included in this model due
to its relevance to the amount of UGE over time. The model
structure and description are presented in Figure 1.

2.1.4. Model Parameters and Equations. The PBPK
parameters in Table 1 were used to build the PBPK model,
and the UGE parameters in Table 1 were used to develop the
UGE model. The PBPK parameters were directly entered into
PK-Sim to develop the PBPK model. The following eqs
1234567891011121314 were used to build the UGE model.
Most parameters in Table 1 were directly taken from the
literature. More details for the optimized, assumed, and
calculated parameters are as follows:

(i) Establishing the PBPK model: In the PK-Sim, the
calculation of tissue distribution includes five methods: PK-
Sim standard, Rodgers and Rowland, Schmitt, Poulin and
Theil, and Berezhkovskiy, while the calculation of cellular
permeability includes two methods: PK-Sim standard and
charge-dependent Schmitt. However, the calculation of the
disuse distribution for LUS has not been reported yet. As a
result, the distribution calculation of LUS in the PBPK model
was optimized by the module of parameter identification in the
PK-Sim. The Rodgers and Rowland and PK-Sim standards
were identified to calculate the tissue distribution and the
cellular permeability, respectively. Based on previous studies
on rats,g’u’lzKP,Ki for LUS ranged from 6.0”"1"% to 35.3.2112
The data showed that the distribution of LUS in the kidney of
rats was far higher compared with that in the plasma. To better
match the observed PK profiles, the human K;, ; was adjusted

https://doi.org/10.1021/acsomega.2c06483
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to 12.0 in this simulation. The human effective permeability
coefficient (P,g) is typically correlated with the C,y,, of a drug.
In this simulation, the Pz (X 10™* cm s™') of LUS was
optimized at 4.8 from the reported data of 51.2 to make the
predicted C., close to the observed C,. The P. values
before and after the optimization showed that LUS is a high-
permeability drug (P,s > 0.1 X 10™* cm s7');*’ hence, it is
considered a reasonable optimization within an acceptable
range of parameters.

The elimination of LUS was assumed to be following hepatic
clearance and renal excretion. To better match the predicted
PK profiles with the observed PK profiles, the hepatic
clearance of LUS (CL) was optimized to 1.95 L/h, while
renal elimination was calculated by the product of GFR
(glomerular filtration rate) and fup- According to clinical data,**
the GFR in T2DM patients was calculated at 5.5 L/h using the
mean eGFR of the placebo group and four treatment groups,
while the default GFR in healthy subjects in the PK-Sim is 115
mL/min (i.e, 6.9 L/h). Because it has not been reported that
any renal kidney transporter or renal tubule could contribute
to active secretion, reabsorption, and metabolism, fraction of
GFR was hence set to 1.0. Additionally, it is worth pointing out
that, except for GFR, the other corresponding physiological
parameters from healthy humans were used when developing
the PBPK model in patients with T2DM.

(ii) Establishing the UGE model: the development of sub-
part 1. The following equations'’ were used to simulate free
LUS concentration in S1 (Cpysg;) and S2 segments (Cyyss,)
of renal tubules:

d(C
( LUS,S1) = GFR X C,, Xf _ Qlumen % CLUS,SI
dt P Viumen,SI
1)
d(CLUS,SZ) CILUS,Sl CLUS,SZ
- ., - Qlumen X - bladder X
dt ‘flumen,sl Viumen,SZ
()

fup is the fraction of free LUS in plasma. Qupe, denotes the
physiological flux rate for proximal tubules. Vj,,e,s; is the
volume of the S1 segment. Qy,q4. denotes the physiological
flux rate for distal tubules. Vi, is the volume of the S2
segment. The unit of Cy, is in uM.

