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Abstract

Kidney function-adjusted drug dosing is currently based solely on the estimated
glomerular filtration rate (GFR), however, kidney drug handling is accomplished
by a combination of filtration, tubular secretion, and re-absorption. Mechanistic
physiologically-based pharmacokinetic (PBPK) models recapitulate anatomic
compartments to predict elimination from estimated perfusion, filtration, secre-
tion, and re-absorption, but clinical applications are limited by a lack of empiric
individual-level measurements of these functions. We adapted and validated a
PBPK model to predict drug clearance from individual biomarker-based esti-
mates of kidney perfusion and secretory clearance. We estimated organic anion
transporter-mediated secretion via kynurenic acid clearance and kidney blood
flow (KBF) via isovalerylglycine clearance in human participants, incorporating
these measurements with GFR into the model to predict kidney drug clearance.
We compared measured and model-predicted clearances of administered teno-
fovir and oseltamivir, which are cleared by both filtration and secretion. There
were 27 outpatients (age 55+ 15years, mean iohexol-GFR [iGFR] 76 +31 mL/
min/1.73m?) in this drug clearance study. The mean observed and mechanistic
model-predicted tenofovir clearances were 169 +102mL/min and 163 +80mL/
min, respectively; estimated mean error of the mechanistic model was 37.1 mL/
min (95% confidence interval [CI]: 24-52.9), compared to a mean error of
41.8mL/min (95% CI: 25-61.6) from regression model. The mean observed and
model-predicted oseltamivir carboxylate clearances were 183 +104 mL/min and
179 £ 89 mL/min, respectively; estimated mean error of the mechanistic model
was 42.9 mL/min (95% CI: 29.7-56.4), versus error of 48.1 mL/min (95% CI: 31.2—
67.3) from the regression model. Individualized estimates of tubular secretion and
KBF improved the accuracy of PBPK model-predicted tenofovir and oseltamivir

Michael L. Granda and Weize Huang contributed equally to the manuscript as co-first authors.

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction in any

medium, provided the original work is properly cited and is not used for commercial purposes.
© 2023 The Authors. Clinical and Translational Science published by Wiley Periodicals LLC on behalf of American Society for Clinical Pharmacology and Therapeutics.

Clin Transl Sci. 2024;17:€13678.
https://doi.org/10.1111/cts.13678

Www.cts-journal.com 1of12


https://doi.org/10.1111/cts.13678
http://www.cts-journal.com
https://doi.org/10.1111/cts.13678
mailto:
https://orcid.org/0000-0001-6197-7702
https://orcid.org/0000-0001-5903-721X
https://orcid.org/0000-0002-9548-3126
mailto:mlgranda@uw.edu
http://creativecommons.org/licenses/by-nc/4.0/

20f12 |

GRANDA ET AL.

ASCPT

kidney clearances, suggesting the potential for biomarker-informed measures of
kidney function to refine personalized drug dosing.

Study Highlights
WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC?

Kidney dosing of drugs clinically is based on estimated glomerular filtration rate
(GFR) alone, despite the importance of proximal tubular secretion and reabsorp-
tion in determining drug clearance. Although typically linked, these functions
may not decline proportionately to GFR. Physiologic-based pharmacokinetic
(PBPK) models can incorporate multiple elimination mechanisms in a popula-
tion but are not responsive to individual variation in filtration versus secretion
for clinical drug dosing.

WHAT QUESTION DID THIS STUDY ADDRESS?

Can clearance predictions be improved for drugs eliminated by both secretion
and filtration using a previously validated PBPK model informed by individual-
ized estimates of secretory clearance and kidney blood flow (KBF), in addition to
GFR, compared to more standard linear models using GFR alone?

WHAT DOES THIS STUDY ADD TO OUR KNOWLEDGE?

We show that drug clearance estimates of tenofovir and oseltamivir carboxylate
are improved when utilizing the PBPK model trained on KBF and secretory clear-
ance, in addition to measured GFR. We estimated KBF by measuring isovaleryl-
glycine clearance, an endogenous solute with rapid elimination by filtration and
secretion, and OAT-mediated secretory clearance by measuring the clearance of
kynurenic acid, an endogenous solute that is highly protein bound and elimi-
nated by OAT1/3. This methodology was applied to 27 participants across a wide
range of kidney function in a dedicated pharmacokinetic study.

