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Sodium-glucose co-transporter type 2 (SGLT 2, gliflozins) inhibitors are potent
orally active drugs approved for managing type 2 diabetes. SGLT 2 inhibitors exert
a glucose-lowering effect by suppressing sodium-glucose co-transporters 1 and
2 in the intestinal and kidney proximal tubules. In this study, we developed a
physiologically based pharmacokinetic (PBPK) model and simulated the
concentrations of ertugliflozin, empagliflozin, henagliflozin, and sotagliflozin in
target tissues. We used the perfusion-limited model to illustrate the disposition of
SGLT 2 inhibitors in vivo. The modeling parameters were obtained from the
references. Simulated steady-state plasma concentration-time curves of the
ertugliflozin, empagliflozin, henagliflozin, and sotagliflozin are similar to the
clinically observed curves. The 90% prediction interval of simulated excretion
of drugs in urine captured the observed data well. Furthermore, all corresponding
model-predicted pharmacokinetic parameters fell within a 2-fold prediction error.
At the approved doses, we estimated the effective concentrations in intestinal and
kidney proximal tubules and calculated the inhibition ratio of SGLT transporters to
differentiate the relative inhibition capacities of SGLT1 and 2 in each gliflozin.
According to simulation results, four SGLT 2 inhibitors can nearly completely
inhibit SGLT 2 transporter at the approved dosages. Sotagliflozin exhibited the
highest inhibition activity on SGLT1, followed by ertugliflozin, empagliflozin, and
henagliflozin, which showed a lower SGLT 1 inhibitory effect. The PBPK model
successfully simulates the specific target tissue concentration that cannot be
measured directly and quantifies the relative contribution toward SGLT 1 and 2 for
each gliflozin.
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1 Introduction

Type 2 diabetes mellitus (T2DM) is a metabolic disorder
characterized by hyperglycemia. Relative insulin deficiency,
insulin resistance, and impaired insulin secretion are the core
factors T2DM 2012).

can microvascular

in (DeFronzo et al, Sustained
lead
macrovascular changes, resulting in various complications (Meng
et al., 2008). Approximately 20%-40% of patients with diabetes
experience severe cardiovascular and renal complications, and one
of the goals of treating T2DM is to delay the onset of such
complications (Tonneijck et al, 2017). Sodium-glucose co-
transporter 2 (SGLT 2, gliflozins) inhibitors were developed as
oral glucose-lowering drugs that inhibit the sodium-glucose co-

transporter 2 in the renal proximal tubules. The mechanism of

hyperglycemia to  systemic and

action of SGLT 2 inhibitors is independent of endogenous glucose
production (Demin et al.,, 2014) and insulin regulatory pathways
(Scheen, 2015). Extensive cardiovascular and renal outcome studies
have demonstrated that SGLT2 inhibitors are effective in reducing
the risk of composite major adverse cardiovascular events (MACE)
or attenuating the progression of chronic kidney disease (CKD) in
type 2 diabetes, which is better than other glucose-lowing
medications. Also, SGLT2 inhibitors were superior to glucagon-
like peptide-1 (GLP-1) receptor agonists in reducing hospitalization
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for heart failure (HHF) and a composite kidney outcome (Davies
et al., 2022). Therefore, the 2019 American Diabetes Association
(ADA) guidelines strongly recommend that SGLT2 inhibitors
should be added to their prescriptions for T2DM patients with
CKD or heart failure (Buse et al., 2020).

SGLT 2 is a low-affinity, high-volume transporter protein in
the epithelial cells within the proximal tubule (especially in the
S§1,2 segment - Figure 1) and promotes 80%-90% of renal glucose
reabsorption from the glomerular filtrate (Chen et al., 2015). SGLT
1 is a high-affinity, low-capacity transporter of the proximal
straight tubule (especially in the S3 segment - Figure 1)
responsible for reabsorbing the remaining filtered glucose. In
addition, SGLT 1 is an essential glucose transporter responsible
for dietary glucose absorption in the apical membrane of the small
intestine epithelium. Mori et al. Therefore, the role of SGLT1 in
both kidney and intestinal glucose reabsorption makes this
transporter a potential therapeutic target for diabetes. Some
studies confirmed the feasibility of developing therapeutic
agents that only inhibit SGLT1 (Song et al., 2016). Therefore,
the different inhibitory effects on SGLT1 may cause differences in
efficacy and safety among SGLT2 inhibitors. A better
understanding of SGLT inhibition activities may provide
opportunities for modulation development to minimize the
of Also,

adverse reactions.

occurrence

quantitatively

Perfusion-limited Kidney Model(Mech KiM) |
Renal blood

Cell (renal mass)

Urinal tubule

Kidneys [QKidneys:

ACAT:

Drug
concentrations in
proximal tubule in

Kindey

Caculated the
inhibition ratio

Drug concentration
in lumen in small
intestine

Schematic representation of workflow of this study and a basic framework of the developed SGLT 2 inhibitors PBPK model. This schematic diagram
shows the mechanistic perfusion-limited models contained in this study (Emami Riedmaier et al., 2016). The perfusion-limited models were added in this
extended SGLT 2 inhibitor model used in this study to describe glucose filtration, reabsorption, and excretion. SGLT 2 is expressed in the S1 and

S2 segments of the proximal tubule. SGLT 1 is expressed in the S3 segment of the proximal tubule. Phys-chem, physicochemical; Q, Plasma flows

rate to tissue; QH, Blood flows in the hepatic vein; QHa, Blood flows in the hepatic artery; ACAT, Advanced compartmental absorption and transit; PT,
Proximal tubule; HL, Henle's loop; DT, Distal tubule; Me-du-CD, Medullary collecting duct.
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Chemical structures of ertugliflozin, empagliflozin, henagliflozin, and sotagliflozin.

differentiating the capacity of SGLT inhibition is helpful in
increasing the benefit to risk ratio of this treatment medication.