In the development of sub-part 2 of the UGE model, the
expression amount of SGLT1 and SGLT?2 in the kidney was
calculated to be 0.049 and 0.19 uM, respectively, by relative
abundance (6.8 vs 18.4 pmol/mg microsomal protein)'® x
microsomal protein (26.2 mg/g kidney)”® X kidney weight
(about 273 g for a 62 kg person)™” from the literature. In
addition, the on-rate (k,,) and off-rate (k,;) of LUS toward
SGLT1 have not been experimentally determined yet. The k.g
of LUS from SGLT1 was hence set to the same value as that
from SGLT?2. The k,, of LUS on SGLT1 was set to 0.048 yuM
B referring to the in vitro ICs, ratio of SGLT1/SGLT2.
The bindings of LUS to SGLT1/2 conform to the slow-
binding mechanism, and these bindings are characterized by
the combination of increased SGLT2 activity inhibition over
time and no immediate recovery of SGLT?2 activity when the
inhibitor concentration approaches zero.’® The residence time
of LUS on SGLT?2 is 9.1 h (residence time = 1/k.g). In other
words, LUS still engages SGLT?2 for about 9.1 h after LUS is
fully cleared in the human plasma. Hence, LUS can also be
known as a time-dependent inhibitor of SGLT2. The

inhibition processes of LUS to SGLT1 and SGLT2 can be
better described by binding kinetics. The equations are as
follows:

dLS,
? = kon,i X Clus,Si X Sfree,i - koff,i X Lsi (3)
deree,i
7 = _kon,i X Clus,Si X Sfree,i + koff,i X Lsi (4)
Stotal,i = Sfree,i + Lst (5)
LS,
TOsgrri = —
total,i (6)

LS represents the concentration of the formed LUS—SGLT1/2
complex. Sg.. is the concentration of free SGLT1/2. S, is the
sum of LS and S, (0.049 vs 0.19 uM for SGLT1 vs SGLT2).
TOggrr, represents the fractional level of SGLT1/2
occupancy; i = 1 and 2 corresponds to SGLT1 and SGLT2,
respectively.

In the development of sub-part 3 of the UGE model, the rate
of glucose filtration from the plasma to renal tubules (RG
is given:

RG

plasma)

=C

glu—plasma

X GFR (7)

plasma

The rate of glucose flux entering the bladder through renal
tubules follows a first-order process, and glucose concentration
in the S1 segment (Cglu,Sl) is calculated as follows:"’

Cglu,Sl

‘/lumen, S1 (8)

dC
glu,S1 _
dt - RGplasma

- RRGSI - Q—lumen X

C is the glucose concentration in the plasma. The mean

glu-plsma Defore and after meals was set at 6.3 mM in healthy
subjects and at 13.4 mM (0.5 mg), 11.8 mM (1 mg), 13.4 mM
(2.5 mg), and 12.5 mM (5.0 mg) in T2DM patients according
to clinical human data.””** RRGg, denotes the rate of renal
glucose reabsorption in the S1 segment. To enable this
simulation, the Cgy plam, data were taken from clinical data on
healthy humans™ and patients with T2DM>* and then loaded
into our model. The glucose concentration in the S2 segment
(Cglu,SZ) is calculated as follows: '’

glu-plasma

dC C
glu,S2 glu,S1
dt - Qlumen X v - RRGSZ
lumen,S1
Cglu,SZ
= Qpadder
lumen,S2 (9)

RRGg;, denotes the rate of renal glucose reabsorption in the S2
segment. The initial rate of renal glucose reabsorption (RRG)
is given using the following Michaelis—Menten equation in the
absence of the inhibitor (at baseline):

Vmax i>< C u, Vm i>< C u,
1, glu,S1 (Sl) ax2, glu,S2 (SZ)

I<m,1 + Cglu,Sl I<m,2 + Cglu,SZ

RRG, =

(10)

The following equations are used to calculate the rate of

renal glucose reabsorption (RRG;) in the presence of the
inhibitor:

https://doi.org/10.1021/acsomega.2c06483
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Figure 2. Workflow of LUS PBPK-UGE model development and validation. The model was built based on the parameters in Table 1, and some of
parameters were optimized by comparing the predicted and observed PK data. Except for three parameters (plasma glucose concentration, GFR,
and V), the model parameters in healthy individuals were the same as in T2DM patients. The models for healthy and T2DM subjects were both
validated using the observed PK profiles (PBPK model validation) and UGE profiles (PBPK-UGE model validation) from the literature.”**

AUC represents the area under the PK curve at different

(l - TO ) X Vmax i X C lu—lumen,
_ SGLTI 1, g ,S1 (s1)

