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constant of SGLT1 for glucose; Km, SGLT2, Michaelis-Menten constant of SGLT2 for glucose; Vmax, SGLT1, 

maximum transport capacity of SGLT1 for glucose; Vmax, SGLT2, maximum transport capacity of SGLT2 for 

glucose; Ki, SGLT1, inhibition constant for SGLT1; Ki, SGLT2, inhibition constant for SGLT2; GE, glucose 

excretion rate; GF, glucose filtration rate; GR, glucose reabsorption rate, CLR,Glc, renal glucose clearance; 

CV, coefficient of variation  
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Abstract 

A pharmacokinetic and pharmacodynamic (PK-PD) model for the inhibitory effect of sodium-glucose 

cotransporter (SGLT) inhibitors on renal glucose reabsorption was developed in order to predict in vivo 

efficacy. First, using the relationship between renal glucose clearance and plasma glucose level in rats and 

both the glucose affinity and transport capacity obtained from in vitro vesicle experiments, a 

pharmacodynamic model analysis was performed based on a nonlinear parallel tube model to express the 

renal glucose transport mediated by SGLT1 and SGLT2. This model suitably expressed the relationship 

between plasma glucose level and renal glucose excretion. Next, a PK-PD model was developed to analyze 

the inhibitory effect of phlorizin on renal glucose reabsorption. The PK-PD model analysis was performed 

using averaged concentrations of both the drug and glucose in plasma and the corresponding renal glucose 

clearance. The model suitably expressed the concentration-dependent inhibitory effect of phlorizin on renal 

glucose reabsorption. The in vivo inhibition constants of phlorizin for SGLT in rats were estimated to be 67 

nM for SGLT1 and 252 nM for SGLT2, which are similar to the in vitro data reported previously. This 

suggests that the in vivo efficacy of SGLT inhibitors could be predicted from an in vitro study based on the 

present PK-PD model. The present model is based on physiological and biochemical parameters and 

therefore would be helpful for understanding individual differences in the efficacy of an SGLT inhibitor.  
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Introduction  

In the proximal tubule of the kidney, filtered glucose is reabsorbed and hardly ever excreted in urine 

under normal conditions (Baeyer and Deetjen, 1985). The reabsorption of luminal glucose is mediated by 

epithelial sodium-glucose cotransporters (SGLT), then the glucose diffuses out of epithelial cells into the 

blood via facilitative glucose transporters (GLUT). Therefore, the SGLT are the major molecules for glucose 

reabsorption in the kidney. Two isoforms of SGLT with different affinity for glucose are localized in different 

positions in the proximal tubule: a low-affinity transporter (SGLT2) is expressed in the convoluted tubule 

and a high-affinity transporter (SGLT1) is expressed in the straight tubule (Hediger and Rhoads, 1994; 

Wright, 2001). In vitro studies using renal brush border membrane vesicles (BBMV) (Turner and Moran, 

1982; Oulianova and Berteloot, 1996) indicate that the low-affinity transporter has high capacity for glucose 

transport and that the high affinity one has low capacity.  

The inhibition of SGLT in the kidney is expected to cause an increase in renal glucose excretion, 

resulting in a lower blood glucose level. Recently, SGLT have attracted attention as a novel drug target for the 

treatment of type II diabetes (Asano et al., 2004). Phlorizin is an inhibitor of SGLT and is known to increase 

glucose excretion into urine and reduce the blood glucose level in diabetic animals (Khan and Efendic, 1995; 

Krook et al., 1997). In addition, phlorizin normalizes insulin sensitivity (Rossetti et al., 1987; Harmon et al., 

2001). However, phlorizin is not suitable for clinical usage because of its low oral bioavailability (Crespy et 

al., 2002) and toxicity (Hardman et al., 2010) so new inhibitors such as T-1095 (Oku et al., 1999; Arakawa et 
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al., 2001; Ueta et al., 2006), sergliflozin (Katsuno et al., 2007; Pajor et al., 2008), and dapagliflozin (Han et 

al., 2008; Jabbour and Goldstein, 2008) have been developed as oral agents. Considering that the two 

isoforms of SGLT with different properties contribute to renal glucose reabsorption and that SGLT1 is 

expressed not only in the kidney but also in the intestine (Hediger and Rhoads, 1994), selectivity to both the 

transporters would be an important factor for the efficacy and the target specificity. In addition, the plasma 

concentration-time profile of an inhibitor would be critical to the duration of effectiveness. 

In order to understand the in vivo inhibitory mechanism and design the most suitable pharmacokinetic 

profile of an SGLT inhibitor for diabetes treatment, pharmacokinetic and pharmacodynamic (PK-PD) 

modeling would be useful. Because there are mutations of both SGLT1 (Turk et al., 1991) and SGLT2 

(Santer et al., 2003), a mechanism-based PK-PD model which considers the different functions of both 

SGLT1 and SGLT2 would be helpful for predicting individual differences in renal glucose transport and the 

level of inhibition attained by SGLT inhibitors. 