HOW MIGHT THIS CHANGE CLINICAL PHARMACOLOGY OR
TRANSLATIONAL SCIENCE?

These methods highlight the potential to better personalize drug dosing using
individual biomarker-based functional estimates of secretory clearance and KBF
for drugs that have complex kidney handling.

INTRODUCTION

The kidneys eliminate hundreds of prescribed drugs and
their metabolites from the circulation. Dose adjustment
for kidney function represents standard clinical prac-
tice for achieving optimal drug exposure. Yet, prevailing
methods for kidney dose-adjustment do not account for
the complex mechanisms of drug clearance. Specifically,
kidney drug handling is determined by blood flow, plasma
protein binding, glomerular filtration, tubular re-absorp-
tion, and tubular secretion. In many cases, tubular se-
cretory clearance represents the primary mechanism for
eliminating protein bound drugs that are inefficiently
filtered due to size/charge selectivity of the glomerular
basement membrane. Tubular secretion is theoretically
linked with glomerular filtration but this assumption is
untested in real-world settings and fails to account for in-
dividual-level variation in renin-angiotensin-aldosterone

activation, tubular transporter expression/function, and
the underlying etiology of kidney disease.'™ Despite these
considerations, clinical dose adjustments for decreased
kidney function is currently based on only estimates of the
glomerular filtration rate (eGFR), which are calculated
from serum concentrations of creatinine and/or cystatin
C.56

Many drugs have mixed routes of elimination in-
cluding both filtration and secretion, and individual-
ized dosing tailored to the specific drug and patient is
important in many clinical situations.”® For instance,
critically ill patients typically experience a complex
milieu of malperfusion and subsequent multi-organ
failure, compounded by polypharmacy and a high like-
lihood of interactions as well as impaired metabolism
and elimination; often, acute kidney injury can fur-
ther catalyze nephrotoxicity from unadjusted dosing/
overdosing.’ In addition, oncologic medications have
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narrow therapeutic indices with decades of established
clinical practices seeking optimal adjusted dosing to
avoid inadvertent toxicity. In both scenarios, there is
also a morbid risk from lost efficacy in underdosing
further highlighting a need for responsive and person-
alized adjustments.

Mechanistic physiologically-based pharmacokinetic
(PBPK) models capture multiple aspects of kidney drug
clearance by dividing the kidney into separate com-
partments and modeling passage across vascular, cellu-
lar, and tubular spaces using physiological parameters
and drug-specific in vitro data.'®" Mixed routes of
drug elimination can be modeled using different func-
tional parameters to permit more accurate dosing and
facilitate the best clinical practice by predicting drug
disposition, even in untested situations where formal
pharmacokinetic data are not available.'>'! PBPK mod-
els incorporate testable anatomic and biochemical de-
terminants in its design therefore striving to align with
the underlying physiologic process; however, remaining
accurate for the single patient requires individual-level
functional and physiological information to separately
capture filtration, re-absorption, and tubular secretion
to generate patient-specific predictions in various clin-
ical circumstances. Herein, we tested the feasibility of
integrating individual, biomarker-based estimates of
kidney blood flow (KBF) and organic anion transporter
(OAT)-mediated tubular secretion for individualized
predictions of kidney drug clearance. We estimated KBF
and OAT-mediated secretion in 27 participants from a
kidney pharmacokinetic study via measured kidney
clearance of isovalerylglycine and kynurenic acid (KA),
respectively, and incorporated these with iohexol-mea-
sured GFR into a mechanistic kidney PBPK model. We
then compared measured and model-predicted kidney
clearances of administered tenofovir and oseltamivir
carboxylate (the active metabolite of oseltamivir), which
are cleared by both glomerular filtration and tubular
secretion.'*"?

METHODS
Study design

This study was ancillary to the Proximal Tubular
Clearance of Renal Medications (PROCLAIM) study,
a pharmacokinetic study of kidney drug metabolism
and excretion.' Participants were recruited from 2017
to 2019 by medical record screening at the University
of Washington (UW) hospital clinics. Recruitment was
stratified by categories of normal and impaired kidney
function based on eGFR. Patients were ineligible if
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possessing a history of nephrotic syndrome, cirrhosis,
requiring renal replacement therapy, or actively using
any of the study medications. A total of 54 participants
completed the primary PROCLAIM study visit assessing
furosemide and famciclovir clearance. All were invited
to a secondary visit to investigate the pharmacokinetics
of tenofovir and oseltamivir carboxylate; half completed
the second visit, which is the subject of this investiga-
tion (Table 1). All participants provided voluntary in-
formed consent and all study procedures were overseen
by the UW Institutional Review Board.