RRG; K +C doses. ECy, is the AUC at 50% of UGE. V. o is the sum
m1 glu—lumen, S1 (Vipaxt + Vipare) of the maximum rate of UGE. y is the Hill

(1 = TOggrr2) X Vipaai X Colu—lumen,s2 coefficient. Vi, . is estimated using PK and UGE data of

K +C (82) healthy humans without LUS and patients with T2DM after

m2 glu—lumen, 2 LUS administration,” respectively. In general, SGLT1 and

(11) SGLT?2 are thought to be responsible for 10—20 and 80—90%

reabsorption of renal glucose, respectively.”” It was hence
assumed that the V .,/ V,..» ratio was set at 5.7 (ratio mean
reabsorption by SGLT2 and SGLT1, respectively. K, and 85% for SGLT2 over mean 15% for SGLT1) in this study.
K, denote glucose affinity constants for SGLT2 and SGLT], UGE is estimated using the following equation;lg

Viaa and V., represent the maximal rates of glucose

respectively. Cg, s and Cy ¢, stand for glucose concentrations

glu, C
in S1 and S2 segments of renal tubules, respectively. V., is dUGE = ) _—glubladder
fitted using the sigmoid maximal effect model as follows:** dt Voladder (13)
% AUCY Qurine 18 the flow rate of urine formation. V},4q., is the bladder
UGE amount of 24 h = % volume. When UGE—rate profiles were simulated, multiple
ECs" + AUC (12) glucose levels at different time points needed to be entered
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into this model in turn. The §lucose concentration in the urine
(Cglu—bladder) is eStimated byl

Cglu—bladder _ Cglu—lumen,SZ
- adder - urine
i bladder < T Q
lumen, S2
% Cglu—bladder
‘/bladder (14)

2.2. PBPK-UGE Model Verification. The relevant PK and
UGE profiles of healthy subjects and T2DM patients from the
clinical studies’”** were used to validate the performance of
the PBPK-UGE model. To verify this model, the figures of
plasma concentration—time and UGE—time curves of LUS
were first digitized with Digit software. Then, using this model,
the PK and UGE profiles were quantitatively predicted in
healthy humans and patients with T2DM after single ascending
dose (SAD) for 1 day and after multiple ascending doses
(MAD) for consecutive 7 days, respectively. Finally, the PK
and UGE profiles simulated by the present model were
compared with those observed in clinical studies.””** The
prediction performance of the model was evaluated by fold
error of PK and UGE. The common acceptable value is within
twofold of the parameters.’’ The workflow of LUS PBPK-UGE
model development and validation is represented in Figure 2.

2.3. Simulations. 2.3.1. Virtual Demographic Character-
istics. Based on the demographic characteristics from these two
clinical studies,”>** the PBPK-UGE model of LUS was built in
eight virtual males, with a mean age of 26, mean weight of 61.5
kg, and BMI of 21.2 kg/m2 for the healthy humans, and in
eight virtual males, with a mean age of 58.8, mean weight of
66.8 kg, and BMI of 23.43 kg/m?” for the patients with T2DM.

2.3.2. Occupancy Simulations toward SGLT1 and SGLT2.
The SGLT1/2 occupancies by LUS were simulated by the
PBPK-UGE model after oral administration of a single dose in
healthy subjects and T2DM patients at 2.5 and 5 mg doses
(clinical therapeutic dose), respectively. The glycemic
concentration in healthy subjects and T2DM patients were
set at 100 and 250 mg/dL, respectively.

2.3.3. Relative Contributions of SGLT1/2 to RGR. The
RGRs by renal SGLT1 and SGLT2 were simulated in healthy
individuals without LUS and after LUS treatment (2.5 and 5.0
mg). The mean glycemic concentration was set in the range of
100—300 mg/dL.

2.3.4. Influence of Reduced Activity of SGLT1/2 on Daily
UGE. Owing to the genetic polymorphism of the population
and different stages of T2DM, activity or expression of
SGLT1/2 can be differentiated between different humans.
Therefore, the simulations were carried out to examine the
influence of reduced activity of SGLT1/2 on daily UGE in
healthy individuals and T2DM patients without LUS and with
LUS of 2.5 and 5 mg, respectively. The glycemic concen-
trations in healthy subjects and T2DM patients were set at 100
and 250 mg/dL, respectively. The V. values used in the
simulation for SGLT1 and SGLT2 were stepwise set at 20, 40,
60, 80, and 100% of their respective V...

