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Abstract This study developed a semi-mechanistic kidney

model incorporating physiologically-relevant fluid reab-

sorption and transporter-mediated active reabsorption. The

model was applied to data for the drug of abuse c-hydroxy-
butyric acid (GHB), which exhibits monocarboxylate trans-

porter (MCT1/SMCT1)-mediated renal reabsorption. The

kidney model consists of various nephron segments—prox-

imal tubules, Loop-of-Henle, distal tubules, and collecting

ducts—where the segmental fluid flow rates, volumes, and

sequential reabsorption were incorporated as functions of the

glomerular filtration rate. The active renal reabsorption was

modeled as vectorial transport across proximal tubule cells.

In addition, the model included physiological blood, liver,

and remainder compartments. The population pharmacoki-

netic modeling was performed using ADAPT5 for GHB

blood concentration-time data and cumulative amount

excreted unchanged into urine data (200–1000 mg/kg IV

bolus doses) from rats [Felmlee et al (PMID: 20461486)].

Simulations assessed the effects of inhibition (R = [I]/

KI = 0–100) of renal reabsorption on systemic exposure

(AUC) and renal clearance of GHB. Visual predictive checks

and other model diagnostic plots indicated that the model

reasonably captured GHB concentrations. Simulations

demonstrated that the inhibition of renal reabsorption sig-

nificantly increased GHB renal clearance and decreased

AUC. Model validation was performed using a separate

dataset. Furthermore, our model successfully evaluated the

pharmacokinetics of L-lactate using data obtained from

Morse et al (PMID: 24854892). In conclusion, we developed

a semi-mechanistic kidneymodel that can be used to evaluate

transporter-mediated active renal reabsorption of drugs by

the kidney.
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Introduction

The kidneys play an essential role in maintaining physio-

logical homeostasis by regulating the blood pressure and the

acid-base balance, eliminating toxic endogenous and

exogenous waste products, and conserving the essential

nutrients such as electrolytes, amino acids, and glucose via

active reabsorption. The interplay between the two impor-

tant physiological processes, fluid filtration and reabsorption,

facilitate these functions while continuously producing

urine. The blood flow to the kidneys (QKI) is typically 25 %

of the cardiac output, the glomerular filtration rate (GFR) is

about 10–15 % of QKI, and urine flow is about 1–2 % of

GFR; therefore, the kidneys reabsorb about 98 % of the

glomerular filtrate and about 98–100 % of essential solutes

[1, 2]. The nephron represents the functional unit of the

kidneys and about 1 million nephrons are present in each

adult human kidney. A nephron can be divided into several

sub-segments: namely, glomerulus, proximal tubules (PT),

Loop-of-Henle (LOH), distal tubules (DT), and collecting
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ducts (CD). In humans, about 60–70 % of glomerular filtrate

is reabsorbed from the proximal tubules, about 15–20 %

from the descending thin Loop-of-Henle, and about

13–24 % from the collecting ducts [1–3]. Proximal tubule

epithelial cells (PTC) are further divided into three sub-

segments, namely, S1, S2, and S3, owing to their unique cell

morphology and differences in the density of PTC brush-

border membrane (BBM) [3]. More than 400 transporters

belonging to the ATP-binding cassette (ABC) and solute

carrier (SLC) families are encoded by the human genome

and numerous transporters belonging to these two super-

families are expressed at the basolateral membrane (BLM)

and the brush-border membrane, throughout the S1–S3

segments of the proximal tubule cells. These membrane

transporters facilitate the reabsorptive and secretory func-

tions of the nephrons [4–6].

Active reabsorption in the kidney is essential for the

homeostasis of many endogenous compounds including

glucose, amino acids, inorganic phosphate, inorganic sul-

fate, ascorbic acid, riboflavin, lactate, uric acid, and

sodium, potassium and other electrolytes, to name a few.

Few drugs are known to undergo transporter-mediated

saturable renal reabsorption; but these include c-hydroxy-
butyrate [7], oxypurinol [8], cefadroxil [9], perfluoroalkyl

acids [10, 11], and methotrexate [12], based on in vivo

studies. In vitro substrates for the renal reabsorptive

transporters include several drugs, namely, cephapirin and

cephaloridine [13] pitavastatin (OATP1A2) [14], rosuvas-

tatin (OATP1A2) [15], saquinavir (OATP1A2) [16],

cephalexin (PEPT1) [17], amoxicillin (PEPT2) [18] and

cefaclor (PEPT2) [18], among others; however their

potential to undergo active renal reabsorption in vivo has

not been validated. For substrates of renal reabsorptive

transporters, it is important to consider the location,

expression, and binding affinity of transporters in relation

to the ongoing fluid reabsorption process, since these will

determine concentrations of substrates available for the

vectorial transport across the PTC. The volume of the fil-

trate present at the site of drug reabsorption along with the

transporter kinetics will also play a vital role in elucidating

the mechanistic basis for drug-drug and drug-transporter

interactions. Moreover, these factors will determine thera-

peutic potential of inhibitors of the renal transporters.

Evidence for capacity-limited renal reabsorption was

first reported for urea [19]. Theoretical, experimental, and

mathematical aspects of renal clearance [20]. and effects

of interplay of intrinsic and extrinsic factors [21], such as

plasma protein binding [22], urine flow [23–25], urine pH

[23], and osmotic diuresis [26], on the renal clearance of

drugs have been extensively reported. Studies of nephron

physiology have elucidated mechanisms of solute and

water transport in proximal tubules [27–29], and described

mathematical systems models of the urine concentrating

mechanism in the rat renal medulla [30, 31], and mathe-

matical models of rat proximal tubule, loop of Henle and

collecting ducts [32–34]. Although very extensive and

insightful in terms of renal physiology, these models are

not parsimonious and cannot readily be implemented

using PK/PD model-fitting methods to evaluate trans-

porter-mediated renal reabsorption and pharmacokinetics

of drugs.

Over the past several decades, several pharmacokinetic

models have been reported that incorporate capacity-lim-

ited renal tubular reabsorption of endogenous as well as

exogenous compounds, including riboflavin [35], ascorbic

acid [36], perfluoroalkylacids [10], and several sodium

glucose transporter 1 and 2 inhibitors [37–39], to name a

few. In our previous publication, we highlighted the scar-

city and advantages of pharmacokinetic models incorpo-

rating more mechanistic kidney parameters available in the

literature and potential pitfalls in data evaluation when

mechanism-based models for active secretion and active

reabsorption are not utilized when appropriate [40].