Drug clearance measurements
Study personnel administered oral tenofovir alafena-

mide 50 mg and oral oseltamivir 30 mg, then collected 13
plasma samples (15, 30, 45, 60, 90, 120, 150, 180, 210, 240,

TABLE 1 Patient characteristics.

Characteristic N=27*
Age, years 54 (15)
Male 17 (63%)
Race/ethnicity
Black 11 (41%)
White 15 (56%)
Other/prefer not to answer 1(3.7%)
Body mass index, kg/m? 29.0 (5.7)
History of diabetes 3(11%)
History of hypertension 4 (15%)
Relevant laboratory measurements
iGFR, mL/min/1.73 m? 76 (30)
Kynurenic acid clearance, mL/ min® 226 (138)
Isovalerylglycine clearance, mL/min® 575 (387)
Creatinine clearance, mL/min® 105 (50)
Urine albumin, mg/24h* 7.9 (3.5-26)
Serum albumin, g/dL 4.03 (0.24)
Medications
RAAS inhibitor 7 (26%)
Thiazide diuretic 1(3.7%)
K sparing diuretic 2(7.4%)
Non-steroid anti-inflammatory 1(3.7%)
Proton pump inhibitor 3 (11%)

Abbreviations: iGFR, measured GFR based on renal clearance of iohexol;
RAAS, renin-angiotensin-aldosterone system.

*Mean (SD); n (%).

®Derived from 10-h urine collection and averaged plasma levels collected at
0, 60, 300, and 480 min.

“Median (interquartile range); standardized to 24 h from supervised daytime
urine collection.
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300, 480, and 600 min) and a concurrent 10-h timed urine
collection after drug administration. Study drug concen-
trations of tenofovir and oseltamivir carboxylate, the ac-
tive metabolite of oseltamivir, were quantified by liquid
chromatography/tandem mass spectrometry analysis
using validated assays.'® A standard noncompartmen-
tal analysis was conducted to determine pharmacoki-
netic parameters of each study drug. The area under
the plasma concentration versus time curve (AUC) was
calculated using the trapezoidal method. We calculated
kidney clearance of each drug as:

CLyenal = AcO=t /AUCplasma; 0 — ¢t

where Ae,_,, represents the drug quantity recovered in the
10-h urine sample and AUCplasma,_, , represents the 10-h
plasma AUC.

Secretory solute measurements

We estimated effective KBF by the kidney clearance of
isovalerylglycine, an endogenously produced solute,
due to its rapid clearance (>4-fold higher than GFR),
low protein binding, and high extraction ratio. We es-
timated OAT-mediated tubular secretory clearance by
the kidney clearance of KA, an endogenously produced
avid substrate of OAT1/3 that is highly (>90%) protein
bound, limiting filtration."”* To increase the precision
we measured plasma concentrations of isovalerylgly-
cine and KA at 0, 60, 300, 480 min, and in the supervised
10-h urine collection, using our validated mass-spec-
troscopic assay.'® Briefly, solvent-precipitated plasma
underwent solid-phase extraction (Phree phospholipid
removal plate; Phenomenex). Urine samples under-
went two solid-phase extractions (HLB pElution plates;
Waters). Dried extracts were reconstituted in acetoni-
trile/formic acid and passed through a large-pore filter
plate (MSBVN1210; Millipore). The resulting samples
underwent liquid chromatography/tandem mass spec-
trometry (Shimadzu/Sciex 6500 q-Trap) and quantifica-
tion by internal/external standard curves.

The kidney clearance (CLy) of solutes were calculated as:

_ U=V
!
;ZPx

where U, represents the urinary solute concentration, V'
represents urine flow (mL/min), n is the number of plasma
measurements, and P, the time-weighted plasma concen-
tration. We measured GFR by plasma iohexol disappear-
ance with concentrations measured by the University of
Minnesota Research and Diagnostic Laboratory.*