The chemical structures of all four SGLT 2 inhibitors are shown
in Figure 2. Empagliflozin and ertugliflozin have received regulatory
approval in the US and EU for the treatment of T2DM in adult
patients. Compared to canagliflozin, empagliflozin and ertugliflozin
have the highest affinity for SGLT 2 versus SGLT 1 (>2000-fold)
(Garcia-Ropero et al., 2018). The approved dose of ertugliflozin is
5mg once daily, with a maximum of 1mg per day. The
recommended dose of empagliflozin is 10 mg once daily, which
can be titrated up to 25 mg per day. Henagliflozin is a novel SGLT
2 inhibitor, which has a similar structure to ertugliflozin (Wang
et al., 2016), and both 5 mg and 10 mg are the doses authorized for
clinical use in china. Henagliflozin has an 1818-fold higher SGLT
2 selectivity as compared to SGLT transporters (Yan et al., 2014).
Sotagliflozin was approved for treating both TIDM and T2DM in
the EU, and 200 mg or 400 mg are the doses authorized for clinical
use (He et al., 2022). It is the first dual SGLT 1/SGLT 2 inhibitor to
receive regulatory approval in the EU. Sotagliflozin has a slightly
higher affinity towards SGLT 2 transporters than SGLT 1 (only 20-
fold), and it is more potent than other gliflozins in inhibiting SGLT 1
(Garcia-Ropero et al., 2018).

Because the intestinal and renal drug concentrations affect the
of SGLT 2

particularly

hypoglycemic effects inhibitors, target tissue

concentrations  are essential  to  address
pharmacological questions. By integrating system-property and
drug-property parameters, a bottom-up PBPK models allow
mechanistic extrapolation from in vitro and in silico studies and
increase the understanding of drug pharmacokinetic and disposition

characteristics (Sager et al., 2015). PBPK modeling is now widely
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used as it is significant for predicting concentration-time profiles of
specific tissues that are difficult to obtain from the clinical trial
(Moss and Siccardi, 2014). It could better describe the relationship
between drug efficacy and target tissue exposure (Kong et al., 2020).
This study aimed to develop a PBPK model that quantifies the
distribution kinetics of SGLT 2 inhibitors in the intestine and kidney
proximal tubules. Finally, we combined with the given equation to
compare the relative inhibitory capacity of SGLT 1 and
2 transporters in ertugliflozin, empagliflozin, henagliflozin, and
sotagliflozin under physiological conditions. Our study provides a
mechanistic understanding of the pharmacokinetic characteristics of
SGLT 2 inhibitors. Also, the results of our study not only contribute
to understanding the pharmacological mechanism and support the
feasibility of future development in the SGLT 2 inhibitor class and
the growing field of personalized medicine.

2 Materials and methods
2.1 Data used for model establishment

Data were collected from clinical trials and in vitro studies to
estimate SGLT 2 inhibitor concentrations in intestinal segments and
the proximal tubules of the kidney. A summary of data applied for
the model establishment is shown in Table 1.

2.1.1 Clinical pharmacokinetic data

We collected the available clinical data from phase I trials
treated with gliflozin. With the help of resources (PubMed,
ClinicalTricals.gov, DrugBank), we obtained important clinical
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TABLE 1 Parameters required for PBPK model establishment.

Parameter type Sotagliflozin

Ertugliflozin

Empagliflozin Henagliflozin

’ ’ ’

Molecular weight 436.8 450.9 454.1 4249
(g-mol-1)
logP 2.5 2.31° 2.72% 4.09°
Solubility (mg-1-1) 0.163* 0.13* 0.182 0.0136"
Peff (x10-4 cm-s-1) 4.1° 1.08° 6.7° 1.72*
Fup (%) 6.4 13.8 5 2.7
Rbp 0.66 0.66 0.55" 0.6
Total clearance (L-h- 0.14 0.15 0.11 0.35
1kg-1)
Total hepatic 0.13 0.09 0.09° 0.33
clearance (L-h-1 kg-1)
Renal clearance (L-h- GFRxFup GFRxFup GFRxFup GFRxFup
1kg-1)
kisgrr (nM) 1888.66 797.61 4184.52 7.02
Kisrra (nM) 0.88 0.64 2.38 141

“ADMET, PredictorTM;

Optimized. Rbp, blood-to-plasma concentration ratio; logP, octanol/water partition coefficient; Peff, effective permeability; f,,, fraction unbound in plasma; GFR, glomerular filtration rate; K;,
Inhibitory constant; K,,, MichaelisMenten constant; V., maximum rate of metabolism formation.

data from four clinical studies, which contained the clinical data
of gliflozins in a variety of doses, such as empagliflozin
(1-100 mg) (Sarashina et al., 2013), ertugliflozin (1-25 mg) (Li
et al.,, 2020; Li et al.,, 2021) henagliflozin (2.5-200 mg) (Zhang
etal., 2021), and sotagliflozin (200-400 mg) (He et al., 2022). The
databases were used for PBPK model construction and prediction
accuracy qualification, respectively. At the same time, the mean
plasma glucose, mean creatinine clearance rate, urine excretion
of unchanged drugs, and treatment regimen and dosages were
collected.