3. RESULTS
3.1. Validation of PBPK-UGE Model Performance. As

shown in Figure 3B, the predicted mean urinary excretion for
72 h was close to the observed value (5.4% vs 4.5%"). Overall,
the PK simulations (Figure 3A,B) displayed that a satisfactory
agreement between the predicted and clinically observed PK
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Figure 3. Simulations of pharmacokinetics and UGE of LUS in
healthy subjects. Predicted and observed human plasma concen-
tration—time curves of LUS after administration of SAD (A).
Predicted and observed urinary excretion of LUS at a 2.5 mg dose
(B). Cumulative UGE—time profiles (C) and UGE rate—time profiles
(D) of LUS in healthy subjects after oral administration ranging from
1 mg to 25 mg The squares (O) refer to observed oral
pharmacokinetic data of LUS. The diamond (O) refers to cumulative
urinary excretion of LUS in 72 h. The up triangles (A) refer to
observed cumulative UGE (C) and UGE rate (D).

was achieved.”’Figure 3C,D indicates a dose-dependent
increase induced by LUS in cumulative UGE, which increased
quickly at first and then slowed down, with a predicted 2.2-fold
(observed 2.7-fold) from 1 to S mg dose, compared with a
predicted 1.5-fold (observed 1.4-fold) from S to 25 mg dose
for 24 h. On the whole, predicted UGE agreed well with the
clinically determined data.”’

Next, the PK and UGE of LUS were simulated following
administration of MAD to further verify the predictive power
of this model. A shown in Figure 4, the PBPK-UGE model can
reproduce the observed PK profiles and cumulative UGE. The
comparisons between predicted and observed data of LUS are
given in Supplementary Tables S1—S3, where every fold error
is within 2.0-fold.

On the whole, the present PBPK-UGE model can accurately
predict PK profiles and fully describe cumulative and rate—
time UGE data in healthy humans (where plasma glucose
escalated from 89.1 to 167.0 mg/dLB) and patients (where
plasma glucose escalated from 150.0 to 300.0 mg/dL**) with
T2DM after LUS treatment.

3.2. Sensitivity Analysis of the Model. A sensitivity
analysis was performed for cumulative daily UGE in T2DM
patients at a 5 mg single dose of LUS with a mean plasma
glucose range of 100—300 mg/dL. The simulations suggested
that V..., had a strong influence on daily UGE. The sensitivity
of cumulative UGE to V,,,,; (at 4.1, 3.1, 2.1, and 1.0 mmol/h)
is illustrated in Figure S1A. As expected, daily UGE gradually
increased with the reduction of V. Also, this increase largely
depends on the plasma glucose concentration. A 50% decrease
in Ve (at 2.1 mmol/h) can result in urinary glucose ranging
from 35% (300 mg/dL) to 97% (100 mg/dL). In addition, the
sensitivity of daily UGE to K, k., and k. is depicted in
Figure S1B,C,D. The simulations suggested that K, and k,,
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Figure 4. Human plasma concentration and UGE profiles of LUS following administration of MAD. Predicted and observed human plasma
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Figure 5. Calculated human SGLT2 occupancy time profiles by LUS (A) in healthy subjects and (B) in T2DM patients. The relative contributions
to RGR by SGLT1/2 (C) in healthy subjects and in T2DM patients (D) without LUS and (E, F) with LUS.

had a mild and moderate influence on daily UGE, respectively,
and UGE was insensitive to k.