R

Mechanistic kidney model

In this study, we leveraged our previously published
physiologically-based mechanistic kidney model to first
estimate intrinsic secretory clearance via KA clearance,
then to predict the kidney clearance of tenofovir and os-
eltamivir carboxylate for individual patients. Model equa-
tions and codes were previously provided.'®!! This model
consists of 35 compartments that resemble the physiology
and anatomy of human kidneys, including glomerulus,
peritubular blood vessels, renal tubular epithelial cells, tu-
bules, and bladder. The vasculature, cells, and tubules are
longitudinally divided into Bowman's capsule, proximal
tubule, loop of Henle, distal tubule, and collecting duct.
This allows the model to simulate drug concentration in
different sections of the kidney at any timepoint follow-
ing drug administration. To mechanistically describe
kidney handling, the model includes unbound filtration,
transporter-mediated active secretion, and pH-dependent
passive re-absorption. For patients with varying levels
of kidney function (i.e., GFR), adaptive/compensatory
physiological changes of tubular flow were incorporated,
whereas other parameters, such as peritubular blood flow
and tubular volume, all decreased proportionally with
GFR.'*'?! This mechanistic kidney model has been veri-
fied with clearance data of 46 drugs in healthy subjects
and 20 compounds in subjects across a range of normal
and abnormal GFRs.'®!! In the present study, we incorpo-
rated individual-level markers of KBF and proximal tubu-
lar secretory clearance into the model for each participant
that was subsequently used for kidney drug clearance
prediction as described below. This approach accounts for
the intrinsic interindividual variability in kidney physiol-
ogy and drug handling parameters and separates secretory
and filtration mechanisms where they may not decline
proportionally with GFR. The mechanistic kidney model
structure and the modeling and simulation workflow is
shown in Figure 1. All parameter values for the biomarker
and drugs used in the physiologically-based mechanistic
kidney model are summarized in Table 2.

Estimation of individual intrinsic
proximal tubular secretory clearance using
kynurenic acid

To estimate the OAT1/3-mediated intrinsic secretion ca-
pacity, we used the iohexol-GFR (iGFR) and kidney clear-
ance of isovalerylglycine from each individual as model
input values for GFR and KBF, respectively. We set the
plasma unbound fraction of KA at 7% for all subjects, de-
rived as the average from previous measurements in the
literature of protein binding using different methodologies
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FIGURE 1 Diagram of the mechanistic kidney model structure and the modeling and simulation workflow of leveraging individual
measurement of CL, of isovalerylglycine, iohexol, and kynurenic acid to estimate intrinsic active secretion individually and to predict renal

drug clearance for each subject. CL,, renal clearance; GFR, glomerular fil
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TABLE 2 Parameter values
for the biomarker and drugs in the

. . . Parameter
physiologically-based mechanistic kidney
model.

LogP

Unbound fraction in plasma (f,, ,)

Blood-to-plasma ratio

Permeability (10~®cm/s

Molecular weight, g/mol

Kynurenic Oseltamivir
acid Tenofovir carboxylate
189.2 287.2 284.4
1.16 -1.6 -13
0.07* 0.993° 0.97°
e 0.55° 0.67°

) 1¢ 0.37° 1.498

“Based on refs. [17,22-24].
"Based on ref. [25].

“Based on ref. [26].
dAssumed.

“Based on ref. [35].

"Based on ref. [36].

£Based on ref. [37].

and also based on our finding that KA binding does not
vary among patients with normal and impaired kidney
function.'”**7

After inputting GFR and KBF to the model, we simu-
lated KA clearance using the mechanistic model allowing
for a range (10-1000 L/h) of secretory clearance values ap-
plied to both basolateral uptake and apical efflux clearance.

We selected the model parameters from which the simu-
lated intrinsic secretory clearance was numerically closest
to the measured KA kidney clearance. We then quantified
the degree of optimality (prediction/observation ratio) in
which a ratio of 1 indicates an optimal prediction. The op-
timized unbound intrinsic secretion clearance of KA for
each subject is summarized in Table 3.
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Iohexol CL, Isovalerylglycine KA CL,
ID (mL/min) CL, (mL/min) (mL/min)
1 128 1145 313
2 143 735 288
3 146 1212 409
5 116 468 156
6 40 134 38
13 48 292 81
14 55 237 159
15 63 413 150
16 66 551 157
18 38 369 99
22 139 315 143
23 110 416 195
24 134 1692 386
25 95 746 211
30 84 567 199
31 110 359 174
33 123 667 203
34 96 639 249
35 98 912 235
36 91 496 164
38 74 192 202
41 111 493 501
42 138 1327 565
45 89 416 398
46 54 533 296
49 20 76 53
51 33 161 50

Optimized unbound
intrinsic secretion
clearance (L/h)

320
340
460
160
40
85
280
160
160
100
180
240
380
220
220
220
220
280
240
180
1000
1000
700
1000
420
95
55

TABLE 3 Measured CL, of iohexol,
isovalerylglycine, and KA as the model
inputs, and the model output of the
optimized unbound intrinsic secretion
clearance of KA for each subject.