2.1.2 Physicochemixal properties

The physicochemical properties parameters of gliflozins for the
development of PBPK models are obtained from the references
(Sokolov et al., 2020; Callegari et al., 2021; Zhang et al., 2021), for
sotagliflozin (Cefalo et al., 2019), published and internal Sanofi data
were used. Other parameters were predicted and optimized by the
module of ADMET Predicted and Optimization of GastroPlus™.
The observed mean plasma concentrations of gliflozins over time
were obtained from references and digitized with GetData Graph
Digitizer V2.26.

2.2 Software

The PBPK model was developed utilizing GastroPlus™ (version
9.8.5, Simulations Plus, Inc., Lancaster, CA, United States). The
plasma concentration-time curves were digitized from the published
clinical studies using GetData Graph Digitizer (Version 2.25.0.3 2, S.
Fedorov) software. Visualizations of model simulations were
performed with the Origin package version 2022.

Frontiers in Pharmacology

2.3 PBPK model development

This model was described using 14 tissue compartments
connected by arterial and venous blood flows (Figure 1). The
advanced compartmental absorption and transit (ACAT) model
(Yu and Amidon, 1999), and perfusion-limited mechanistic kidney
model are included to explain the absorption, distribution,
metabolism, and excretion (ADME) characteristics after oral
administration. The ACAT model defined the gastrointestinal
was consistent with nine compartments. In the ACAT model, the
duodenum, jejunum, and renal tissue compartments are the targeted
tissues where gliflozin expresses its inhibitory effects on SGLT
transports.

The extended model depicts the physiological structure of the
kidney in this study (Figure 1). Almost all of the glucose is filtered by
the kidney and enters the proximal tubule, and filtered glucose can
distribute along the proximal tubules. Then all excess filtered glucose
will accumulate in the bladder and excrete in urine. SGLT
transporters are predominantly expressed in proximal tubules,
where it mediates glucose reabsorption (Bailey, 2011). In our
renal model, we divided the proximal tubules into three
compartments. In the S1 and S2 segments of the proximal
tubules, most of the filtered glucose is reabsorption by SGLT
2 transporter. SGLT1 is expressed in the S3 segment of the
proximal tubule, where SGLT 1 transports the remaining glucose
into cells (Yakovleva et al., 2019).

Some physicochemical properties and biopharmaceutical
parameters, such as octanol/water partition coefficient (log P)
and solubility, were obtained from the ADMET predictor model
or Drugbank database. To characterize the absorption process of
gliflozins in the ACAT model, we choose the opt IgD SA/V version
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6.1 to predict the absorption scale factors (ASF) model in each
gastrointestinal compartment. Furthermore, we defined the tissue
plasma partition coefficients (Kp values) of gliflozins by visually
fitting the distribution phase and found that the Lukacoval method
(Rodgers-single) could better calculate the Kp values. Compared to
other methods, the Kp values predicted by the Lukacova method
calculated the steady-state volume (Vss) values were closer to the
observed data. The lukacoval method was used to explain the
distribution state between drug-binding components based on
physicochemical, fraction unbound, and LogP (Rodgers et al,
2005; Rodgers and Rowland, 2006), plasma protein binding, and
blood-to-plasma ratio. The above parameters are presented in
Table 1. The liver and kidney were assumed to be the only
elimination tissues, and the plasma clearance of healthy subjects
was calculated using the PK plus model. The mass of unchanged
drug in the urine was relatively low (Chen et al., 2015; Li et al., 2021;
Zhang et al., 2021), indicating that the renal mostly depended on
filtration clearance. The renal clearance was predicted by the
glomerular filtration rate (GFR) x fraction of drug unbound in
plasma (fup), and the predicted renal clearance (CLgr) was nearly
consistent with the published data.

2.4 PBPK model simulation

Based on the pharmacokinetic parameters of various dosages
following single-dose administration in healthy volunteers, the
PBPK model was developed, optimized, and validated.

2.4.1 Ertugliflozin

The ertugliflozin PBPK model was used to develop and validate
using oral plasma concentration-time data in healthy subjects from
various ethnic subgroups (Dawra et al., 2019; Li et al.,, 2021). We
developed an original PBPK model by combining in vitro and
clinical data after a single dose of 1 mg. After developing the
original PBPK model, simulations were performed at doses of
5mg, 15mg, and 25mg. By comparing plasma concentration-
time profiles and pharmacokinetic parameters, we again verified
the developed PBPK model.

2.4.2 Empagliflozin

The raw databases of empagliflozin consisted of forty-eight
Japanese subjects (Sarashina et al, 2013), who respectively
received single doses of 1mg, 10 mg, 25mg, and 100 mg. The
model was developed using oral plasma pharmacokinetic data of
1 mg and 10 mg, and other mean clinical pharmacokinetic data were
used to validate the PBPK model.

2.4.3 Henagliflozin

Clinical pharmacokinetic data for oral administration of
henagliflozin in healthy subjects were obtained from the
references (Zhang et al, 2021). The data of six healthy adults
were used to develop the model, who were respectively assigned
to receive single doses of 2.5 mg, 5 mg, 10 mg, 25 mg, 50 mg, 100 mg,
and 200 mg. Among, mean plasma concentration data after oral
2.5 mg and 5 mg were used to develop and optimize the model. The
pharmacokinetic data after a single dose of 10 mg, 25 mg, 50 mg,
100 mg, and 200 mg were used to verify the model.

Frontiers in Pharmacology
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2.4.4 Sotagliflozin

To establish a reliable PBPK model, a clinical study was obtained
from 24 Chinese treated with 200 mg and 400 mg, respectively (He
et al,, 2022). The pharmacokinetic data were used to develop the
PBPK model, and the prediction accuracy of the optimized
sotagliflozin PBPK model was further validated using the mean
plasma concentration data from multiple-dose of 200 mg and
400 mg.