3.3. Applications of the PBPK-UGE Model. 3.3.7. SGLT1
and SGLT2 Occupancy by LUS. As shown in Figure SA,B, in
healthy individuals, the maximal occupancy (TO,,,) for

SGLT2 was 98.3% at 2.5 mg and 99.2% at S mg, while the
duration of >90% SGLT2 occupancy (Dggsg0y) Was 16.3 and
20.7 h under the corresponding doses. In T2DM subjects,
TOp for SGLT2 was 99.3 and 99.6%, and Dryg.ggy for
SGLT2 was 19.9 and 24.1 h under the same doses. This

https://doi.org/10.1021/acsomega.2c06483
ACS Omega 2022, 7, 48427—-48437


https://pubs.acs.org/doi/10.1021/acsomega.2c06483?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06483?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06483?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06483?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06483?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06483?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06483?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06483?fig=fig5&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c06483?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

disparity mainly resulted from the smaller renal clearance in
T2DM patients with a GFR of 5.5 L/h, compared to healthy
subjects with a GFR of 6.9 L/h. Besides, the TO,,, for SGLT1
was only 19.5 and 9.9% in healthy subjects and T2DM
patients’ simulations at 5 mg dose, respectively.

3.3.2. Relative Contributions to RGR between SGLT1 and
SGLT2. As shown in Figure SC,D, within a mean glycemic
concentration of 100—300 mg/dL and in the absence of LUS,
SGLT2 contributed approximately 85% of the total glucose
reabsorption, while SGLT1 contributes about 15%. By
contrast, in the presence of LUS, the contribution of SGLT2
declined and the contribution of SGLT1 to glucose
reabsorption significantly increased (Figure SE,F). With the
LUS inhibition of 2.5 and 5 mg, SGLT1 contributed as much
as approximately 52—76% of the total glucose reabsorption in
healthy individuals (Figure SE). Also, SGLT1 became the
primary pathways of glucose reabsorption after LUS inhibition,
contributing up to 70 and 83% of the total glucose
reabsorption in T2DM patients.

3.3.3. Influence of Reduced Activity of SGLT1/2 on Daily
UGE. In LUS treatment, SGLTI1 activity had a massive
influence on the UGE (Figure 6A). A 50% activity of SGLT1
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Figure 6. . Simulations of the influence of SGLT1/2 activity on the
UGE in healthy subjects (A, B) and in T2DM patients (C, D).

caused a daily UGE of 70.6 (at 2.5 mg) and 87.1 g (at S mg).
On the contrary, in the absence of LUS, as expected, SGLT2
activity had a significant effect on the UGE (Figure 6B). At a
plasma glucose level of 118 mg/dL, 50% SGLT?2 activity could
result in a daily UGE of 18 g, while no SGLT?2 activity could
result in a daily UGE of 46 g. Similar results were also observed
in the T2DM patients (Figure 6C,D).

4. DISCUSSION

The previous studies had proposed the hypotheses that the
compensatory effect of SGLT1 played a key role in this
seemingly discrepant observation between potent SGLT2
inhibition and moderate inhibition of RGR.***® Also, the
effect of SGLT1 compensation has been demonstrated in
animals.”* However, to date, the role of SGLT1 and SGLT2 in
RGR in humans with or without inhibitors toward SGLT1/2
has not been experimentally confirmed yet, except for two
simulation analyses.“"19 Here, we used a new PBPK-UGE

mathematical model of LUS to analyze the SGLT1
compensation effect as well as examine the influence of
residual SGLT2 activity on RGR.

4.1. Characterization of SGLT1/2 RGR in the Absence
of LUS. In this study, the ratios of V,, and V,,,,, in healthy
and T2DM subjects were both set at 4.7, which is quite close
to the reported determined value in the rat (ratio of 5.4).
Under near normoglycemic conditions (approximately 80—120
mg/dL) and without the treatment of LUS, SGLT1 and
SGLT?2 can exert about 69 and 96% of their respective V. at
peak glucose concentration in lumen S1 and S2 according to
the Michaelis—Menten equation (eq 10). Nevertheless, owing
to the sharp reduction in two luminal glucose levels to
approach 0 at 3 h (Figure S2A), SGLT1 and SGLT2 can
actually perform only a minor proportion of their V.. With an
increase in the plasma glucose level ranging from 100 to 300
mg/dL, at peak glucose concentration in lumen S1, the velocity
of SGLT?2 steadily increases to 90% of its maximal reaction
velocity. Besides, SGLT1 and SGLT2 contribute to about 85
and 15% of the total RGR, respectively (Figure SC,D).