Abbreviations: CL,, renal clearance; KA, kynurenic acid.

Mechanistic prediction of kidney
clearance of tenofovir and oseltamivir

We used iGFR and KBF from each individual as above as
model input values to predict kidney clearance of tenofo-
vir and oseltamivir carboxylate for each participant. The
plasma unbound fractions of tenofovir and oseltamivir
carboxylate were set as 99.3%>° and 97%° for all subjects
based on literature, and the estimated clearance of teno-
fovir and oseltamivir carboxylate in each participant was
scaled based on the estimated intrinsic secretory clear-
ance of KA as described above. Scalars were necessary to
translate biomarker-derived secretory clearance to a spe-
cific drug, which accounts for differences in substrate-
specific transporter maximum velocity and affinity (i.e.,
K4 or K,)) between KA and study drugs. We calculated
optimized scalars of 0.033 for tenofovir and 0.038 for

oseltamivir carboxylate when comparing to observed
clearance.

Assessing prediction accuracy

We assessed the mechanistic model by generating good-
ness-of-fit plots comparing the individual prediction with
individual observation alongside adjusted R-square and
Pearson and Spearman r. We generated a linear regression
empirical model, fitting iGFR to observed drug clearance,
as a prevailing method for determining function-adjusted
kidney drug clearance without use of a mechanistic
model. We calculated absolute prediction error for each
individual by subtracting the observed kidney clearance
from the predicted kidney clearance, as well as mean and
average-fold error. Given small sample sizes, which make
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point estimates of error unreliable, we used bootstrap-
ping to estimate the 95% confidence interval of prediction
errors.

RESULTS
Patient characteristics

The mean age of the 27 study participants was 54 + 15 years,
63% were men, and 56% identified as White. The mean
iGFR was 76 +31 mL/min/1.73 m” with the following dis-
tribution: six patients (22%) had iGFR less than 45, four
(15%) with iGFR 45-60, nine (33%) with iGFR 60-90, and
eight (30%) with iGFR greater than 90. Median urinary
albumin was 7.9mg/24h (interquartile range: 3.5-26;
Table 1).

Fitting intrinsic secretory clearance with
kynurenic acid clearance

The intrinsic secretory clearance of KA was determined by
fitting the mechanistic model using observed KA kidney

Prediction by lohexol

ASCPT

clearance (Figure 2, left panel). Predicted KA kidney
clearance using the optimized intrinsic secretory clear-
ance differed from the observed KA kidney clearance by
less than 5% for all but three patients (Table 2, Figure 3).
In those participants (38, 41, and 45), the measured kid-
ney clearance of KA was greater than KBF estimated
from isovalerylglycine clearance. The model follows the
physiologic principle that secretory clearance cannot ex-
ceed KBF, leading to spurious predictions when violated
by these imperfect functional estimates. For instance,
measured isovalerylglycine kidney clearance in partici-
pant 38 was 192mL/min, lower than the observed KA
kidney clearance of 202mL/min. Hence, the maximum
simulated kidney clearance of KA would asymptotically
approach the measured kidney clearance of isovaler-
ylglycine of 192mL/min as it represents the KBF but
could not reach the observed kidney clearance of KA of
202mL/min as secretory clearance could not exceed KBF
(Figure S1B). Therefore, the estimated unbound intrinsic
secretory clearance of KA (Table 3) for the affected par-
ticipants reached the predefined maximum of 1000 L/h.
The mechanistic reason for this phenomenon is unclear
and warrants further investigation, one hypothesis is that,
in the case of these three patients, KA is more efficiently

Prediction by Mechanistic Kidney Model
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extracted by the kidneys than isovalerylglycine which
serves as the biomarker for renal blood flow. This may be
due to differences in OAT1/OAT3 expression level of spe-
cific variants that transport KA and isovalerylglycine with
different capacity and efficiency.