2.5 PBPK model qualification

Two decisions were carried out to evaluate the accuracy and
reliability of PBPK models. The first was to assess the fit of the
plasma concentration-time curve graphically predicted using non-
compartmental from GastroPlus 9.8.5 and the observed profiles
from clinical trials. Additionally, the observed and predicted values
of the main pharmacokinetic variables were compared, such as Cy,ax
AUC
concentration-time steady state),
corresponding to Cp,.y), and the fold error between the observed
and predicted values of different doses were used to evaluate the
accuracy of the established PBPK model (FE; Eq. 1; (2). The fold
errors of pharmacokinetic parameters are within two-fold (Parrott et al.,
2005; Jones et al, 2006; De Buck et al, 2007), suggesting that the
established model can successfully predict the ADME of gliflozins in
healthy subjects.

(maximum plasma concentration), (area under the

curve at and T, (time

Fold - error = observed / predicted (observed value > predicted value) (1)
Fold - error = predicted / observed (observed value < predicted value) (2)

2.6 Renal model validate

To perform accurate simulations of gliflozin concentrations in the
kidney, based on the demographics published in the corresponding
clinical study protocols, a virtual population of 100 individuals was
developed to verify the mechanistic kidney model following the clinical
approval dose. The virtual subjects were used in 100 simulations to
predict the 90% confidence interval (90% CI) of gliflozin cumulative
urinary excretion. The NHANES database in Gastroplus was utilized
for the development of virtual populations. In the created virtual
populations, the percentages of males, age, height, BMI, and weight
were consistent with the clinical trials published in the references.
Population-dependent human physiological characteristics, such as
tissue volumes and blood flow rates, were automatically produced
based on input from the subjects’ demographics.

2.7 Calculation of inhibition rate

The glucose reabsorption/absorption rate:

_ Vmax X [s]
YT K v s ©

Where VO is glucose reabsorption or absorption rate, Vmax is
the maximal rate of reabsorption or absorption by SGLT-mediated
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Dose (mg) AUC (ng-h-mL-1) Crnax (ng-mL-1) Tmax h)
Predicted Observed Fold error Predicted Observed Fold error Predicted Observed Fold error
Ertugliflozin
15° 12385 1291.7 1.04 263.08 266.17 1.02 1 1 1
1° 75.4 68.09 111 18.82 17.9 1.05 1 1 1
5 393.82 433.79 1.1 95.5 79.7 1.19 1.04 1.02 1.02
25° 2485.6 2151.4 1.16 437.61 432 1.01 1.16 125 1.07
Empagliflozin
1 141.73 129.01 1.1 16.19 14.63 1.11 1.25 125 1
10 1493.5 1286.5 1.16 147.55 148.83 1.01 1.3 1.5 1.15
25 2919.5 2843.7 1.03 317.5 284.5 1.12 1.78 2 112
100 9507.7 10590 111 1201.4 1192.1 1.01 2.12 25 118
Henagliflozin
25 395.1 408 1.03 52.1 54.8 1.05 0.96 1.5 1.56
5 766.09 796.69 1.04 106.92 117.37 1.09 0.96 1.5 1.56
10 14134 1415.6 1 205.1 161.7 1.26 1.16 1.75 1.51
25 3642 3384.1 1.08 457.07 406 1.12 1.1 2 1.82
50 7449.5 7671.8 1.03 964.07 941.7 1.02 1.1 1.5 1.36
100 13930 13440 1.04 17325 1460 1.19 1.6 2 1.25
200 28630 28480 1.01 3305.1 3140.5 1.05 1.68 1.5 1.12
Sotagliflozin
200 475.36 631.14 133 115.82 90.9 1.26 0.72 1 1.39
400 928.08 1129.8 122 195.54 151 1.29 0.72 1 1.39
“Non-Asian;
b Asian;
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Empagliflozin; (C) Henagliflozin; (D) Sotagliflozin. PBPK, Physiologically based pharmacokinetic.

(Yakovleva et al, 2019), and Km refers to the glucose affinity
constants of the SGLT transporter, which were obtained from the
references (Lu et al., 2014). S is the glucose concentration at the
target tissue, and the glucose level of the intestinal lumen was
defined as 1 670 mmolL' (Mori et al, 2016). The glucose
concentration filtered into the glomerulus was assumed to be
equal to the plasma glucose concentration and was used for
reabsorption, and the flow rate of glucose into S3 was expressed
by Egfr (Samukawa et al.,, 2017).

The inhibition effect of SGLT-mediated glucose absorption/
reabsorption is characteristic:

V max X [S]

Vi:Kmx(1+%)+[S] @

Frontiers in Pharmacology
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Where 1 denote SGLT inhibitor concentration in the target
tissue, and Ki is the inhibitory constant.
The affinity of SGLT inhibitor to SGLT transport:

K= —22
! [s]
L+

(5)

Where S’ is the substrate concentration for determining
IC50 values (Mascitti et al., 2011; Grempler et al, 2012; Yan
et al., 2014; Cefalo et al,, 2019; Wang et al,, 2019; Fediuk et al.,
2020). Km’ is the Michaelis constant of SGLT.

The total inhibitory rate of SGLT was expressed:

V;
Inhibition ratio = <1 - V) x 100

0
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FIGURE 4
Simulated (lines) and observed (symbols) plasma concentrations
for 2.5 mg single dose of henagliflozin with the original PBPK model.