In light of this special issue in the honor of Dr. Gerhard

Levy, we would like to acknowledge his extensive and

significant contributions to the field of clinical pharma-

cokinetics, particularly in elucidating the mechanisms of

renal elimination of numerous compounds including sali-

cylates [41–44], ampicillin [45], riboflavin [35, 46–48],

theophylline [49], acetaminophen [50–52], pindolol [53],

and inorganic sulfate [51, 54, 55], to name a few. Spanning

over 50 publications, some of these significant contribu-

tions on renal drug elimination include evaluations of renal

drug metabolism, renal drug-drug interactions, the role of

protein binding in ADME of drugs, effects of pH, urine

flow, and renal function on the pharmacokinetics of drugs,

the renal elimination of drug metabolites such as various

glucuronide conjugates, the pharmacokinetics of drugs in

renal disease, and drug induced nephrotoxicity [35, 41–67].

Given this extensive knowledge of mechanisms of renal

clearance, the overall goal of the present study was to

develop a semi-mechanistic kidney model incorporating

the physiologically-relevant fluid reabsorption and trans-

porter-mediated active reabsorption. In development of our

kidney model, we have used plasma and urine data for c-
hydroxybutyric acid (GHB), a naturally occurring short-

chain fatty acid formed from c-aminobutyric acid (GABA)

[68]. Apart from the therapeutic use of GHB in the treat-

ment of narcolepsy (Xyrem�, US) [69] and alcohol with-

drawal (Europe) [70], GHB has been widely abused for

recreation [71] and drug-induced sexual assault [72]. Non-

linear pharmacokinetics for GHB have been demonstrated

in rats [73] and humans [74, 75]. Saturable absorption [74,

76], metabolism [74], and renal clearance [7] have been
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shown to contribute to the observed non-linearity in GHB

pharmacokinetics. Renal clearance of GHB has been

reported to contribute significantly to its total clearance at

very high concentrations in overdose patients [77] and

increase in a dose-dependent manner with increasing doses

in rats [7]. Similar to GHB, L-lactate is also a substrate for

renal proton-coupled monocarboxylate transporters MCT

1, 2, and 4 (SLC16A family) and sodium-dependent

monocarboxylate transporter 1 (SMCT1, SLC5A8) [78,

79]. We have also demonstrated the inhibition of active

renal reabsorption of GHB by inhibitors of MCT1, L-lactate

and AR-C155858, as potential treatment strategies in GHB

overdose in rats [80–83] and in humans [84]. We previ-

ously published a semi-mechanistic pharmacokinetic

model for GHB that included a kidney component with

three compartments, namely a site for GHB reabsorption

and two transit compartments to characterize the delayed

appearance of GHB in urine [81, 85]. A semi-mechanistic

PK model for L-lactate was also developed in the previous

modeling efforts [81].

A mathematical model incorporating mechanism-based

drug disposition and a physiologically-relevant kidney

component incorporating changes in flow and volume of

renal filtrates as a result of fluid reabsorption and vectorial

transport of drugs across the proximal tubule cells would

provide enhanced utilitarian basis for evaluating drug-

transporter interactions. The objectives of this study are to

(1) develop a semi-mechanistic kidney model incorporat-

ing physiologically-relevant fluid reabsorption and trans-

porter-mediated reabsorption, (2) utilize this model to

describe GHB pharmacokinetics in rats using a population

analysis approach, incorporating MCT1/SMCT1-mediated

reabsorption in the kidneys, (3) perform clinically relevant

simulations to evaluate the effects of inhibition of active

reabsorption of GHB on its renal clearance (CLR) and

systemic exposure (AUC), and (4) implement the

developed model to evaluate the pharmacokinetics of L-

lactate in rats.

Theoretical

Proposed semi-mechanistic PK model

The proposed PK model, illustrated in Fig. 1, has three

major components—(1) a semi-mechanistic kidney com-

ponent incorporating physiologically-relevant fluid reab-

sorption and transporter-mediated active reabsorption and

GHB-specific components incorporating (2) non-linear

renal transport kinetics (MCT1/SMCT1) and (3) systemic

saturable metabolism and distribution of GHB.

The semi-mechanistic kidney component was indepen-

dently developed in an adaptive manner with a goal that it

could be modified according to the transport kinetics of any

compound. It consists of several compartments represent-

ing various lumen segments of the nephron containing the

ultra-filtrate. These compartments do not represent physi-

ological lumen spaces of nephron segments. The model

also included blood, liver, and remainder (for mass and

flow balance) compartments. A list of all fixed parameters

including the values of physiological flows (Q) and vol-

umes (V) are provided in Table 1.

Blood compartment

The blood compartment (Eq. 1) is the depot for GHB

input. From the blood (BL), GHB is distributed to the liver

(LI), the kidneys (KI), and to the remainder of the body

(RM). The model accounted for mass and flow balance.

The initial condition (IC) for the blood compartment is the

dose of GHB and is zero for all other compartments in the

model.

Fig. 1 Semi-mechanistic

kidney model incorporating

physiologically-relevant fluid

reabsorption and MCT1/

SMCT1-mediated renal

reabsorption of GHB. Symbols

are defined in Tables 1 and 2
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dABL

dt
¼ �QLI �

ABL

VBL

þ QLI �
ALI

VLI � KP;LI
� QKI �

ABL

VBL

þ ðQKI � QUÞ �
ARBL

VRBL

� QRM � ABL

VBL

þ QRM

� ARM

VRM � KP;RM
IC ¼ Doseð Þ ð1Þ

Liver and remainder compartments

Since GHB is predominantly in the ionized form at phys-

iological pH, its distribution into tissues requires MCT-

mediated transport. GHB tissue distribution is dose-de-

pendent and organ-specific (unpublished data). In the

Table 1 List of fixed physiological flow and volume and in vitro/in vivo parameters utilized for the population PK model

Parameter Definition Value

VBL (mL) Volume of blood 20.3 [97, 98]

VPL (mL) Volume of plasma 12.5 [97, 98]

VRM (mL) Volume of remainder compartment 264 [97, 98]

VLI (mL) Volume of liver 12.4 [97, 98]

QLI (mL/min) Blood flow to liver 11.6 [97, 98]

QKI (mL/min) Blood flow to kidneys 10.5 [97, 98]

QRM (mL/min) Blood flow to remainder compartment 27.1 [97, 98]

KP, LI, KP, RM Blood-to-tissue partition coefficients for liver and remainder compartments

(unpublished in vivo data)

0.4

VGLM (mL) Volume of glomerulus 0.08 [99]

VPTC (mL) Volume of proximal tubule epithelial cells 1.03 [99]

VRBL (mL) Volume of renal blood 0.375 [99]

VRPL (mL) Volume of renal plasma 0.206 [99]

GFR (mL/min) Glomerular filtration rate 2.2 [100]