Drug clearance prediction using
mechanistic kidney model

Tenofovir

The mean observed tenofovir clearance in the study
participants was 168.7+101.7mL/min, approximately
two-times higher than iGFR. The mean predicted teno-
fovir clearance using the mechanistic PBPK model was
162.8 +79.8 mL/min. Using linear regression and iGFR as
the independent variable, the predicted tenofovir clear-
ance exhibited a mean absolute error of 41.7mL/min
(R*=0.57; Figure 2a,c,e). Using the mechanistic kidney
model trained with individual iGFR, isovalerylglycine de-
rived blood flow, and KA clearance, tenofovir clearance

Observed OC CLr (mL/min)

prediction exhibited the lowest mean error point estimate
of 37mL/min (R*=0.71; Figure 2b,d,f). Using bootstrap-
ping, the mechanistic PBPK model prediction had a mean
error of 37.1 mL/min (95% CI: 24.0-52.9) compared to the
iGFR linear regression model which had a mean error of
41.8mL/min (95% CI: 25.0-61.6). All individual predic-
tions and observations of tenofovir are summarized in
Table 4.

Oseltamivir carboxylate

The mean observed oseltamivir clearance carboxylate was
182.8 £103.7mL/min, compared to predicted clearance
using the mechanistic PBPK model of 178.9+88.5mL/
min. Using linear regression and iGFR, the mean absolute
error in predicting oseltamivir clearance carboxylate was
48.4mL/min (R2 =0.54; Figure 3a,c,e). The mechanistic
model trained with iGFR, isovalerylglycine derived blood
flow, and KA clearance, resulted in the lowest mean abso-
lute error of 42.9mL/min (R*=0.69; Figure 3b,d,f). Using
bootstrapping, the mean error of the mechanistic PBPK
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TABLE 4 Observed versus predicted

. Observed
l;lijl:(i 'clearance for TFV and OS for each ID TFVCL,
1 240
2 197
3 231
5 236
6 36
13 64
14 87
15 82
16 111
18 76
22 128
23 179
24 464
25 181
30 116
31 209
33 248
34 195
35 260
36 163
38 105
41 124
42 404
45 177
46 143
49 38
51 61

ASCPT

Predicted P/Oratioof Observed Predicted P/O ratio
TFV CL, TFV CL, OC CL, OC CL, of OC CL,
244 1.02 257 263 1.02
233 1.18 225 253 1.12
301 1.30 230 328 143
154 0.65 232 163 0.70
48 1.33 48 50 1.04
75 1.17 69 80 1.16
102 1.17 74 117 1.58
113 1.38 115 122 1.06
123 1.11 130 132 1.02
76 1.00 102 81 0.79
152 1.19 94 163 1.73
158 0.88 193 172 0.89
287 0.62 361 309 0.86
171 0.94 205 184 0.90
153 1.32 58 166 2.86
146 0.70 247 160 0.65
187 0.75 281 200 0.71
181 0.93 308 198 0.64
187 0.72 297 201 0.68
143 0.88 167 153 0.92
103 0.98 112 125 1.12
236 1.90 265 277 1.05
363 0.90 440 405 0.92
204 1.15 157 241 1.54
174 1.22 157 197 1.25
34 0.89 36 39 1.08
48 0.79 75 51 0.68

Abbreviations: CL,, renal clearance; OC, oseltamivir; P/O ratio, prediction-over-observation ratio of renal
drug clearance; TFV, tenofovir.

model was 42.9mL/min (95% CI: 29.7-56.4), compared
to the mean error of 48.1mL/min (95% CI: 31.2-67.3)
from linear regression. All individual predictions and ob-
servations of oseltamivir carboxylate are summarized in
Table 4.

DISCUSSION

In this study, we demonstrate the ability to predict the
kidney clearance of tenofovir and oseltamivir carboxylate,
two drugs with complex kidney elimination pathways,
using a physiologically-based mechanistic kidney model
informed by biomarker-based representations of KBF
and OAT-mediated tubular secretory clearance, as well
as GFR, with improved prediction accuracy over regres-
sion by GFR. The mechanistic model allows simultaneous