3 Result

3.1 Simulation of the oral pharmacokinetic
profile and the optimization of the PBPK
model

3.1.1 Ertugliflozin

The PBPK model for ertugliflozin was developed based on the
published physicochemical parameters (Callegari et al., 2021).
According to the representation in the method section, we
simulated the ADME process of ertugliflozin 1 mg. The simulated
plasma concentration-time profile fits well with the observed. The
pharmacokinetic data for a single dose of 5 mg, 15 mg, and 25 mg in
different populations were used to qualify the accuracy of the model
further. Table 2 displays that the fold error values were within the 2-
fold range.

3.1.2 Empagliflozin

Using the parameters from references and the ADMET
Predictor module, we simulated plasma-concentration profiles of
empagliflozin 1 mg. The simulated oral plasma concentration-time
curves corresponded well with the observed. The predicted and
observed pharmacokinetic parameters and corresponding fold error
were summarized in Table 2. The baseline PBPK model was
validated by simulating the plasma concentration-time profiles of
10 mg, 25 mg, and 100 mg, which accurately matched the observed
profiles (Figure 3). The predicted pharmacokinetic parameters were
also in good agreement with the observed values.

3.1.3 Henagliflozin

When the parameters were not optimized, the oral plasma
profile of 2.5 mg appeared to have a lower C,,, than the observed
clinical data (Figure 4). To enhance the accuracy of the PBPK
model, a sensitivity analysis was adopted to evaluate the key
factors influencing the underprediction of C,, such as
solubility, effective permeability (peff), and the blood-to-
plasma concentration ratio (Rbp), as well as the transit times
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FIGURE 5
Parameter sensitivity analysis for 2.5 mg henagliflozin single oral
administration. P, Permeability; Rbp, Blood to plasma ratio.

of the stomach, small intestine, and colon. Due to the consistency
of AUC between the observed and predicted values and the better
fit of the clearance phase, plasma clearance was not considered in
a sensitivity analysis. The results demonstrated that the C,,y is
highly sensitive to the changes in peffand Rbp (Figure 5). Because
the model application depends on an accurate prediction of the
exposure (Cp,.x and AUC), we optimized Rbp and peff by fitting
the observed values following a 2.5 mg dosage. According to the
sensitivity analysis results, the Rbp ratio of 0.55 and Peff of
6.7 reasonably captured the oral plasma profile. Using the
parameters from the best fit of henaglifloin 2.5 mg oral data,
we simulated concentration-time curves of henagliflozin from
5 to 200 mg oral dose. The simulations rationally captured the
observed pharmacokinetic data. However, the predicted C,,.x
and T, did not exactly match the observed values in high
dosages. The optimized Rbp and peff led to correctly capturing
Cmax- The
pharmacokinetic curves accurately (Figure 3). The final

optimized model captured the observed
pharmacokinetic parameters for each oral dose and the
assessment of fold error are summarized in Table 2, and the

fold errors fell within 2-fold.

3.1.4 Sotagliflozin

The original disposition parameters of sotagliflozin PBPK
model were obtained from the ADMET predictor™ module
and internal data. However, as presented in Figure 6A, the
initial simulated and observed plasma concentration-time
curves are mismatched. Compared to the observed plasma
concentration-time profile, the simulated oral lineshapes
appeared to overestimate C,,, and AUC and underestimate

Tmax Next, we refined and verified the model based on the
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steady-state mean plasma concentration-time curves. The
developed PBPK model well simulated the observed clearance
phase profile, and the total plasma clearance was close to the
calculated clearance from the PK plus module. Therefore, essential
factors were considered to optimize the oral absorption and
distribution phase and improve model accuracy, such as
solubility, intestinal transit time, P-gp efflux, chemical
degradation,  enterohepatic  recirculation, and  variable
absorption across the gut (Peters, 2008). When co-administered
with digoxin, the AUC ¢ and C,,,x of digoxin increased by 27%
and 52%, respectively, and we guessed that sotagliflozin inhibited
P-gp (European Medicines Agency). Given the combined effect of
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P-gp, we optimized the gut first-pass effect to acquire the best fit for
the observed concentration-time profile. The increase in the first
pass effect lowered the simulated AUC, resulting in a slight
underprediction of distribution. The Vg calculated by the
Lucaucas method appeared to be lower than that calculated by
PK plus. Improving logP from 3.6 to 4.09 amplified the Kp values
and corrected Vs underprediction. The predicted results showed
that the fold error of pharmacokinetic variables was within two
folds. However, the lineshape was not well matched. To improve
the accuracy of the model, we conducted a parameter sensitivity
analysis to verify the influencing factor of the profile. Figure 7
shows that stomach transit time influences drug absorption
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significantly. Stomach transit time is an essential factor affecting
absorption profile, and literature has noted that it varies greatly
(Brophy et al., 1986; Petring and Flachs, 1990; Fruehauf et al.,
2007). Therefore, optimizing the stomach transit time was
necessary to estimate tissue concentrations better. The plasma
concentration-time profile of sotagliflozin obtained from the
groups of 400 mg was used to verify this optimized model. We
further qualified the accuracy of the PBPK model based on the
pharmacokinetic parameters of sotagliflozin from a clinical trial
under multiple dosage regimens. The simulated oral plasma
concentration-time profile corresponded with the observed one
(Figures 5, 8), and the fold error between observed and predicted
values fell within 2-fold. Therefore, a PBPK model for sotagliflozin
was successfully developed and was able to describe in vivo target
tissue concentrations reasonably.

As presented in Figure 9, for the cumulative urine excretion
profiles, we can find the clinical observation value within the 90%
CI of the simulation in healthy virtual subjects at the clinical
approval dose, demonstrating the accuracy of the mechanistic
renal model.