In the present study, we focused on the renal function for glucose reabsorption mediated by SGLT. The 

relationship between plasma glucose level and renal glucose excretion was evaluated using rats. Then a 

mechanism-based PD model was developed to express the process of renal glucose reabsorption mediated 

by SGLT. Moreover, the inhibitory effect of an SGLT inhibitor, phlorizin, on renal glucose transport in rats 

was evaluated and analyzed based on a PK-PD model to understand the relationship between the plasma 

concentration of phlorizin and its effect on renal glucose transport. Using the obtained PK-PD model, the 
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renal glucose transport was simulated assuming several glucose transport capacities of SGLT in order to 

realize how deficient SGLT function affects renal glucose movement. Finally, the effect of plasma glucose 

level on the efficacy of an SGLT inhibitor is discussed. 
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Methods 

Chemicals. Phlorizin dihydrate (phlorizin) was purchased from Sigma-Aldrich (St. Louis, MO, USA). 

D-[U-14C]-glucose was purchased from GE Healthcare UK Ltd. (Buckinghamshire, UK). The molecular 

weight of phlorizin is 436.42.  

Animals. Eight-week-old male Sprague-Dawley rats (Japan SLC Inc., Shizuoka, Japan) were used for 

the experiments. The care of the rats and the present protocols were performed in accordance with the 

“Guidelines for the Care and Use of Animals at Chugai Pharmaceutical Co., Ltd.” and were approved by 

the Ethics Committee for Treatment of Laboratory Animals at Chugai Pharmaceuticals. 

Glucose uptake experiments using rat renal BBMV.  BBMV were prepared by the Ca2+ precipitation 

method (Malathi et al., 1979) from whole kidneys of four rats and suspended in 10 mM HEPES-Tris buffer 

(pH 7.5) containing 100 mM mannitol. To 20 μl of BBMV suspension were added 20 μl of glucose solution 

consisting of D-[U-14C]-glucose, 10 mM HEPES-Tris (pH 7.5), 100 mM mannitol, and 200 mM NaCl or 200 

mM KCl at room temperature to initiate a reaction. The final concentrations of glucose in the reaction 

mixture were set at 0, 0.05, 0.1, 0.2, 0.3, 0.5, 1, 2, 3, 5, 10, and 20 mM. After 5 seconds, the reaction was 

terminated by adding 1-ml of ice-cold 10 mM HEPES-Tris (pH 7.5) containing 0.1 mM phlorizin and 150 

mM NaCl. Then the reaction mixture was filtered promptly and the radioactivity on the filter membrane was 

measured by a liquid scintillation counter. Using the sodium-dependent glucose uptake rate at each glucose 

concentration, Km,SGLT1 and Vmax,SGLT1 values for the high-affinity transporter and Km,SGLT2 and Vmax,SGLT2 

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on June 28, 2011 as DOI: 10.1124/dmd.111.040048

 at A
SPE

T
 Journals on M

ay 17, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


DMD #40048 

9 

values for the low-affinity one were calculated according to the Michaelis-Menten equation. The 

curve-fitting procedures were performed using a nonlinear least square regression program, MULTI 

(Yamaoka et al., 1981), with weighting 1/y2. The experiments were performed twice, independently. 

Renal glucose excretion study under intravenous infusion of glucose to rats.  Under ether 

anesthesia, polyethylene cannulae were placed in the femoral artery and vein of rats, and a silicon cannula 

was placed in the bladder. After surgery, the rats were housed in Bollman cages (Natsume Seisakusho Co., 

Ltd., Tokyo, Japan). A glucose solution (50, 70, and 80 g/dl) was infused into the femoral venous cannula 

using a syringe pump (TE-331; Terumo Co., Tokyo, Japan). The infusion rates for 5 animals were the 

following: in the case of 50 g/dl glucose for two animals, the rates were set at 0.30 g/h from 0 to 1 h, at 0.60 

g/h from 1 to 2 h, at 0.90 g/h from 2 to 3 h, and at 1.20 g/h from 3 to 4 h; in the case of 70 g/dl for two animals, 

the rates were set at 0.42 g/h from 0 to 1 h, at 0.84 g/h from 1 to 2 h, and at 1.26 g/h from 2 to 4 h; in the case 

of 80 g/dl for one animal, the rates were set at 0.48 g/h from 0 to 1 h, at 0.72 g/h from 1 to 2 h, at 0.96 g/h 

from 2 to 3 h, and at 1.44 g/h from 3 to 4 h. The urine samples were collected from the bladder cannula at 

intervals of 1 h. The sampling of urine was started one hour before initiating infusion and continued until the 

infusion was terminated. The bladder was washed with 1 ml of saline (Otsuka Pharmaceutical Co., Ltd., 

Tokyo, Japan) in order to collect urine completely at each sampling point. Blood samples (200 μl) were 

collected from the femoral arterial cannula before infusion and at 10, 30, 60, 70, 80, 120, 130, 150, 180, 190, 

210, and 240 min after initiating infusion.   