VS1_1 (mL), QS1_1 (mL/min) Volume and flow of filtrate in lumen of 1st sub-segment of S1 segment of

proximal tubule

GFR

VS1_2 (mL), QS1_2 (mL/min) Volume and flow of filtrate in lumen of 2nd sub-segment of S1 segment of

proximal tubule

0.85 9 GFR [1–3]

VS1_3 (mL), QS1_3 (mL/min) Volume and flow of filtrate in lumen of 3rd sub-segment of S1 segment of

proximal tubule

0.70 9 GFR [1–3]

VS2?S3 (mL), QS2?S3 (mL/min) Volume and flow of filtrate in lumen of S2 and S3 segments of proximal

tubule

0.55 9 GFR [1–3]

VLOH (mL), QLOH (mL/min) Volume and flow of filtrate in lumen of Loop of Henle 0.33 9 GFR [1–3]

VDT?CD (mL), QDT?CD (mL/min) Volume and flow of filtrate in lumen of distal tubules and collecting ducts 0.18 9 GFR [1–3]

VU (mL), QU (mL/min) Volume and flow of urine 0.02 9 GFR [1–3]

In vitro parameters for GHB

KM,MET (lg/mL) Metabolic Michaelis–Menten affinity constant 63 [7, 101]

KM,BBM (lg/mL) Renal reabsorption Michaelis–Menten affinity constant at BBM 480 [86]

KM,BLM (lg/mL) Renal reabsorption Michaelis–Menten affinity constant at BLM 1092 [86]

In vitro/ in vivo parameters for L-lactate

KM,MET (lg/mL) Metabolic Michaelis–Menten affinity constant (in vitro study) 218 [92]

KLAC (lg/min) Endogenous lactate production rate (in vivo study) 4.97 [81]

Physiological flow and volume parameters were obtained and optimized for an average rat of 300 g

Table 2 Estimated population PK parameters and inter-individual variability (IIV) for GHB; %RSE is relative standard error

Parameter Definition Estimate %RSE %IIV %RSE

VMAX,MET (lg/min) Maximal metabolic capacity 670 4 11 40

VMAX,BBM (lg/min) Maximal renal reabsorption capacity at BBM 1950 13 31 36

VMAX,BLM (lg/min) Maximal renal reabsorption capacity at BLM 1101 10 18 41

r, Slope (CBL) Slope of the residual variability of blood concentrations 0.20 5

r, Slope (AE) Slope of the residual variability of cumulative amount excreted into urine 0.36 19
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context of the present model, we have made two key

assumptions: (1) since MCT1 is ubiquitously expressed,

GHB distribution into the liver and the remainder com-

partments can be described by the respective blood-to-tis-

sue partition coefficients (KP); the values of KP,LI and

KP,RM were fixed to the observed KP values obtained from

the tissue distribution study (Table 1), and (2) the liver is

the major site for the saturable metabolism of GHB. Sat-

urable tissue distribution of GHB was not observed for the

doses of GHB studied (unpublished data). Equations 2 and

3 describe the distribution of GHB into the liver and the

remainder compartments, with IC = 0. The saturable

metabolism of GHB was incorporated as a single

Michaelis–Menten equation:

dALI

dt
¼ QLI �

ABL

VBL

� QLI �
ALI

VLI � KP;LI

�
VMAX;MET � ALI

VLI�KP;LI

KM;MET þ ALI

VLI�KP;LI

ð2Þ

dARM

dt
¼ QRM � ABL

VBL

� QRM � ARM

VRM � KP;RM
ð3Þ

Compartments incorporating physiologically-relevant fluid

reabsorption and transporter-mediated renal reabsorption

The blood flow to the kidneys (QKI) carries GHB to the

glomerulus (GLM), where a fraction of QKI becomes the

GFR and the remaining fraction drains into the peritubular

capillaries as:

dAGLM

dt
¼ QKI �

ABL

VBL

� GFR� AGLM

VGLM

� ðQKI � GFRÞ

� AGLM

VGLM

ð4Þ

The central principle for enacting this kidney component is

– since fluidfiltration and reabsorption across the nephrons are

continuous processes, decreases in the volumes and flows of

the filtrate across the nephron segments would be constant,

proportional in degree, and equal inmagnitude, both, spatially

and temporally. In other words, the numerical values of the

flows and the volumes of the filtrate at given nephron seg-

ments would be the same and can be described as fractions of

GFR. The following assumptions were made in order to

incorporate the fluid reabsorption process into the model. (1)

Fractions of fluid reabsorption and urine pH across the

nephrons are identical in all animals. (2) Fractions of fluid

reabsorption at various segments are identical between rats

and humans. (3) These fractions of fluid reabsorption are held

constant and effects of concurrent solute reabsorption, chan-

ges in tonicity and osmolality of filtrate, effects of pH changes

due to acid-base balance, and effects of changes in hydration

status of animals are not considered in the present model. (4)

The numerical value of flow exiting one segment is the

numerical value of the volumeof the next segment. Themodel

assumes that about 67 %of the total filtrate is reabsorbed from

the proximal tubule [1–3]. The proximal tubule lumen seg-

ment was sub-divided into four lumen segments, which yiel-

ded three S1 segments (S1_1, S1_2, and S1_3) and a S2?S3

segment. This is physiologically relevant as the S1 segment

contains a dense layer ofBBMwithmany aquapores,which is

more complex than S2 and S3 segments that have less dense

BBMand similar cellmorphology [3].Moreover, about 2/3 of

total fluid reabsorption from proximal tubules occurs from the

S1 segment [3]; therefore, subdividing the S1 segment allows

for incorporating the gradual process of fluid reabsorption

across the PT. This also accounts for changes in drug con-

centration as a result of decrease in filtrate volume and con-

centration of drug available for transport in subsequent

segments. The fraction of fluid reabsorption from each of the

three sub-segments of S1 is considered to be equal in mag-

nitude. Figure 1 and Table 1 detail the fractional decrease in

flows and volumes of the filtrate, relative to GFR, with

sequential fluid reabsorption. The fluid reabsorption from the

three S1 segments is described as:

dAS1 1

dt
¼ GFR� AGLM

VGLM

� QS1 2 �
AS1 1

VS1 1

ð5Þ

dAS1 2

dt
¼ QS1 2 �

AS1 1

VS1 1

� QS1 3 �
AS1 2

VS1 2

ð6Þ

dAS1 3

dt
¼ QS1 3 �

AS1 2

VS1 2

� QS2þS3 �
AS1 3

VS1 3

ð7Þ

The remaining 1/3 of the total fluid reabsorption from

proximal tubules occurs from the S2 and S3 segments

(S2 ? S3) as described in Eq. 8, where LOH is the Loop of

Henle.