3.2 Inhibition rate of SGLT 1 for intestinal
glucose absorption

To quantitatively assess the comparative inhibitory potencies
of SGLT 1 in the absorption process, we simulated corresponding
concentrations in plasma, duodenum, and upper jejunum
(Jejunum I in the ACAT model) for each SGLT inhibitor at
approved doses. Therefore, the SGLT 1 inhibition ratio was
calculated based on the concentration. As shown in Figure 10;
Figure 11, the suppression peaked in the 30 min following single-
The
sotagliflozin in the duodenum and upper jejunum I remained
higher (89%-94% and 89%-94%, respectively-Table 3). In
contrast, 10 mg of empagliflozin had an inhibition ratio of just

dose administration. maximum inhibition rate of

1.7%-2.3%, whereas 10 mg henagliflozin and 15 mg ertugliflozin
exhibited maximum inhibition rates of less than 0.5%,
respectively. Compared to empagliflozin, sotaglifozin possessed
a longer-lasting inhibitory effect on SGLT 1 transporter, and
especially sotagliflozin can last for 5 h after oral administration

(Figure 10; Figure 11).

3.3 Inhibition rate of SGLT 1 for renal glucose
absorption

Simulation results showed that the maximum SGLT 2 inhibition
ratio was approximately 100% at the highest approved dose of each
gliflozin. As presented in Figure 12, model-predicted corresponding
concentrations of each gliflozin after the highest administration
doses could completely inhibit SGLT 2-mediate reabsorption. Thus,
the reabsorption capacity of the SGLT 2 transporter was near
saturated. The saturation of SGLT 2 leads to glucose influx into
the S3 segment, and SGLT 1-driven glucose reabsorption plays a
significant role in the kidney (Song et al., 2016). Therefore, it is
particularly important to further evaluate the corresponding
inhibitory effect of the SGLT 1 transporter.
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FIGURE 8
Simulated plasma concentrations of multiple doses (8 days
doses) of sotagliflozin. (A) 200 mg once daily; (B) 400 mg once daily.

Model-predicted concentrations of each glifozin in the S3 segments
were calculated, and the corresponding inhibition ratio on SGLT 1 was
evaluated. Sotagliflozin has the maximum inhibitory effect at the
approved dose (6.7%-13%) (Figure 13) (Table 3). In contrast,
ertugliflozin, empagliflozin, and henagliflozin resulted in less than a
1% inhibition ratio in the S3 segment at the highest approved dose,
especially henagliflozin. Simulations demonstrated that sotagliflozin
was a potent SGLT1 inhibitor, whereas ertugliflozin, empagliflozin,
and henagliflozin only exerted a weak inhibitory effect on SGLT1-
mediated glucose reabsorption.

4 Discussion

The intestine and kidney are the targeted tissue of SGLT
2 inhibitors. SGLT 2
potencies on SGLT

inhibitors have different inhibitory

1-mediated glucose absorption or
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Observed urinary excretion (red) of gliflozins after administration and the 90th confidence interval of the virtual population simulation (green
shadow, n = 100). (A) 5 mg ertugliflozin; (B) 15 mg ertugliflozin; (C) 10 mg empagliflozin; (D) 25 mg empagliflozin; (E) 5 mg henagliflozin; (F) 10 mg

henagliflozin; (G) 200 mg sotagliflozin; (H) 400 mg sotagliflozin.

reabsorption. Exploring the concentration in targeted sites was
extremely critical for quantitatively analyzing the differences
regarding inhibitory effects on SGLT1 transporter of ertugliflozin,
empagliflozin, henagliflozin, and sotagliflozin.

Several mathematical models have been published to
investigate SGLT-mediated renal glucose reabsorption, Mori
et al. used a detailed PBPK model to demonstrate the renal
SGLT1
dapagliflozin and canagliflozin (Mori et al., 2016). Lu et al.

inhibition capacity was less than 1% for both

developed a systems pharmacology model and simulated the
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SGLT1/2-mediated glucose reabsorption with and without
SGLT2 inhibitor, simulation results proposed that when the
SGLT 2 transporter is completely inhibited, the SGLT 1-
dependent compensatory effect allows more glucose to be
reabsorbed in the S3 segment (Lu et al., 2014). Balazki et al.
first integrated the model of diabetes-associated renal
hyperfiltration and PBPK model of dapagliflozin to confirm
co-administration of renal SGLT1 inhibition is effective for
reversing hyperfiltration compared to SGLT2 inhibition alone
(Balazki et al., 2018). Yakovleva et al. (2019) used qantitative
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FIGURE 10

Simulation of inhibitory effects on sodium-glucose co-transporterl (SGLT 1s) in duodenum segment at approved doses. (A) Ertugliflozin; (B)

Empagliflozin; (C) Henagliflozin; (D) Sotagliflozin.

drug-disease systems model of dapagliflozin canagliflozin and
empagliflozin to demonstrated that SGLT1-mediated transporter
capacity was greater in T2DM. But we recognize that developed
physiology models should not be expected to represent every
detail. And taken together, these studies emphasize the
importance of SGLT1
comparative action of SGLT transporter for the treatment of
T2DM. We analyzed the strengths of these SGLT pharmacology
models to arrive at the PBPK structure used in our current study.
We the of
empagliflozin, ertugliflozin, henagliflozin, and sotagliflozin. To
further confirm the selectivity of SGLT1 and SGLT2 for these
post-marketing SGLT2 inhibitors, we used Michaelis - Menten

inhibition and understanding the

simulated pharmacokinetic  characteristics

kinetics to described the action of glucose and SGLT transporter.
The objective of our study was to quantitatively compare the
relative action of SGLT1 and SGLT2
compound.

in each unstudied

The current study demonstrated that using model-based
prediction, we can successfully simulate the tissue distribution
of each SGLT 2 inhibitor and describe its inhibitory action on the
SGLT transporter in corresponding tissues, which is difficult to
test experimentally. Based on the individual physiological,

Frontiers in Pharmacology

12

anatomical parameters, and physicochemical properties of
drug, the developed PBPK model becomes significant to
accurately characterize and forecast the tissue distribution of
each gliflozin after administration (Sugimoto et al., 2020). The
investigation offers the possibility of using the PBPK model to
guide formulation development among similar drugs without
conducting extensive clinical trials. Additionally, considering
different SGLT transporter inhibitory activities would show
different pharmacological outcomes, the developed model
might act as a drug-disease platform for quantitative
assessment of the inhibitory intensity of SGLT transporters in
the intestine or kidney during treatment with SGLT 2 inhibitors in
diverse dietary situations and T2DM patient sub-population,
providing model-based dosage guidance.