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on June 28, 2011 as DOI: 10.1124/dmd.111.040048

 at A
SPE

T
 Journals on M

ay 17, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


DMD #40048 

10 

PK-PD study of phlorizin in rats.  The same surgery described above was given to the rats. Phlorizin 

was dissolved in PEG400/saline (4:6, v/v) to obtain a dosing solution (50 mg/ml phlorizin). The dosing 

solution was administered as a bolus through the femoral venous cannula at a dose of 50 mg/kg (n=3). Blood 

samples (200 μl) were collected from the arterial cannula at 0, 2, 5, 15, 30, 60, 120, 240, and 480 min after 

administration. Urine samples were collected from the bladder cannula at intervals of 1 to 4 h. The sampling 

of urine was initiated one hour before administration and terminated 8 h after administration. The bladder 

was washed with 1 ml of saline in order to collect urine completely at each sampling point. 

Measurement of phlorizin.  Plasma was obtained from the blood samples by centrifugation. Then the 

concentration of phlorizin in plasma was determined using the following method. First, a solid phase 

extraction column (Oasis HLB, 1 cc, 10 mg; Waters, Milford, MA, USA) was washed with 1 ml of methanol 

and 1 ml of water. Then, to the column were added 50 μl of plasma and 20 μl of 200-ng/ml indomethacin as 

an internal standard. Next, the column was washed with 1 ml of 5% (v/v) methanol, then phlorizin and 

indomethacin were eluted with 1 ml of methanol. The eluate was evaporated under a nitrogen stream, then the 

residue was dissolved in 50 μl of acetonitrile/10 mM ammonium acetate (4:6, v/v) to obtain an HPLC sample. 

The HPLC sample was injected at a volume of 20 μl and the drug concentration was measured using the 

following LC-MS/MS method. The LC-MS/MS analysis was carried out by coupling a liquid 

chromatography system to an API300 mass spectrometer (Applied Biosystems/MDS SCIEX, Concord, ON, 

Canada). The HPLC apparatus consisted of a pump (LC-10AD; Shimadzu Co., Kyoto, Japan) and an auto 
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injector (SIL-HTC; Shimadzu Co.). A CAPCELL PAK C18 column (UG120, 5 μm, 2.0 × 150 mm; Shiseido 

Co., Ltd., Tokyo, Japan) was used as the analytical column. The mobile phase was methanol/10 mM 

ammonium acetate (4:6, v/v) at a flow rate of 0.2 ml/min. The HPLC eluate was introduced into the source 

using a TurboIonSpray® interface (Applied Biosystems/MDS SCIEX) and the mass spectrometer was 

operated in negative ion mode. Selected ions were m/z 272.8 (daughter ion of 435.0) for phlorizin and m/z 

312.0 (daughter ion of 355.8) for indomethacin.  

Measurement of creatinine.  The creatinine concentrations in plasma and urine samples were 

determined using a modified HPLC method reported previously (Gu and Lim, 1990). To 10 μl of plasma or 

urine samples was added 1 ml of acetonitrile. Then the mixture was centrifuged and the supernatant was 

sampled and dried under a nitrogen stream. The residue was dissolved in 200 μl of 0.1% (v/v) trifluoroacetic 

acid to obtain an HPLC sample. The HPLC apparatus consisted of a Shimadzu 10AVP system (Shimadzu Co.) 

and an analytical column (Hypercurb, 7 μm, 4.6 × 100 mm; Thermo Electron Co., Waltham, MA, USA). The 

column oven was set at 35°C. The wavelength of the UV detector was set at 210 nm. A binary gradient was 

used: mobile phase A was acetonitrile/water (3:97, v/v) containing 0.1% (v/v) trifluoroacetic acid and mobile 

phase B was acetonitrile/water (70:30, v/v) containing 0.1% (v/v) trifluoroacetic acid. The stepwise gradient 

at a flow rate of 1.0 ml/min was as follows: 0–10 min, isocratic at 4% B; 10–15 min, isocratic at 100% B; 

15–25 min, isocratic at 4% B. Identification of creatinine was based on the comparison of retention time with 

the authentic standard. 
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Glucose assay.  The glucose concentrations in plasma and urine samples were determined using a 

Glucose CII-Test Wako kit (Wako Pure Chemical Industries, Ltd., Osaka, Japan). 

Estimation of renal clearances and averaged plasma concentrations.  The renal clearances for 

glucose (CLR,Glc) and creatinine (CLR,Cre) during each urine sampling period were estimated using the 

following equations:  

Glc

GlcU
GlcR AUC

VC
CL

⋅
= ,

, , 
Cre

CreU
CreR AUC

VC
CL

⋅
= ,

,  

where CU,Glc and CU,Cre are the concentrations of glucose and creatinine in urine, respectively. V is the urine 

volume. AUCGlc and AUCCre are the area under the time-plasma concentration curves for glucose and 

creatinine during the corresponding urine-sampling period (τ), respectively. The averaged plasma 

concentrations of glucose (CAv,Glc) and phlorizin (CAv,Drug) were also estimated by the following equations:  

τ
Glc

GlcAv

AUC
C =, , 

τ
Drug

DrugAv

AUC
C =,  

where AUCDrug is the area under the time-plasma concentration curve for phlorizin during the corresponding 

urine-sampling period (τ). 

Estimation of pharmacokinetic parameters for phlorizin.  The plasma concentration-time profile of 

phlorizin after intravenous administration to rat was analyzed based on a 2-compartment model using 

WinNonlin Ver. 5.0 software (Pharsight Co., Mountain View, CA, USA).   