dAS2þS3

dt
¼ QS2þS3 �

AS1 3

VS1 3

� QLOH � AS2þS3

VS2þS3

�
VMAX;BBM � AS2þS3

VS2þS3

KM;BBM þ AS2þS3

VS2þS3

ð8Þ

Uptake of GHB has been reported to be pH- and

sodium-dependent in BBM vesicles and pH-dependent in

BLM vesicles in rats [86], suggesting the significance of

SMCT1-mediated transport of GHB in BBM and MCT1-

and MCT2-mediated transport at the BLM [86]. MCT1 is

the most important transporter for the uptake of GHB in rat

kidney BLM membrane vesicles [86] and in Human Kid-

ney HK-2 cells [79]. MCT1/SMCT1-mediated reabsorption

of GHB at the BBM was incorporated only from the S2 and

S3 segments in our model, which is consistent with the

observed predominant expression of SMCT1 at the S2 and

S3 segments [87] and with the expression of MCT1 at the

BBM [86].
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The vectorial transport of GHB across the PTC is

described in Eq. 9, where GHB is taken up into the PTC

from the BBM and is transported to the renal blood (RBL)

in the peritubular capillaries by MCT1 predominantly

expressed at the BLM [86].

dAPTC

dt
¼

VMAX;BBM � AS2þS3

VS2þS3

KM;BBM þ AS2þS3

VS2þS3

�
VMAX;BLM � APTC

VPTC

KM;BLM þ APTC

VPTC

ð9Þ

Renal blood in peritubular capillaries receives GHB that

is (1) carried within the fraction of QKI (QKI - GFR)

exiting the glomerulus and (2) entering the PTC across the

BLM as described in Eq. 10. The renal blood then returns

to the systemic circulation along with the reabsorbed GHB.

The term QKI - QU accounts for the flow balance in the

system: about 98 % of fluid is reabsorbed every minute,

where urine flow (QU) is *1–2 % of GFR [1–3].

dARBL

dt
¼

VMAX;BLM � APTC

VPTC

KM;BLM þ APTC

VPTC

þ ðQKI � GFRÞ

� AGLM

VGLM

� ðQKI � QUÞ �
ARBL

VRBL

ð10Þ

After 67 % of fluid reabsorption from the PT, about 33 %

of the total filtrate enters the Loop-of-Henle (LOH) (Table 1

and Fig. 1) as described in Eq. 11. Fluid reabsorption of

about 15 % results from this nephron segment [1–3].

dALOH

dt
¼ QLOH � AS2þS3

VS2þS3

� QDTþCD � ALOH

VLOH

ð11Þ

The model assumes about 18 % of the total filtrate

enters the lumen of the distal nephrons consisting mainly of

the distal tubules (DT) and the collecting ducts (CD) [1–3].

The lumens of distal tubules and the collecting ducts were

combined into one compartment. Antidiuretic hormone

(ADH)-mediated fluid reabsorption from late distal tubules

and early collecting ducts was not considered in this model,

and it was assumed that the hydration status of all animals

was normal for the duration of this study [1, 2, 88]. Fluid

reabsorption of about 16 % was assumed to occur from this

compartment (Eq. 12), which resulted in 2 % of the filtrate

as the urine flow (QU) and urine volume (VU) per minute as

described in Eq. 13 [1–3]. Cumulative amount of GHB

excreted unchanged into the urine (AE) is given by sum-

mation form:

dADTþCD

dt
¼ QDTþCD � ALOH

VLOH

� QU � ADTþCD

VDTþCD

ð12Þ

dAU

dt
¼ QU � ADTþCD

VDTþCD

� QU � AU

VU

ð13Þ

dAE

dt
¼ QU � AU

VU

ð14Þ

The model outputs for the two PK endpoints of GHB

are:

Y CBLð Þ ¼ ABL

VBL

ð15Þ

Y AEð Þ ¼ AE ð16Þ

Methods

Pharmacokinetic data for GHB

Data for GHB plasma concentrations and cumulative

amount of GHB excreted unchanged into the urine (AE)

were obtained from Felmlee et al. [85]. Briefly, male

Sprague-Dawley rats (Harlan, Indianapolis, Indiana)

(280–320 g) were used for the study. GHB IV doses of 200,

400, 600, and 1000 mg/kg were administered to groups of

4–7 animals. GHB concentrations in plasma and urine were

measured using a validated LC/MS/MS method [85]. Our

laboratory has previously shown that MCT1 expressed on

RBCs mediate linear partitioning of GHB from blood to

plasma [89]. Since blood concentrations of GHB are more

relevant in a clinical setting, blood concentrations were

calculated from plasma concentrations using the GHB B/P

partition ratio of 0.75 [89]. Blood concentration and cumu-

lative amount excreted unchanged into the urine (AE) data

were used in our model development and validation.

Population PK model development and validation

Population analysis was carried out for the following two

reasons: (1) the mode of sampling was sparse, and (2) there

was high inter-individual variability (IIV) in the urine data.

Population analysis was performed using the maximum

likelihood expectation minimization (MLEM) algorithm

[90] in the ADAPT5 software (BMSR, Los Angeles, CA).

No covariates were included in this model, since the only

measured covariate, body weight (BW), had a narrow

range and was statistically not significant.

GHB data for 200, 600, and 1000 mg/kg doses were used

for the model development. Three parameters—maximal

capacity of metabolism (VMAX, MET), maximal capacity of

renal reabsorption at the PTC BBM (VMAX, BBM), and

maximal capacity of renal reabsorption at the PTC BLM

(VMAX, BLM)—and respective IIV were estimated. The three

respective Michaelis–Menten affinity constant (KM)

parameters were fixed to the observed in vitro values from

our previous studies as listed in Table 1.

The VMAX parameter of a given metabolic or transport

process is a function of protein expression of enzymes

and transporters involved. The three VMAX parameters
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and IIV were estimated for the following reasons: (1)

GHB is metabolized by several enzymes, namely, aldo-

keto reductases 1A1 and 7A2, succinic semialdehyde

reductase, and hydroxyacid-oxoacid transhydrogenase

[91]; however, the protein, expression and relative con-

tribution of these enzymes to the metabolism of GHB is

not well-understood, (2) protein expression values of renal

MCTs/SMCTs have not been characterized in rats or

humans.