consideration of glomerular filtration, passive re-absorp-
tion, and active secretion with various levels of kidney
function; in prior usage the relative changes in glomerular
versus tubular hemodynamics were generalized to all pa-
tients, and to our knowledge this is the first use of a PBPK
to incorporate individualized markers of such character-
istics to enhance the prediction of different drugs' kidney
clearances. Considering that tenofovir and oseltamivir
carboxylate are cleared by both glomerular filtration and
tubular secretion, this study highlights the ample potential
for PBPK models to refine individualized drug clearance
prediction and dosing recommendations by incorporating
markers of both functions simultaneously."*** This may
have implications for dosing of drugs with complex kid-
ney disposition as well as in clinical scenarios expected
to result in disparate alterations between glomerular and
tubular dynamics.
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It is important to note the potential benefits and
drawbacks of modeling kidney function using biomark-
ers of limited scope. We expect that elimination of freely
filtered drugs would best align with GFR whether by
endogenous or exogenous markers, however, GFR may
not accurately predict the clearance of a predominantly
secreted drug.”” Our previously developed assay of mul-
tiple endogenously produced metabolites was intended
to summarily reflect the action of the proximal tubules,
however, each metabolite varies significantly in clear-
ance, affinity for transporters, and protein binding.'®
Given these inherent differences, each solute likely re-
flects different aspects of clearance and may therefore
best predict clearance of biochemically similar com-
pounds. Specificity to secretory clearance differs between
each solute, and we continue to search for more optimal
and generalizable markers of secretion.?® This study es-
timated secretory clearance by fitting the model to pa-
tient-specific KA measurements, a metabolite cleared
by OAT1/3; whereas tenofovir and oseltamivir carbox-
ylate are also largely cleared by OAT1/3, more data
are needed to understand how it would apply to other
drugs. Pharmacogenomic studies reveal that variation
at individual transporters can significantly modify drug
clearance even at the same gross level of organ func-
tion, indicating the need for more specific markers.?%3
Apart from predicting clearance, some metabolites may
approximate the risk for drug-drug interactions which
could aid medication choice and dosing.*' Ideally, in-
corporating multiple solute measurements of different
mechanistic specificity could provide the most universal
predictive capacity limited only by laboratory practical-
ity. We therefore expect that combining more inclusive
information covering different kidney clearance path-
ways will perform better in predicting kidney pharmaco-
kinetics for the individual, particularly for medications
with complex kidney handling.

There are several strengths of this study. The PBPK
model has been previously validated in a large dataset
combining kidney perfusion, glomerular filtration, se-
cretion, and passive re-absorption.'”!* Here, we com-
pared predicted and observed drug clearance in a diverse
cohort of 27 patients with different stages of kidney
impairment, highlighting model versatility. The mea-
surements of isovalerylglycine and KA have been spe-
cifically linked to dysfunction of the proximal tubules
in other studies, most recently showing tubulointersti-
tial fibrosis in proportion to clearance reduction.’**
Several limitations should be noted. Some participants
were on stable, pharmacologic doses of routine med-
ications that may impact clearance of study drugs or
metabolites. KA serves as a reasonable secretory clear-
ance marker for tenofovir and oseltamivir carboxylate

owing to commonalities in OAT1/3 clearance, however,
as described above, this many not necessarily apply to
drugs not cleared by OAT1/3. It is unknown whether
different transporters’ activity declines differentially or
in parallel in chronic kidney disease, and so may limit
the generalizability of KA clearance to all routes of
tubular secretory clearance; this could be ameliorated
by incorporating other secreted endogenous solutes of
different transporter specificity. Measurement of KA
and isovalerylglycine clearance requires paired plasma
and timed urine sampling which can be cumbersome,
subject to imprecision, and may complicate clinical ad-
aptation.** Variation in KA and isovalerylglycine clear-
ance could occur due to metabolite or drug interaction,
or changes in extra-renal clearance, that would hinder
model accuracy. Furthermore, functional estimates
that violate the physiological principles underpinning
the mechanistic model (such as KA clearance exceed-
ing isovalerylglycine clearance) may be challenging to
reconcile.

In summary, this study highlights the potential for
improved accuracy and individual-level prediction of
drug clearance using a PBPK model informed by mark-
ers of KBF, glomerular filtration, and tubular secretion.
Glomerular filtration alone may fail to capture the func-
tion of the tubules; by co-measuring KA and isovaleryl-
glycine clearance, markers of tubular secretory clearance,
and KBF, respectively, we have shown the ability to pre-
dict the kidney clearance of tenofovir and oseltamivir car-
boxylate across a cohort of patients with varying degrees
of kidney impairment. Co-measuring GFR with these se-
cretory markers may be a reasonable strategy for future
PBPK models to capture added physiologic information
about kidney function and, therefore, with further work,
allow for improved and more personalized drug dosing for
patient use.
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