Pharmacodynamic model for renal glucose transport (model A).  In order to express the glucose 

transport process in the proximal tubule, the following was assumed: 1) first, the filtered plasma glucose is 
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reabsorbed by SGLT2, next, the remainder is reabsorbed by SGLT1, 2) the flow rate in the proximal tubule is 

the same as the glomerular filtration rate (GFR), 3) the glucose concentration in the proximal tubule is altered 

only by the reabsorption caused by SGLT, and 4) the glucose reabsorption process mediated by SGLT is 

expressed by a nonlinear parallel tube model that has been used for expressing liver metabolism (Kukan et 

al., 1993). The schematic representation of the nonlinear parallel tube model (model A) was shown in Fig. 1. 

The glucose transport in the proximal tubule is expressed by the following equations: 

GFRVCCKCC SGLToutinSGLTmoutin /)ln(ln 2max,222,22 =−⋅+−    Eq. 1 

GFRVCCKCC SGLToutinSGLTmoutin /)ln(ln 1max,111,11 =−⋅+−    Eq. 2 

Cin2 = CP,Glc,  Cout2 = Cin1 

where Eqs. 1 and 2 express the glucose transports at the compartments of SGLT2 and SGLT1, respectively. 

Cin2 is the glucose concentration just after filtration, which is equal to the glucose concentration in plasma 

(CP,Glc). Cout2 is the glucose concentration at the end of SGLT2 compartment and is equal to Cin1, which is the 

concentration at the entrance of SGLT1 compartment. Cout1 is the concentration at the end of SGLT1 

compartment. Km, SGLT1 and Km, SGLT2 are the Michaelis-Menten constants of SGLT1 and SGLT2 for glucose, 

respectively. Vmax, SGLT1 and Vmax, SGLT2 are the maximum transport capacities of SGLT1 and SGLT2 for 

glucose, respectively. 

The renal glucose clearance (CLR,Glc) was estimated by the following equation: 

GlcP

out
GlcR C

C
GFRCL

,

1
, ⋅=        Eq. 3 
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where Cout1 was estimated by the following procedure. First, CP,Glc was assigned to Cin2 in Eq. 1, then Cout2 

was calculated using the Newton-Raphson method. Next, the obtained Cout2 was assigned to Cin1 in Eq. 2, 

then Cout1 was calculated. Finally, CLR,Glc was calculated using Eq. 3. 

PK-PD model for the effect of phlorizin on renal glucose transport (model B).  In order to express 

the inhibitory effect of phlorizin on renal glucose reabsorption, the following was assumed: 1) the drug 

concentration in the proximal tubule is the same as that in plasma and shows a constant value, and 2) a drug 

competitively inhibits the glucose transport. The schematic representation of the PK-PD model (model B) is 

shown in Fig. 1. The glucose transport in the proximal tubule at time t is expressed by the following 

equations: 

GFR

V
tCtC

K

tC
KtCtC SGLT

outin
SGLTi

SGLTmoutin
2max,

22
2,

2,22 ))(ln)((ln)
)(

1()()( =−⋅+⋅+−   Eq. 4 

GFR

V
tCtC

K

tC
KtCtC SGLT

outin
SGLTi

SGLTmoutin
1max,

11
1,

1,11 ))(ln)((ln)
)(

1()()( =−⋅+⋅+−   Eq. 5 

Cin2 (t) = CP,Glc (t),  Cout2 (t) = Cin1 (t) 

where Eqs. 4 and 5 express the glucose transports at the compartments of SGLT2 and SGLT1, respectively. 

Cin2 (t) is the glucose concentration just after filtration at time t, which is equal to the glucose concentration in 

plasma (CP,Glc (t)) at time t. Cout2 (t) is the glucose concentration at the end of SGLT2 compartment and is 

equal to Cin1 (t), which is the concentration at the entrance of SGLT1 compartment at time t . Cout1 (t) is the 

concentration at the end of SGLT1 compartment at time t. C (t) is the plasma concentration of a drug at time 
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t after administration. Ki, SGLT1 and Ki, SGLT2 are the inhibition constants of a drug for SGLT1 and SGLT2, 

respectively. The plasma concentration-time profile of phlorizin C (t) is assumed to be expressed based on a 

2-compartment model. Then the following equation was obtained: 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
⋅−⋅

−
−

+⋅−⋅
−
−

⋅= )exp(
)(

)(
)exp(

)(

)(
)( 2121

1

t
k

t
k

V

Dose
tC β

βα
βα

αβ
α

 

( ) ( )
2

4 1021
2

211210211210 kkkkkkkk ⋅⋅−+++++
=α  

( ) ( )
2

4 1021
2

211210211210 kkkkkkkk ⋅⋅−++−++
=β  

where Dose is the administration dose, V1 is the distribution volume of the central compartment, k12 and k21 

are the rate constants from central to peripheral and from peripheral to central compartment, respectively. k10 

is the elimination rate constant from central compartment. α and β are the elimination rate constants at α- and 

β-phase, respectively.  