4.2. Characterization of SGLT1/2 RGR in the Presence
of LUS. From our simulation results, the maximal inhibition of
SGLT2 could achieve nearly complete occupancy, and
DTO, g0 for SGLT2 could last over 16 and 20 h (healthy
and D2TM) at the clinical dosing regimen (2.5 and 5 mg once
daily), respectively. Under multiple plasma glucose levels and
with the treatment of LUS, the RGR activities of SGLT2 in
healthy or T2DM subjects are all strongly inhibited, and
residual SGLT?2 activity is less than 10% for most of the time
even after taking medicine at 5.0 mg. Consequently, the
contribution of SGLT2 to RGR drops from about 85% without
LUS treatment to 17—45% with LUS treatment.

When LUS is orally administered, the glucose concentration
in the lumen of the renal tubules rises significantly and then
declines steadily compared to that without LUS (Figure S2).
Due to the prolonged high luminal glucose level (Figure S2E),
the rate of RGR by SGLT1 is maintained at more than 90% for
near 20 h. Moreover, the contribution of SGLT1 to RGR has
been increasing and has reached approximately 83% with the
increase in plasma glucose concentration. As a result, SGLT1
contributes to approximately 55—83% of total RGR when the
majority of SGLT?2 is occupied, which is about 3.7—5.5 times
higher compared to about 15% of the contribution to RGR
without LUS.

4.3. Theoretical Maximal Inhibition of RGR. The
theoretical maximal inhibition of RGR by SGLT1/2 is
illustrated in Figure S3. It was observed in this study that
RGR is theoretically reduced to $2—67% (inhibition rate: 33—
48%) when the activity of SGLT2 is completely suppressed
(set Vi for SGLT2 as 0) (Figure S3A). Under a daily mean
plasma glucose concentration of 150 mg/dL, total RGR is
reduced to 63% with complete inhibition of SGLT2 (Figure
S3A). On the other hand, when the SGLT1 completely loses
its function (set V,,,, for SGLT1 as 0), it is observed that total
RGR is theoretically reduced to about 18—34% (inhibition
rate: 66—82%) at S mg of LUS (Figure S3A) and 85% without
LUS (almost not affected by the increase in the plasma glucose
level) in diabetic patients (Figure SD), respectively. With a
plasma glucose concentration of 150 mg/dL, total RGR is
reduced to 28% with a complete loss in SGLT1 activity with 5
mg of LUS. The about 33% disparity (67% vs 34%) further
supports the greater contribution of SGLT1 to total RGR with
the treatment of LUS. In addition, the theoretical inhibition
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range of RGR is 33—48% (V,,;x = 0 for SGLT2), wider than
the inhibition range of RGR (23—40%) (Figure S3B), induced
by SGLT2 inhibition with 5 mg of LUS. The approximately
10% disparity (33% vs 23%) corresponds to the contribution
of unbound SGLT2 with LUS to total RGR.

Our simulation results are in good agreement with the
findings in the mouse experiment, in which RGR in mice with
knock-out of SGLT2 protein is reduced by about 50% of that
in wild-type mice (33—48% reduction vs 50% reduction).”
However, the predicted compensatory effect for SGLT1 by this
simulation is not entirely consistent with the published
experiment results (15% reduction in the simulation vs 3%
reduction in mice).’® As a whole, SGLT1 inhibition
theoretically has only a slight effect on RGR (about 15%
inhibition) without LUS and a strong effect with S mg of LUS
(about 33—48% RGR reduction), while SGLT?2 inhibition has
a theoretically moderate effect on RGR (about 66—82% RGR
reduction) with S mg of LUS.

4.4, Underlying Mechanism between High SGLT2
Occupancy and Moderate RGR Inhibition. At a maximal
clinical dose of 5 mg, LUS strongly inhibits SGLT2 with near
100% occupancy and Drgsgo as long as 24.1 h in T2DM
patients. However, only moderate inhibition of RGR (23—40%
inhibition) in the clinic was achieved. According to the current
simulations as part of this study, it is possibly a combined
result of the activity of unbound SGLT2 (not occupied) and
SGLT1 compensatory effect. At clinical 5 mg LUS once daily,
despite the very strong inhibition against SGLT?2, it is not also
likely to maintain 100% occupancy throughout the day.
Therefore, more than 5% of SGLT2 is not occupied for nearly
6 h within an administration interval of 24 h. Consequently, a
small amount of unbound SGLT?2 retains the over 5% of the
total reabsorption velocity. This residual activity induced by
free SGLT2 roughly corresponds to 24% of the maximal
reabsorption velocity induced by SGLT1 with a plasma glucose
concentration of 150 mg/dL (5% X 119/25.2).