The residual variability was best described by a pro-

portional error model (Eq. 17) for both PK endpoints:

Var ið Þ ¼ ðr� YiÞ2 ð17Þ

Goodness-of-parameter estimation was evaluated using

relative standard error (% RSE). The goodness-of-fit was

evaluated using the visual predictive check (VPC) plots

and other model diagnostic plots. VPC plots were gener-

ated by simulating 1000 subjects using the developed

population model and SIM algorithm in ADAPT5 (BMSR,

Los Angeles, CA). Medians, 90th, and 10th percentiles of

the predicted values were calculated using MS Excel 2013

(Microsoft, Redmond, Washington). Other model diag-

nostic plots included: (a) observed vs. individual predicted

data, (b) observed vs. population predicted data, which

illustrated the predictive power of the model, (c) standard

residuals vs. individual predicted data, and (d) standard

residuals vs. population predicted data, which illustrated

the appropriateness of the residual error model. Model

validation was performed using the data for a dose of

400 mg/kg, which was an independent data set that was not

used for model development. The 400 mg/kg dose is within

the dose range that we have evaluated and therefore, is a

reasonable validation set to evaluate the performance of

this model. GHB does not demonstrate linear kinetics

where, across a dose range, successful validation is almost

always expected. Due to the complex dose-dependent

kinetics of GHB, concentration predictions for different

doses is not straight-forward, making independent data sets

at other doses suitable as validation sets. Goodness-of-pa-

rameter estimation and goodness-of-fit was also evaluated

for the validation set as described above.

Simulations

Clinically relevant simulations were performed using the

SIM algorithm in ADAPT5 (BMSR, Los Angeles, CA) to

evaluate the effects of the inhibition of active renal reab-

sorption of GHB on its systemic exposure (AUC) and renal

clearance (CLR). Simulations were carried out for 200, 600,

and 1000 mg/kg doses of GHB for up to 6 h. Three

mechanisms of inhibition—competitive (Eq. 18), uncom-

petitive (Eq. 19), and non-competitive (Eq. 20)—were

evaluated, where R is the ratio of concentration of inhibitor

administered at steady-state ([I]) and the inhibition con-

stant (Ki).

Reabsorption rate ¼ VMAX;BLM � C

KM;BLM � ð1þ RÞ þ C
ð18Þ

Reabsorption rate ¼ VMAX;BLM � C

KM;BLM þ C � 1þ Rð Þ ð19Þ

Reabsorption rate ¼ VMAX;BLM=ð1þ RÞ � C

KM;BLM þ C
ð20Þ

Four sets of simulations were performed for each GHB

dose and for each inhibition mechanism, where R = 0 (no

inhibition), 1, 10, and 100. The AUC was calculated using

the log-trapezoidal method and CLR was calculated using

the ratio of AE, ? over AUC. 3D-surface plots were gen-

erated using SigmaPlot 11.0 (Systat Software, San Jose,

CA) to elucidate the relationships among AUC or CLR,

GHB doses, and R (0–100).

Evaluation of L-lactate pharmacokinetics

We evaluated active renal reabsorption of L-lactate using the

developed model. Data for lactate plasma concentrations and

cumulative amount of lactate excreted unchanged into the

urine (AE) were obtained from Morse et al., [81]. Briefly,

male Sprague-Dawley rats (Harlan, Indianapolis, Indiana)

(270–330 g) were used for the study. Sodium L-lactate doses

of 66 mg/kg ? 302.5 mg/kg/h, 66 mg/kg ? 605 mg/kg/h,

and 198 mg/kg ? 1210 mg/kg/h were administered to

groups of 3-5 animals, and plasma and urine analyzed for L-

lactate. The model was implemented with several modifi-

cations as described below. Plasma concentrations (not

blood concentrations) of L-lactate were used in the modeling

because experimental blood-to-plasma partitioning of L-

lactate was not available. The model assumes that liver is the

predominant site of L-lactate metabolism. Any extra-hepatic

metabolism of L-lactate is not considered in this model under

the assumption that extra-hepatic metabolism of L-lactate

dose not contribute significantly to its observed PK over the

dose range evaluated.

Plasma compartment

The plasma compartment is the depot for L-lactate input,

where KLAC represents the endogenous lactate production

rate as described by:

dAPL

dt
¼ KLAC � QLI �

APL

VPL

þ QLI �
ALI

VLI � KP;LI

� QKI �
APL

VPL

þ ðQKI � QUÞ �
ARPL

VRPL

� QRM

� APL

VPL

þ QRM � ARM

VRM � KP;RM
IC ¼ Doseð Þ ð21Þ
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Active renal reabsorption of L-lactate

We previously demonstrated that SMCT1 plays a key role

in the renal reabsorption of L-lactate and therefore, this

process is considered to be rate-limiting [81]. SMCT1-

mediated renal reabsorption of L-lactate was incorporated

as a single Michaelis–Menten process occurring at the PTC

BBM, where L-lactate is transported from PTC BBM of

S2?S3 compartment into the renal plasma (RPL):

dAS2þS3

dt
¼ QS2þS3 �

AS1 3

VS1 3

� QLOH � AS2þS3

VS2þS3

�
VMAX;BBM � AS2þS3

VS2þS3

KM;BBM þ AS2þS3

VS2þS3

ð22Þ

dARPL

dt
¼

VMAX;BBM � AS2þS3

VS2þS3

KM;BBM þ AS2þS3

VP2þS3

þ ðQKI � GFRÞ � AGLM

VGLM

� ðQKI � QUÞ �
ARPL

VRPL

ð23Þ

Transport across the PTCs and at the PTC BLM were not

considered since BBB transport was assumed to represent

the rate-limiting step. Since L-lactate is also a substrate for

MCTs, distribution kinetics of L-lactate (pKa 3.86) was

assumed to be the same as those of GHB. All other model

components including the physiologically-relevant fractions

for the fluid reabsorption process were unchanged.

Pharmacokinetic analysis was performed using the max-

imum likelihood (ML) algorithm [90] under the individual

parameter estimation program (ID) in ADAPT5 software

(BMSR, Los Angeles, CA). Three parameters, maximal

capacity of metabolism (VMAX, MET), maximal capacity of

renal reabsorption at the PTC BBM (VMAX, BBM), and

Michaelis–Menten affinity constant for renal reabsorption at

the PTC BBM (KM, BBM)—were estimated. The respective

Michaelis–Menten affinity constant of L-lactate metabolism

(KM, MET) was fixed to the observed in vitro value of 218 lg/
mL in human hepatocytes [92] (Table 1). The residual

variability was best described by an additive error model for

CPL and an additive plus a proportional error model for AE:

Var CPLð Þ ¼ ðrþ YPLASMAÞ2 ð24Þ

Var AEð Þ ¼ ðr1 þ r2 � YAEÞ2 ð25Þ

Results

PK model

The proposed model (Fig. 1) consisted of physiological

blood, liver, remainder, glomerulus, proximal tubule cells,

and renal tubular compartments. The sequential fluid

reabsorption was incorporated using seven nephron

segments, where flows and volumes of the filtrate in vari-

ous segments were functions of GFR. It is important to note

that the seven nephron segments do not represent physio-

logical lumen space, as discussed previously. For GHB,

single transporter kinetics were utilized at both the BBM

and BLM. The vectorial reabsorption of GHB was best

characterized by fixing the KM, BBM to 480 lg/mL and

KM, BLM to 1092 lg/mL, which were in vitro observed KM

values of GHB uptake in rat MCT1-MDA-MB231 cells

(pH 6.0) and isolated rat kidney basolateral membrane

vesicles (pH 5.5), respectively [86]. This suggested that

MCT1 plays a role in GHB uptake at the BBM, but does

not exclude the contribution of SMCT1.