The renal glucose clearance at time t (CLR,Glc (t)) was estimated by the following equation: 

)(

)(
)(

,

1
, tC

tC
GFRtCL

GlcP

out
GlcR ⋅=        Eq. 6 

The cumulative glucose amount excreted in urine at time t (QU,Glc (t)) was estimated by the following 

equation: 

dttCtCLtQ GlcP

t

GlcRGlcU )()()( ,

0

,, ⋅= ∫        Eq. 7 

 

Data analysis.  Renal glucose reabsorption kinetics was analyzed using the following procedure. First, 
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the mean values (Km, SGLT1, Km, SGLT2, and Vmax, SGLT2 ratio (
1max,2max,

2max,

SGLTSGLT

SGLT

VV

V

+
= )) obtained from the in 

vitro glucose uptake experiment (n=2) and the averaged plasma concentration of glucose (CP,Glc = CAv,Glc) 

values obtained from the glucose infusion study were substituted in Eqs.1 – 3. Next, CLR, Glc values from the 

glucose infusion study were fitted to Eq. 3 in order to estimate the in vivo parameters: Vmax,Total (which can be 

divided into Vmax, SGLT1 and Vmax, SGLT2 using the Vmax, SGLT2 ratio obtained from in vitro study) and GFR. 

The time course of cumulative glucose excreted after intravenous administration of phlorizin was 

analyzed based on model B using the following procedure. The plasma concentration of phlorizin at time t 

(C(t)) was simulated based on a 2-compartment model. The plasma concentration of glucose at time t (CP,Glc 

(t)) was calculated by the linear interpolation method. Next, the fixed values (Km, SGLT1, Km, SGLT2, Vmax, SGLT1, 

Vmax, SGLT2, and GFR) obtained from in vitro experiment and from PD analysis of glucose transport and 

simulated values (C(t) and CP,Glc(t)) were substituted into Eqs. 4–7. Then the values for cumulative glucose 

excreted into urine (QU, Glc (t)) from the PK-PD study of phlorizin were fitted to Eq. 7 in order to estimate the 

parameters, Ki, SGLT1 and Ki, SGLT2.  

Curve-fitting procedures were performed using a nonlinear least square regression program, MULTI 

(Yamaoka et al., 1981), with weighting 1/y. 

Estimation of GF, GE, and GR.  Glucose filtration rate (GF), glucose excretion rate (GE), and 

glucose reabsorption rate (GR) were estimated using the following equations: 

GF (mg/h/kg) = [Plasma glucose (mg/ml)] ⋅ [GFR (ml/h/kg)] 
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GE (mg/h/kg) = [Plasma glucose (mg/ml)] ⋅ [CLR,Glc (ml/h/kg)] 

GR (mg/h/kg) = GF – GE 

Simulation study.  In order to evaluate the effect of deficient SGLT function caused by mutation on 

renal glucose reabsorption, a simulation experiment was carried out. The parameters (GFR, Vmax,SGLT1, Vmax, 

SGLT2, Km, SGLT1, and Km, SGLT2) obtained from the analysis based on model A and from the in vitro vesicle 

study were used in the simulation. Several Vmax,SGLT1 and Vmax,SGLT2 values were assumed: Vmax,SGLT1 and 

Vmax,SGLT2 were the intact values obtained from the present analysis (normal), half of normal (heterozygous 

deficient), and 0 (completely deficient). Plasma glucose level was assumed to be in the range of 100 to 300 

mg/dl. The simulation was performed based on the PD model (model A). 

Moreover, in order to evaluate the effect of plasma glucose level on renal glucose excretion caused by 

phlorizin, a simulation experiment was performed assuming a range of plasma glucose levels from 100 to 

300 mg/dl and using a constant concentration of phlorizin at 0.1, 1, or 10 μg/ml. The simulation was 

performed based on the PK-PD model (model B). 
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Results 

Glucose uptake experiments using rat renal BBMV.  The glucose uptake experiments using rat renal 

BBMV were performed, then the Km and Vmax values for both high affinity (SGLT1) and low affinity 

(SGLT2) transporters were calculated. The mean values of Km,SGLT1 and Km,SGLT2 were 0.09 mM (0.016 

mg/ml) and 1.09 mM (0.197 mg/ml), respectively. The mean values of Vmax,SGLT1 and Vmax,SGLT2 were 1.79 

nmol/mg protein/5 sec and 9.72 nmol/mg protein/5 sec, respectively. The Vmax,SGLT2 ratio 

(
1max,2max,

2max,

SGLTSGLT

SGLT

VV

V

+
= ) was 0.845, meaning that the glucose transport capacity of SGLT2 is 84.5% of 

overall capacity. These in vitro parameters are summarized in Table 1. 

Renal glucose excretion study under intravenous infusion of glucose.  The relationship between 

plasma glucose level and CLR,Glc is shown in Fig. 2. Glucose was not excreted into urine when the plasma 

glucose level was normal but was excreted when the level was over the threshold concentration, 

approximately 250 mg/dl. The relationship between plasma glucose level and CLR,Glc was analyzed based on 

a nonlinear parallel tube model to evaluate the renal glucose transport process. The simulated level for 

CLR,Glc against plasma glucose was comparable to the corresponding observed data. Then the following 

parameters relating to renal glucose transport were obtained: Vmax, SGLT1 (256 mg/h/kg), Vmax, SGLT2 (1392 

mg/h/kg), and GFR (558 ml/h/kg) (Table 1). Fig. 3 shows the simulated GE, GF, and GR using parameters 

obtained from the analysis of renal glucose transport in rats. The GF and GR showed the same value when 

the plasma glucose level was less than the threshold concentration (approximately 250 mg/dl) needed to 
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make urinary glucose excretion occur. GR value reached a plateau when the plasma glucose level was 

above the threshold. 