The PBPK model for each gliflozin was initially developed and
optimized using low-dose plasma concentration-time data. Then the
optimized parameters and developed model were qualified by
simulating other doses, and main factors affecting the oral
pharmacokinetic curves were analyzed. When a permeability-
limited model was used to describe the disposition of each
gliflozin in the kidney, we found that the simulated and observed

concentration-time profiles did not achieve a better fit. We chose the
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FIGURE 11

Simulation of inhibitory effects on sodium-glucose co-transporterl (SGLT 1 s) in Jejunum | segment at approved doses. (A) Ertugliflozin; (B)

Empagliflozin; (C) Henagliflozin; (D) Sotagliflozin.

perfusion-limited model to illustrate the pharmacokinetic behaviors
the renal. the population model, the simulated
pharmacokinetic profiles matched the observed results, and the
urinary excretion profile was well simulated by the filtration
clearance (GFR x fup) in the renal model. Furthermore, the
predicted concentration of each gliflozin of its parameters fell
within two-fold errors. The results indicated the method could
reasonably illustrate the ADME properties of each gliflozin in

in In

healthy volunteers. When GFR values were not published in
clinical trials, we defined the mean GFR for 20-50 years as
127 mL'min-1/1.73 m*> adapted from Alcorn and McNamara
(2002a) (Alcorn and McNamara, 2002). The original PBPK
model requires being iteratively validated and optimized. The
European Medicines Agency (EMA) encourages to analysis the
uncertain parameters using PSA (Perry et al, 2020), which can
present a range of uncertain model parameters relative to the
pharmacokinetics. Based on the early fitting results, sensitivity
analysis was conducted to assess the influence of model
parameter variations on the simulated systemic exposure profiles.
In the present study, the sensitive parameters are optimized by
combining published literature and optimization module. A
comprehensive evaluation of the optimized model supported the
robustness of the plasma PBPK model.

In the small intestine, SGLT 1 and glucose transporter 2
(GLUT 2) are the significant transporters for glucose absorption
(Koufakis 2021). The advantage of
SGLT2 inhibitors was their suppressing action on intestinal

et al, potential
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SGLT1, not only reducing the absorption of intestinal glucose
but also promoting the secretion of peptide YY (PYY) and GLP-1
(To et al., 2019) (Powell et al., 2020). The inhibition of intestinal
SGLT1 transporter can exert a beneficial action on reducing
postprandial hyperglycemia improving high glucose
concentration in T2DM patients (Powell et al., 2013). In the
early stages of DM, lowering postprandial hyperglycemia is
particularly important for managing chronic complications and
overall glycemic control. Considering these points, dual SGLT 1/
SGLT 2 inhibitors would enhance beneficial outcomes in DM and
deserve further assessment. The disposition of SGLT2 inhibitor in
the Duodenum and Jejunum I was predicted using the above
developed PBPK model. Also, the inhibitory actions on
intestinal SGLT1 were linked to the free concentration of
gliflozins in the Duodenum and Jejunum I. Hence, the
corresponding inhibition rate of SGLT 1 was further described
at approved dose. Model-based prediction
demonstrated that each SGLT 2 inhibitor exerted a postprandial
glucose-lowing effect by inhibiting SGLT 1 to varying degrees in
the intestine segment (Nishimura et al., 2015; Terra et al., 2017;
Sims et al., 2018; Danne et al, 2019; Weng et al.,, 2021). The
inhibition rate of sotagliflozin was 14% on intestinal SGLT1 3 h
single-dose administration of 400mg, and the
SGLT1 suppressant effect of sotagliflozin persisted for >3 h.
These results suggest that, compared to the transient inhibitory
effects of ertugliflozin, empagliflozin, and henagliflozin, the
inhibitory effect of sotagliflozin was long-lasting on intestinal

and

the clinically

following
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Simulation of inhibitory effects on sodium-glucose co-transporter2 (SGLT 2 s) in kidney proximal tubules at approved doses. (A) Ertugliflozin; (B)

Empagliflozin; (C) Henagliflozin; (D) Sotagliflozin.

SGLT1. The predicted sotagliflozin concentrations in the Jejunum |
segment 3 h following oral single-dose administration of 400 mg
was 0.0173 mg/mL, more than 230-fold higher than that in plasma
(73 ng/mL). According to these results, the sustained inhibitory
effect of sotagliflozin on SGLT1 depends on its high concentration
in the intestinal segment instead of that in plasma. This conclusion
is consistent with studies (Zambrowicz et al., 2012; Powell et al.,
2020).