Population GHB PK model performance

The VPC plots of GHB blood concentrations vs. time

profiles are shown in Fig. 2. For all three doses, medians of

the observed data were in very good agreement with the

medians of the predicted data. On average, 10 % of the

observed data was outside the 90th and the 10th percentiles

of the predicted values for CBL and AE profiles indicating

the model performed well. The VPC plots of GHB AE vs.

time profiles in Fig. 3 indicated the model somewhat over

predicted and under predicted the data for GHB doses of

200 mg/kg (Fig. 3a) and 600 mg/kg (Fig. 3b). This can be

attributed to the observed high variability in the data.

However, medians of the observed and the predicted data

were in fair agreement for the highest GHB dose of

1000 mg/kg as illustrated in Fig. 3c. Thus, VPC plots for

both PK endpoints indicated the model adequately descri-

bed GHB PK.

All three population parameter means and population

%IIV were estimated with reasonable %RSE (\50 %) as

listed in Table 2. The VMAX, BLM had the highest %IIV of

31 % and VMAX, BBM had an indeterminate %IIV of 18 %,

which was consistent with high IIV observed in the AE

data. The estimated residual variability was higher for AE

than for CBL (Table 2). The reason for this can be attrib-

uted to variability due to heterogeneous bladder emptying

patterns of animals, collection of large volumes of urine

over time, and the potential for incomplete urine

collections.

Model diagnostic plots for GHB CBL and AE are shown

in Figs. 4 and 5. A very strong agreement was found

between the observed vs. individual predicted data

(Fig. 4a; R2 = 0.98) and the observed vs. population pre-

dicted data (Fig. 4b; R2 = 0.96), respectively, for GHB

CBL. Moreover, the regression lines were in good agree-

ment with the unity lines and the majority of the data points

fell within the 95 % prediction interval of the regression

lines in both figures. The standard residuals vs. individual

predicted data (Fig. 4c) and the standard residuals vs.
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population predicted data (Fig. 4d) were evenly distributed

about the unity line and majority of the points fell within the

95 % confidence interval of the standard residuals. There

was fair agreement between the observed vs. individual

predicted data (Fig. 5a; R2 = 0.89) and the observed vs.

population predicted data (Fig. 5b; R2 = 0.78) for GHB

AE. Moreover, Figs. 5c and 5d indicated that the majority of

the data points were evenly distributed about the line of

unity and were within the 95 % confidence interval of the

standard residuals. Thus, these figures demonstrate that the

population PK model had strong quantitative power and that

the residual error model was acceptable.

The model was also validated using data for a GHB dose

of 400 mg/kg as illustrated in Fig. 6. Medians of observed

and predicted values for CBL and AE were in a very good

agreement as shown in Fig. 6a, b. In other words, the

model captured the centroid of the data very well. Taken

together, VPC plots, the model diagnostic plots, and the

validation results indicated that the population PK model

was successfully developed and has a strong qualitative

ability.

Clinically relevant simulations

Simulations were performed to evaluate the effects of

inhibition of active renal reabsorption of GHB from BBM

and BLM on its CLR and AUC. With inhibition of renal

reabsorption, CLR increased with increasing values of R

(with no inhibition, R = 0) (Fig. 7). Although AUC

increased with increasing dose (with no inhibition, R = 0),

it statistically significantly decreased with increasing R

(Fig. 8). The observed decrease in AUC was a result of an

increase in with increasing R, regardless of the dose. Since

R increases, CLR values approach the GFR, effects

observed at a lower dose (200 mg/kg) appear more sub-

stantial than at a higher dose (1000 mg/kg).

Figure 7a–c demonstrate the effects of competitive,

uncompetitive, and non-competitive inhibition of renal

reabsorption on CLR. The order of the observed increase in

CLR with increasing R (in descending order) was non-

competitive[ uncompetitive[ competitive (statistically

significantly different using one-way ANOVA with

Tukey’s test; not shown). Similarly, Fig. 8a–c showed the

effects of competitive, uncompetitive, and non-competitive

inhibition of renal reabsorption on AUC. The order of the

observed decrease in CLR with increasing R (in descending

Fig. 2 Population PK model predicted blood concentrations of

GHB—VPC plots of a 200 mg/kg, b 600 mg/kg, and c 1000 mg/kg

doses. The solid black squares and the line are the observed data and

the median of the observed data, respectively. The solid red line is the

median of the 1000 simulated subjects, and the top and the bottom

dashed lines in red are 90th and 10th-percentiles, respectively, of

1000 simulated subjects (Color figure online)

Fig. 3 Population PK model predicted cumulative amount of GHB

excreted unchanged into the urine—VPC plots of a 200 mg/kg,

b 600 mg/kg, and c 1000 mg/kg doses. Symbols and lines are as

described in Fig. 2
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Fig. 4 Model diagnostic plots for GHB blood concentrations:

a observed vs. individual predicted data, b observed vs. population

predicted data, c standard residuals vs. individual predicted data, and

d standard residuals vs. population predicted data. In parts, a and b,
the long-dashed line in black is the unity line, the solid line in red is

the regression line, and the short-dashed lines in red are the 95 %

prediction intervals of the regression line. In parts c and d, the long-

dashed line in black is the unity line and short-dashed lines in red are

the 95 % confidence intervals of the standard residuals (Color figure

online)

Fig. 5 Model diagnostic plots for GHB AE: a observed vs. individual predicted data, b observed vs. population predicted data, c standard

residuals vs. individual predicted data, and d standard residuals vs. population predicted data. Symbols and lines are as defined in Fig. 4
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order) was also non-competitive[ uncompetitive[ com-

petitive (statistically significantly different using one-way

ANOVA with Tukey’s test; not shown).