PK-PD study of phlorizin. The plasma concentration-time profile of phlorizin showed biphasic 

elimination (Fig. 4A) and was expressed based on a 2-compartment model. The pharmacokinetic parameters 

of phlorizin are summarized in Table 2. The plasma concentration of glucose decreased after administration 

of phlorizin and returned to a normal level at 4 h after administration (Fig. 4B). The CLR,Glc remarkably 

increased after injection of phlorizin and decreased time-dependently (Fig. 4C). Fig. 5 shows the relationship 

between CLR,Glc and phlorizin concentration in plasma. The increase of CLR,Glc appeared at the plasma 

concentration of 0.5 μg/ml phlorizin. CLR,Glc was saturated at the concentration of 60 μg/ml and the value 

was almost equal to GFR. Hysteresis was not observed in the effect of phlorizin on CLR,Glc. These results 

suggest that phlorizin inhibits the renal glucose reabsorption concentration-dependently and that the 

maximum inhibitory effect is determined by GFR. 

PK-PD analysis. In order to evaluate the concentration-dependent inhibitory effect of phlorizin on renal 

glucose reabsorption, a PK-PD analysis was performed using the cumulative glucose excreted into urine (QU, 

Glc(t)) and the time course for plasma concentrations of phlorizin (C(t)) and glucose (CP,Glc(t)) based on 

model B. The simulated values for cumulative glucose excreted into urine were comparable to the 

corresponding observed data (Fig. 6), then the inhibition constants for glucose transport, Ki,SGLT1 and Ki,SGLT2, 

were calculated to be 0.029 μg/ml (67 nM) and 0.110 μg/ml (252 nM), respectively (Table 2).  
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Creatinine clearance.  The measured creatinine clearance during the PK-PD study of phlorizin was 

671±175 ml/h/kg (mean±SD). This value was 1.2-fold higher than GFR obtained from the analysis of 

glucose infusion study.  

Simulation study.  GE and GR were simulated using several Vmax, SGLT1 and Vmax, SGLT2 values (Fig. 7). 

The decrease of Vmax,SGLT1 value caused a slight increase of GE and decrease of GR. On the other hand, the 

decrease of Vmax,SGLT2 value caused a remarkable increase of GE and decrease of GR. 

Moreover, GE was simulated in the range of plasma glucose from 100 to 300 mg/dl in the presence of 

phlorizin at a concentration of 0.1, 1, or 10 μg/ml (Fig. 8). When the plasma glucose was 100 mg/dl, GE 

values at 0.1 and 10 μg/ml of phlorizin were 5.74 × 10-4 and 437 mg/h/kg, respectively. When the plasma 

glucose was 300 mg/dl, GE values at 0.1 and 10 μg/ml of phlorizin were 292 and 1380 mg/h/kg, 

respectively. GE increased as plasma glucose increased at each phlorizin concentration. The difference in 

GE between phlorizin concentrations at 0.1 and 10 μg/ml was higher at 300 mg/dl of plasma glucose than 

100 mg/dl.
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Discussion 

Renal glucose transport in rats was evaluated under the escalation of plasma glucose level. An increase 

in plasma glucose level caused glucose excretion in urine; the threshold concentration was approximately 

250 mg/dl of plasma glucose (Fig. 2). In order to express the renal glucose transport mediated by SGLT, a 

PD model (model A) was developed based on a nonlinear parallel tube model. This model assumed 

different localizations of SGLT in the proximal tubule (Hediger and Rhoads, 1994; Wright, 2001) and 

different properties in affinity and capacity for glucose transport between SGLT1 and SGLT2 (Turner and 

Moran, 1982; Oulianova and Berteloot, 1996). The present model suitably expressed the relationship 

between plasma glucose level and renal glucose clearance (Fig. 2). Moreover, the threshold of renal glucose 

excretion was also expressed suitably by the model (Fig. 3). Although it is known that the glucose level in 

the proximal tubule differs from region to region (Baeyer and Deetjen, 1985), glucose transport could be 

simply expressed with no consideration of water reabsorption but only of glucose reabsorption.  

With the analysis, GFR was estimated to be 558 ml/h/kg (Table 1), while the measured creatinine 

clearance was 671±175 ml/h/kg (mean±SD) and was 1.2-fold higher than estimated GFR. It was reported 

that the tubular secretion contributes to the urinary clearance of creatinine at a ratio of approximately 15% 

(Poola et al., 2002). The difference between measured creatinine clearance and estimated GFR based on the 

PD model could be explained by creatinine secretion. 