Inhibition of the SGLT1 transporter is associated with osmotic
diarrhea, malabsorption, and metabolic acidosis (Tsimihodimos
et al., 2018). However, no signs of adverse metabolic acidosis and
GI effects were reported in T2DM patients treated with a single dose
of 400 mg of sotagliflozin (Lehmann and Hornby, 2016). The recent
meta-analysis about the safety and tolerability of sotagliflozin
recommended the 400 mg dose as a clinical dose, indicating that
the adverse events of sotagliflozin were acceptable to diabetes
patients (Zhou et al., 2022). Therefore, as long as there are no
significantly associated side effects, the dual SGLT 1/SGLT
2 inhibition remains an option for formulation development and
clinical medication therapy. Meanwhile, more effective dual SGLT 1/
SGLT 2 inhibitors can be discovered by combining clinical trials and
PBPK model prediction approaches.

Although urine excretion of these four gliflozins is low, the renal
proximal tubular concentration of free drugs is sufficient to express
pharmacological activities. All four gliflozins have a strong renal
SGLT?2 inhibitory effect at their clinical dose. In contrast, neither
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henagliflozin, ertugliflozin, nor empagliflozin actively inhibited
SGLT1-mediated glucose reabsorption. Only sotagliflozin
exhibited sustained exposures, with 6.7%-13% inhibition on
SGLT 1 in the S3 segment, increasing glucose excretion in T2DM
patients. The results of clinical trials of sotagliflozin single-dose and
multiple-dose in the Chinese population suggest that sotaglifliozin
can lower plasma glucose and is generally well tolerated (He et al.,
2022). Gliflozin molecules occupy the SGLT2 transporter at clinical
dosage (inhibition rate to 99% at peak exposure), and the
contribution of SGLT2 is suppressed, resulting in the buildup of
glucose in the S3 segment of the proximal tubules. The activity of
SGLT1-mediated glucose reabsorption is intense (Lu et al., 2014).
The results of modeling and simulation confirmed this concept.
Moreover, more stronger inhibition of SGLT 2 could lead to a
greater risk of genitourinary tract infections, pre-renal failure, and
euglycemic diabetic ketoacidosis (Tsimihodimos et al, 2018).
However, concomitant SGLT1 inhibition may reduce the risk of
acute renal damage induced by SGLT 2 inhibitors (Dominguez Rieg
and Rieg, 2019). Sotagliflozin inhibits SGLT1 more strongly than
those, so it may significantly promote urinary glucose excretion
(UGE). Sotagliflozin remained distinct due to its pharmacokinetic
characteristics, plasma protein binding, and higher selectivity for
SGLT1 than the other three gliflozins. Although sotagliflozin has a
long acting and strong inhibitory effect on renal SGLT1, the mean
UGE was not satisfactory in the clinical trial, and we guess that the
sustained inhibition of sotagliflozin on intestinal SGLT1 caused the
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FIGURE 13
Simulation of inhibitory effects on sodium-glucose co-transporterl (SGLT 1 s) in kidney proximal tubules at approved doses. (A) Ertugliflozin; (B)
Empagliflozin; (C) Henagliflozin; (D) Sotagliflozin.

TABLE 3 Maximum inhibition ratios on SGLT 1 in the intestine (duodenum and jejunum) and kidney.

Ertugliflozin Empagliflozin Henagliflozin Sotagliflozin
5mg 10 mg 10 mg 25 mg 5mg 10 mg 200 mg 400 mg
Duodenum 0.14 043 233 3.90 0.07 0.11 89.54 94.47
Jejunum T 0.09 0.26 ‘ 1.74 322 ‘ 0.04 ‘ 0.07 81.41 89.75
Segment 3 0.09 0.26 ‘ 0.89 1.91 ‘ 0.04 ‘ 0.08 6.66 13.05

strong effect on PPG, resulting in the lower UGE produced by  are related to protecting against ischemia/reperfusion brain injury
sotagliflozin (Takebayashi and Inukai, 2017). (Pawlos et al., 2021). Also, gliflozins are fat-soluble and cross the

In this study, we developed and qualified the PBPK model for =~ blood-brain barrier, inhibiting acetylcholinesterase (AChE) and
ertugliflozin, —empagliflozin, henagliflozin, and sotagliflozin.  improving cognitive function (Hierro-Bujalance et al, 2020). In
Meanwhile, we used the PBPK model to predict drug conclusion, SGLT inhibitors improve impaired cognitive function
concentration-time profiles in the target tissue quantitatively. in diabetic patients with atherosclerosis by inhibiting SGLT
Following a range of doses, the model accurately described the  transporters in the brain. In addition, SGLT-2 inhibitors have
single-dose and multiple-dose blood exposure profiles of each  benefits on cardiovascular in patients with T2DM, as proven by
gliflozin. According to our predictions, therapeutic dosages of  several key outcomes trials, including VERTIS CV (ertugliflozin)
ertugliflozin, empagliflozin, henagliflozin, and sotagliflozin almost  (Rao, 2022), EMPA-REG OUTCOME (empagliflozin), and
completely inhibit SGLT 2. Ertugliflozin, empagliflozin, and ~ SCORED (sotagliflozin) (Halimi, 2021). FDA authorized
henagliflozin have a weak inhibitory effect on SGLT 1, and  empagliflozin for the treatment of heart failure. Although the
sotagliflozin has a more potent and longer-lasting inhibitory effect  specific mechanism of action is not fully established, some
on SGLT 1. This study aimed to quantify the inhibitory effects of  evidence suggests that SGLT 1 activity significantly increases in
gliflozins on intestinal and renal. However, SGLT transportersalsoare  diabetic heart compared to healthy subjects (Maejima, 2019).
expressed in the central nervous system, and the SGLT 1 transporters ~ Therefore, quantifying the inhibitory effect on SGLT transporters
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in the brain and heart is meaningful for further understanding the
effect of neuroprotection (Pawlos et al., 2021) and cardioprotection.
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