L-Lactate pharmacokinetics

The model adequately described L-lactate concentrations in

plasma and cumulative amount excreted unchanged into

the urine as illustrated in Fig. 9. Although the plasma

concentrations for the lowest dose of L-lactate were mis-

fitted, the predicted CPL of the remaining two doses and AE

of all three doses were in very good agreement with the

observed data. All three parameters were estimated with

low %CV as described in Table 3. The estimated value of

KM, BBM of 2 lg/mL (22 lM) was significantly lower than

the reported in vitro KM values of L-lactate transport by

human SMCT1, ranging from 150–235 lM [93].

Discussion

A semi-mechanistic kidney model incorporating aspects of

physiologically-relevant fluid reabsorption that allowed

fitting of GHB and L-lactate PK data in rats. Generally,

about 85 % of the total glomerular filtrate is reabsorbed

regardless of the body’s hydration status or the water bal-

ance. The remaining facultative fluid reabsorption occurs

from the late distal tubules and early collecting ducts,

which is regulated by ADH and is a function of the body’s

hydration status [1, 2, 88]. With the assumptions that rats

and humans have similar nephron segment-specific fluid

reabsorption fractions and all rats had normal hydration

status (not requiring ADH-mediated fluid reabsorption

from the DT?CD compartment), the proposed model

accounts for 67, 15, and 16 % fluid reabsorption from the

lumen of PT, LOH, and DT ? CD, respectively, and QU is

2 % of the total filtrate [1–3]. Moreover, about 2/3 of the

total fluid reabsorption from the PT occurs from the S1

segment [3], where the three sub-segments account for 1/3

of the total reabsorption each from the S1 segment. The

volumes of GLM, PTC, and RBL compartments were fixed

to their physiological values as listed in Table 1 and the

volumes of the nephron segments reflected the volumes of

the filtrate in the respective segments. The model also

assumed the numerical value of flow exiting one segment

equals the numerical value of the volume of the next

Fig. 6 The VPC plots for our validation dataset for a 400 mg/kg dose

of GHB, for a blood concentrations and b cumulative amount

excreted unchanged into the urine. Symbols and lines are as defined in

Fig. 2

Fig. 7 3D-surface plots illustrating changes in renal clearance (CLR)

of GHB with a competitive, b uncompetitive, and c non-competitive

inhibition of its active renal reabsorption
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segment, reflecting the volume of the filtrate just prior to its

respective fractional reabsorption in that segment. The

fractional fluid reabsorption from each segment is charac-

terized by a decrease in the flow exiting that segment.

It is important to note that the kidney component of the

proposed model is enacted to account for changes in drug

concentrations resulting from fluid reabsorption along

nephron segments and vectorial transport of drugs across

PTC. Values of fraction of fluid reabsorption used in the

present study represent accepted and established values

describing the general extent of fluid reabsorption in kid-

neys [1–3]. Under physiological conditions, the renal fluid

reabsorption process represents a dynamic process, which

is dependent on a complex set of conditions including, but

not limited to, variable flow, pH, hydration status, osmo-

lality, concurrent solute reabsorption, and effects of

hormones on urine concentrating processes, that have been

extensively reported in the literature [27–34, 88]. We made

several assumptions for parsimony and practical imple-

mentation of the proposed model. The current model

illustrates a snapshot of very specific conditions of fluid

reabsorption, governed by fixed values of fractions of fluid

reabsorption as functions of GFR and is constructed with

the sole purpose of evaluating drug-transporter interactions

in a more mechanistic and potentially translational manner.

However, the model does offer the flexibility in terms of

allowing modifications to accommodate unique drug-

transporter kinetics. While the model is not intended to

represent the full complexity of renal physiology, it pro-

vides a semi-mechanistic and utilitarian basis for evaluat-

ing the active renal reabsorption of compounds.

We further applied this model using GHB, which

undergoes MCT1/SMCT1-mediated active renal reabsorp-

tion. Compared with our previous publications [81, 85], the

present study has enabled us to further enhance the trans-

lational modeling framework of GHB PK by incorporating

physiologically-relevant fluid reabsorption and its vectorial

transport across the PTC. Moreover, the GHB-specific

model component includes physiological tissue volumes

and tissue blood flow values as well as the blood to tissue

partitioning of GHB. The KM, BBM value of 460 lg/mL is

similar to the GHB KM of 215 lg/mL in immortalized

human kidney (HK-2) cells (pH 6.0 and lacking SMCT1)

[79] and KM of 168 lg/mL in hSMCT1-transfected oocytes

(pH 7.4) [93]. The KM value of GHB uptake in MDA-

Fig. 8 3D-surface plots illustrating changes in AUC (systemic

exposure) of GHB with a competitive, b uncompetitive, and c non-

competitive inhibition of its active renal reabsorption

Fig. 9 L-Lactate pharmacokinetics: a plasma concentrations and

b cumulative amount excreted into urine. Symbols, (filled circle),

(filled square), and (filled diamond), respectively, represent means of

the observed data for 66 mg/kg ? 302.5 mg/kg/h, 66 mg/

kg ? 605 mg/kg/h, and 198 mg/kg ? 1210 mg/kg/h doses of sodium

L-lactate and the error bars are standard deviations (n = 3-5). The

black lines are model-fitted values
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MB231 cells expressing MCT2 and MCT4 (pH 7.5) was

1830 lg/mL [94], and values were 288 lg/mL (pH 6.5)

and 1768 lg/mL (pH 7.4) in rat erythrocytes where MCT1

is the sole MCT isoform [89]. These similarities of KM

values of MCT isoforms across species further enhances

the translational potential of the model.

The population model adequately captured GHB CBL

and AE data. Population parameter means and %IIV were

found with reasonable certainty. The model reflected the

central tendency of CBL very well for all doses; however,

moderate misfitting was evident for AE of 200 and 600 mg/

kg doses, which can be attributed to the observed high IIV

in the urine data. The model was able to adequately assess

the AE,? of 600 and 1000 mg/kg doses. The model diag-

nostic plots for CBL and AE indicated very strong agree-

ment between observed and individual model predicted and

observed and population model predicted data. Moreover,

the residual variability was reasonably explained with a

proportional error model for both blood concentrations and

cumulative amount eliminated in the urine and the model

had a constant residual variance about the line of unity. Our

population model was successfully validated as the predi-

cated GHB PK was in very close agreement with the

observed data for the 400 mg/kg dose.

The effects of competitive, uncompetitive and non-

competitive inhibition of renal reabsorption on CLR and

systemic AUC of GHB were examined. With increasing

inhibition described by R = [I]/Ki, CLR increased and

AUC decreased for the doses evaluated. It is important to

note that non-competitive (alters VMAX) inhibition had the

most pronounced effects on changes in CLR and AUC

compared with competitive (alters KM) and uncompetitive

(alters VMAX and KM) inhibition. This is consistent with

our previous findings that the greatest changes in CLR and

systemic AUC were observed with perturbations in VMAX

of a given secretory or reabsorptive transporter, compared

with perturbations in KM [40]. This indicates the impor-

tance of not only the dose and potency of the inhibitor, but

also their mechanism of inhibition when screening for their

therapeutic potential.