In the present study, a PK-PD model (model B) was developed to analyze the inhibitory effect of 
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phlorizin on renal glucose reabsorption. The analysis was performed using the plasma concentration-time 

profile of both the drug and glucose, and the cumulative glucose amount excreted into urine. The 

simulation curve estimated from model B was comparable to the corresponding observed data (Fig. 6), 

suggesting that the model is suitable for expressing the inhibitory effect of phlorizin on renal glucose 

reabsorption. This model is applicable for expressing the effect of a drug when influenced by the 

time-concentration profiles of both plasma glucose and the drug. This would be useful for analyzing the 

cumulative effect of a drug on renal glucose transport throughout an experiment period; moreover, it would 

be helpful for designing the most suitable pharmacokinetic profile for diabetic treatment. 

The in vivo inhibition constants of phlorizin calculated by model B were 67 nM for SGLT1 and 252 

nM for SGLT2 (Table 2). A rat serum protein binding experiment for phlorizin was preliminarily carried out 

using the equilibrium dialysis method, and the free fraction was 0.337. Based on the free fraction, the in 

vivo inhibition constants were 23 nM for SGLT1 and 85 nM for SGLT2, while the previously reported in 

vitro inhibition constants of phlorizin in rat were 143 nM for SGLT1 and 54.4 nM for SGLT2 (Fujimori et 

al., 2008). The in vivo values obtained from the present PK-PD analysis and the in vitro values of the 

Fujimori study are similar. This fact suggests that the in vivo effect of SGLT inhibitors on renal glucose 

transport could be predicted from in vitro experiments. 

A simulation study was performed assuming mutation in SGLT. As shown in Fig. 7, the effect of 

altering Vmax,SGLT1 and Vmax,SGLT2 values was simulated. The simulation study suggests that a decrease in 
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Vmax,SGLT1 causes a slight decrease in threshold plasma glucose level for renal glucose excretion, a finding 

that was similar to the mild glucose excretion into urine observed in glucose and galactose malabsorption 

patients with SGLT1 mutation (Turk et al., 1991). Moreover, the simulation study suggests that a decrease 

in Vmax,SGLT2 causes a significant failure in renal glucose reabsorption, which was similar to the excessive 

glucose excretion into urine observed in familial renal glycosuria patients (Elsas and Rosenberg, 1969) with 

SGLT2 mutation (Magen et al., 2005).  

In order to evaluate how the effect of phlorizin on renal glucose transport is related to plasma glucose 

level, a simulation experiment was performed. As shown in Fig. 8, GE increased as plasma glucose level 

increased at each phlorizin concentration, suggesting that the inhibitory effect of phlorizin on renal glucose 

transport is affected by plasma glucose level. Moreover, the difference in GE between phlorizin 

concentrations of 0.1 and 10 μg/ml was higher at 300 mg/dl of plasma glucose than at 100 mg/dl. This 

suggests that the alteration rate of GE is affected by plasma glucose level even if the plasma concentration 

profile of a drug is the same. 

In the present study, renal glucose transport was expressed using a double transport process with 

transporters which have different affinity and capacity for glucose, i.e., SGLT1 and SGLT2. In fact, a model 

with single glucose transport process would adequately express the renal glucose transport in the presence 

and absence of phlorizin (Figs. 2 and 5); however, a single transport model would not be suitable, if a drug 

having high selectivity to SGLT1 and SGLT2 is used. The simulation study assuming SGLT mutations (Fig. 

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on June 28, 2011 as DOI: 10.1124/dmd.111.040048

 at A
SPE

T
 Journals on M

ay 17, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


DMD #40048 

24 

7) also suggests that it is necessary to consider the contribution of the two different transporters. In the 

present study, the Km and Vmax values for SGLT could not be estimated only from in vivo data. Therefore, in 

vitro Km values were directly applied to in vivo data, and, regarding the Vmax values, not only in vivo data but 

also an in vitro parameter (Vmax, SGLT2 ratio) were needed for the estimation. If a drug having high selectivity 

to either SGLT1 or SGLT2 is used for a PK-PD study, at least the Vmax values of both SGLT might be 

estimated only from in vivo data. 

Although the present models were developed for rats, those would be easily applicable to humans 

because the models are composed of physiological and biochemical parameters such as plasma glucose, 

GFR, Km,SGLTs, and Vmax,SGLTs: plasma glucose and GFR are general biomarkers and both Km,SGLTs and 

Vmax,SGLTs are biochemical parameters relating to properties of SGLT which can be obtained from an in vitro 

vesicle study. Considering the clinical usage of SGLT inhibitors, individual differences in efficacy on renal 

glucose transport would be expected due to the following facts: 1) the mutations of SGLT1 (Wright, 1998; 

Pajor, 2008) and SGLT2 (Pajor, 2008) are known to change both their affinity and transport capacity for 

glucose, 2) the maximal efficacy of an SGLT inhibitor would be determined by GFR (as shown in the 

present PK-PD study) and GFR is known to vary among diabetic patients, 3) plasma glucose level would 

affect the effect of an SGLT inhibitor on renal glucose transport (as shown in Fig 8 of this paper), and 4) 

glucose uptake mediated by SGLT2 in the proximal tubular cells is upregulated in diabetic patients 

(Rehmoune et al., 2005). This physiological and biological variability is taken into consideration in the 
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present PK-PD model, so it would be helpful for both analyzing and predicting individual differences in the 

efficacy of an SGLT inhibitor on renal glucose transport. 