Meanwhile, when SGLT?2 is almost completely occupied by
LUS, lumen glucose concentration along the proximal tubules
will remain high for a certain period of time, which can result
in a sustained high reabsorption velocity for SGLT1. As a
result, the increased reabsorption velocity of SGLT1
compensates for RGR reduction caused by SGLT?2 inhibition.
It has been demonstrated by the simulation results above in
this study. With the increase in plasma glucose, the SGLT1
compensation effect also rises gradually; however, the
contribution of residual activity of unbound SGLT2 on the
inhibition of RGR is almost unchanged. Their ratios to SGLT1
and SGLT2 gradually change from 1:3 to 2.5. Although the
contribution of unbound SGLT?2 to the inhibition of RGR is
relatively small under hyperglycemic conditions, the contribu-
tion of unbound SGLT2 should be taken into account as well
under a mean plasma glucose of 100—300 mg/dL.

4.5. Inhibition of the SGLT1/2 Dual Inhibitor. Because
the contribution of SGLT1 to RGR has significantly improved
under the condition of SGLT2 occupancy, the SGLT1/2 dual
inhibitor is theoretically beneficial to maximize UGE.
However, sotagliflozin, a SGLT1/2 dual inhibitor with ICs,
values of 1.8 nM for SGLT2 and 36 nM for SGLT1,”” only
induces small UGE with nearly 70 g/d at a clinical dose of 200
mg.”® This probably is because of a lowered plasma glucose
(only 180 mg/dL) induced by smaller glucose intake resulting
from the inhibition of intestinal SGLT1 (both expressed in the
small intestine and S2 segment of renal tubules). Another
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possible reason is that it is difficult for renal luminal inhibitor
concentration to reach a sufficient level to suppress SGLT1
against the high renal luminal glucose competition. For
example, with S mg of LUS and a plasma glucose
concentration of 150 mg/dL, the glucose peak concentration
in the S2 segment is about 60 nM, which is almost 33-fold of
K., for SGLT1. In order to outperform the competition against
renal luminal glucose, luminal inhibitor concentration in the S2
segment must be at least 10-fold higher than the ICj,.
However, because the peak level of LUS in the S2 segment is
only 1.4 mM, it is less likely to be sufficient to inhibit SGLT1.

4.6. UGE Model Studies and Limitations. Several
mathematical models for UGE have been published, including
the UGE model in rat/ mice,sg’40 UGE combined PK/PD
model,"”"® and system pharmacology model in humans."*"**°
Although this PBPK-UGE model has some advantages, we
have also recognized that there are still some limitations to the
present model. The biggest limitation is that it cannot simulate
the dynamic change in the plasma glucose level induced by the
combined result of glucose intake from food and regulation of
glucose metabolism by insulin and UGE with LUS treatment.
Therefore, during simulation, clinical observed mean plasma
glucose concentration requires to be manually entered into this
model. If the daily glycaemic-time profile could be predicted, it
would further enhance the performance of this model. Another
primary limitation is that the change in GFR in the
establishment of the PBPK model for LUS in T2DM patients
is only different from that in healthy subjects. The alterations
of a more physiological factor in diabetes have not been taken
into account in the present model yet. The third main
limitation is that this model is currently only focused on the
mean plasma glucose range of 100—300 mg/dL. Because of the
lack of clinical UGE data for hyperglycemia, the prediction
performance of this model has not been estimated yet above a
mean plasma glucose level of 300 mg/dL.

5. CONCLUSIONS

In summary, the verified PBPK-UGE model has successfully
predicted PK and UGE of LUS in healthy individuals and
T2DM patients. The underlying mechanism has been
explained using this model: a moderate inhibition of RGR
with LUS (an SGLT2 strong inhibitor) is a result of the
combined effect of two key factors, activity of unbound SGLT2
and the more important SGLT1 compensatory effect.
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