Our previous model consisted of a semi-mechanistic

kidney component including a site for GHB reabsorption

and two transit compartments. Moreover, two peripheral

compartments with distributional clearances were incor-

porated to account for the non-linear metabolism and dis-

tribution of GHB [81, 85]. In a separate study, local

sensitivity analysis of this model indicated that the model

predictions were more sensitive to perturbations in the

active reabsorption kinetics and metabolism kinetics than

the distributional parameters (peripheral volumes and dis-

tributional clearances) [95]. The greatest effects on GHB

plasma concentrations and AE were observed with altering

the VMAX of renal reabsorption parameter compared with

any other parameters. As described above, perturbations in

VMAX resulted in more pronounced effects than those in

KM [40]. In the present study, the three VMAX parameters

were estimated with reasonable certainty and all other

parameters were fixed to either the physiological flow/

volume values or observed in vitro or in vivo values, given

in Table 1.

Pharmacokinetics of L-lactate were further evaluated

using the developed model with several modifications

specific to L-lactate. Although, L-lactate is a substrate for

MCT1, 2 and 4 [78, 94, 96], SMCT1 plays the most sig-

nificant role in the active renal reabsorption of L-lactate

with in vitro KM values ranging 159-235 lM [81, 93]. On

the other hand, reported KM values of L-lactate uptake into

MCT1-expressing tumor cells, MCT1-oocytes, MCT2-

oocytes, and MCT4-oocytes are much higher, 4.5, 3.5,

0.74, and 28 mM, respectively [96]. The KM, BBM value for

L-lactate (22 lM) was estimated and although it is was

lower than the reported in vitro KM- value, the parameter

was estimated with reasonable certainty. Model fittings and

parameter estimates indicated the model was able to rea-

sonably characterize PK of L-lactate. Therefore, this model

can be used to evaluate PK of other drugs undergoing

active renal reabsorption.

We previously demonstrated that MCT inhibition with

L-lactate combined with osmotic diuresis presents an

effective treatment strategy in human subjects since this

increases renal clearance of GHB [84]. Our future model-

ing efforts will focus on translating this kidney model to

humans in order to evaluate potential treatment strategies

in GHB overdose. The following information will need be

Table 3 Estimated PK parameters and %CV for L-lactate; %CV is coefficient of variation

Parameter Definition Estimate %CV

VMAX,MET (mg/min) Maximal metabolic capacity 13.8 15

VMAX,BBM (lg/min) Maximal renal reabsorption capacity at BBM 963 7.2

KM,BBM (lg/mL) Renal reabsorption Michaelis–Menten affinity constant at BBM 2.0 12

r, Intercept (CPL) Intercept of the residual variability of plasma concentrations 0.1 30

r, Slope (AE) Slope of the residual variability of cumulative amount excreted into urine 95 16

r, Intercept (AE) Intercept of the residual variability of cumulative amount excreted into urine 43 31
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incorporated to achieve the translational potential of the

proposed model: (1) since GHB is abused orally, a mech-

anistic PK model of GHB with non-linear absorption and

first-pass elimination components will be needed [83, 85],

(2) scale-up of physiologically-relevant flow and volume

parameters from rats to humans, and (3) estimation of all

relevant VMAX parameters, while fixing the respective KM

values to the observed in vitro data.

The three major advantages of this model are: (1) a

semi-mechanistic kidney component can be independently

used for any renal drug-drug and drug-transporter interac-

tions, (2) nephron segments can be sub-divided into more

segments or can be combined into fewer segments, as long

as the fluid reabsorption is maintained, and (3) since the

model incorporates the vectorial transport of a drug across

the PTC, it can be potentially used to elucidate the effects

of active secretion of compounds as well. In the context of

GHB, the model offers a robust modeling framework to

further evaluate GHB tissue distribution, GHB toxicody-

namics, and treatment strategies in overdose.

In conclusion, a useful kidney model incorporating

concurrent physiologically-relevant fluid reabsorption and

membrane transport has been developed that provides a

useful physiologically-based and semi-mechanistic mod-

eling framework to evaluate the transporter-mediated

active/facilitated reabsorption, as well as renal drug-trans-

porter interactions. This model may be relevant for scale-

up to humans for drugs with transporter-mediated renal

reabsorption. Additionally, due to the vectorial transport

across PTCs incorporated in the model, this renal model

may be suitable for drugs eliminated by transporter-medi-

ated active secretion.

Post-script

This manuscript is dedicated to Dr. Gerhard Levy, graduate

mentor of Dr. Marilyn Morris and an inspiration in my life.

His emphasis always on excellence and integrity has

remained the corner stone of my career. I joined the Levy

laboratory in the Fall of 1978 and became a member of the

‘‘sulfate group’’ consisting of myself and two postdoctoral

fellows in the lab, Raymond Galinsky and Jiunn Lin. My

PhD thesis focused on examining the importance of the

cofactor inorganic sulfate in sulfate conjugation and char-

acterizing its absorption and renal clearance, which

involved renal reabsorption. I continued in the area of drug

conjugation reactions in the laboratory of Dr. K. Sandy

Pang at the University of Toronto, gaining additional

modeling skills, and returning to Buffalo to become a

colleague of Gerhard Levy’s in 1985. As an Assistant

Professor, my initial research and my first NIH grant

focused on inorganic sulfate homeostasis, evaluating the

active reabsorption of inorganic sulfate in the kidney and

focusing on the transporters involved in its renal reab-

sorption. Dr. Levy had extensive publications in renal

clearance and reabsorption/secretion mechanisms in renal

clearance (as described in the manuscript), including his

seminal publication on ‘‘The effect of protein binding on

the renal clearance of drugs’’ in 1980, that I still use in

teaching in my lectures on renal clearance. However, in

1985 little was known regarding drug transporters in the

kidney. Thirty years later, I am still focused on membrane

transporters and currently on the monocarboxylate trans-

porter-mediated renal reabsorption, as described for the

drug GHB in this manuscript, which is in fact very similar

in many aspects to the vectorial transport of inorganic

sulfate in the renal proximal tubule. This research was

performed with Rutwij Dave, a PhD student in my labo-

ratory, and his research has focused on renal clearance

mechanisms and modeling. Therefore, it seemed fitting to

submit this manuscript on a physiologically-relevant

approach to modeling of transporter-mediated renal reab-

sorption for publication in this issue of JPKPD dedicated to

Dr. Levy.
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