In the present study, we focused on the inhibitory effect of phlorizin on renal glucose reabsorption and 

did not discuss the blood glucose lowering effect. A PK-PD model has been reported for the alteration of 

glucose, glycosylated hemoglobin A1c (HbA1c), and insulin levels in plasma/serum under diabetes 

treatment using several existing drugs such as pioglitazone, metoformine, and glicalazide (Winter et al., 

2006); the combination of this PK-PD model based on blood glucose/insulin movement with the present 

model based on renal glucose movement would enable us to predict the blood glucose lowering effect of an 

SGLT inhibitor and to design a good clinical dosing plan for diabetes monotherapy and combination 

therapy with an SGLT inhibitor.   
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Legends for figures 

Figure 1.  Schematic representation of a PD model (model A) for renal glucose reabsorption mediated by 

SGLT in the proximal tubule (A) and a PK-PD model (model B) for the effect of phlorizin on renal glucose 

transport with a 2-compartment model (B). 

Figure 2.  Relationship between plasma glucose level and renal glucose clearance in rats. Data was 

obtained from glucose infusion experiments using rats (n=5). Open circles show the observed data. Lines 

show the simulation data calculated based on a nonlinear parallel tube model (model A). 

Figure 3. Renal glucose movement in rat. Glucose filtration (GF), glucose excretion (GE), and glucose 

reabsorption rates (GR) were simulated using parameters calculated by the analysis of glucose infusion 

experiments based on a PD model (model A). Line: simulated GF, bold line: simulated GE, dotted line: 

simulated GR, open circle: observed GE.  

Figure 4. Time courses of plasma concentration of phlorizin (A), glucose (B), and CLR,Glc (C) after 

intravenous administration of phlorizin to rats (n=3). Open circles (A and B) and bars (C) are the mean 

value of three experiments. Error bars show SD. 

Figure 5. The concentration-dependent effect of phlorizin on CLR,Glc. Open circle: observed CLR,Glc value, 

line: CLR,Glc value simulated using the mean value of plasma glucose (125 mg/dl) in the experiment. 

Simulated CLR,Glc values were calculated based on a PK-PD model (model B).    
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Figure 6. The cumulative glucose excreted into urine after intravenous administration of phlorizin to rats 

(n=3). Open circles are the observed data, and line is the simulated data calculated based on a PK-PD 

model (model B). Error bars show SD.  

Figure 7. Effect of impaired SGLT-mediated glucose transport on renal glucose movement.  Glucose 

excretion (GE) (A) and glucose reabsorption rates (GR) (B) were simulated assuming several glucose 

transport capacities for both SGLT1 and SGLT2 based on a PD model (model A).   

a: Vmax,SGLT1 and Vmax,SGLT2 are normal; b: Vmax,SGLT1 is half of normal and Vmax,SGLT2 is normal; c: Vmax,SGLT1 

is 0 and Vmax,SGLT2 is normal; d: Vmax,SGLT1 is normal and Vmax,SGLT2 is half of normal; e: Vmax,SGLT1 is normal 

and Vmax,SGLT2 is 0.  

Figure 8. Effect of plasma glucose level on renal glucose excretion rate (GE). GE was simulated based on a 

PK-PD model (model B) assuming a range of plasma glucose levels from 100 to 300 mg/dl . Plasma 

concentration of phlorizin was set at a constant value of 0.1 μg/ml (dotted line), 1 μg/ml (line), or 10 μg/ml 

(bold line) for each simulation. 
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Table 1.  Pharmacodynamic and biochemical parameters relating to renal glucose transport in rat.  

The in vitro parameters were obtained from the BBMV experiment. The in vivo parameters, GFR and 

Vmax,Total, were calculated based on a PD model (model A). Vmax, total is the sum of Vmax, SGLT1 and Vmax, SGLT2, 

and Vmax, SGLT2 ratio means Vmax, SGLT2/Vmax, Total. The values in parentheses are CV of estimates. 

In vivo parameters  In vitro parameters 

GFR 

(ml/h/kg) 

 Vmax, Total 

(mg/h/kg) 

Vmax, SGLT1 
a
 

(mg/h/kg) 

Vmax, SGLT2 
a
 

(mg/h/kg) 
 

Km, SGLT1 

(mg/ml) 

Km, SGLT2 

(mg/ml) 

 Vmax, SGLT2  

ratio 

558 

(5%) 

1648 

(6%) 
256 1392  0.016 0.197 0.845 

a values were estimated using in vivo Vmax, Total and in vitro Vmax, SGLT2 ratio. 
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Table 2.  Pharmacokinetic parameters and inhibition constants of phlorizin in rat. The PK parameters 

were calculated based on a 2-compartment model using WinNonlin ver. 5.0 software. Ki values were 

estimated from an in vivo PK-PD study using model B. The values in parentheses are the CV of estimates. 

 V1 

(ml/kg) 

k10 

(h-1) 

k12 

(h-1) 

k21 

(h-1) 

Ki, SGLT1 

(nM) 

Ki, SGLT2 

(nM) 

 109 

(12%) 

7.93 

(14%) 

1.20 

(76%) 

0.900 

(79%) 

67 

(111%) 

252 

(49%) 
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