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Original Investigation Kidney360

Metabolomic Profiling Identifies New Endogenous
Markers of Tubular Secretory Clearance

Michael L. Granda,"? David K. Prince,”? Oliver Fiehn,> Yan Chen,? Tanya Rajabi, 2 Catherine K. Yeung,2’5 Andrew
N. Hoofnagle,® and Bryan Kestenbaum'~

Key Points

e Proximal tubular secretion is a primary kidney function not reflected by GFRs.

e Secretion is rarely measured due to a paucity of validated markers. This study uses metabolomics to identify
candidate endogenous solutes.

e Solutes were compared with the clearance of furosemide and penciclovir, two highly secreted medications, in 50
patients with and without CKD.

Abstract

Background The proximal tubules eliminate protein-bound toxins and drugs through secretion. Measurements or
estimates of GFR do not necessarily reflect the physiologically distinct process of secretion. Clinical assessment of
this important intrinsic kidney function requires endogenous markers that are highly specific for secretory
transport.

Methods We used metabolomics profiling to identify candidate markers of tubular secretory clearance in 50
participants from a kidney pharmacokinetics study. We measured metabolites in three sequential plasma samples
and a concurrent 10-hour timed urine sample using hydrophilic interaction liquid chromatography/high-
resolution mass spectrometry. We quantified the association between estimated kidney clearance and normalized
plasma peak height of each candidate solute to the clearance of administered furosemide, a protein-bound, avidly
secreted medication.

Results We identified 528 metabolites present in plasma and urine, excluding pharmaceuticals. We found seven
highly (>50%) protein-bound and 49 poorly bound solutes with clearances significantly associated with
furosemide clearance and 18 solute clearances favoring an association with furosemide clearance by the 90th
percentile compared with GFR. We also found four highly bound and 42 poorly bound plasma levels that were
significantly associated with furosemide clearance.

Conclusions We found several candidate metabolites whose kidney clearances or relative plasma levels are highly
associated with furosemide clearance, an avidly secreted tracer medication of the organic anion transporters,
highlighting their potential as endogenous markers of proximal tubular secretory clearance.

KIDNEY 360 4: 23-31, 2023. doi: https://doi.org/10.34067 /KID.0004172022

Introduction

The kidneys eliminate retained solutes and medica-
tions through glomerular filtration and tubular se-
cretion. Filtration, which removes freely circulating
solutes from the circulation, is regulated by hemo-
dynamic and oncotic forces. Conversely, the secre-
tion of endogenous solutes and drugs into the urine,
including protein-bound substances, involves active
processes that depend not only on blood flow but
also the orchestration of cellular transporters and en-
ergy.!? These considerations suggest that measurement
of tubular secretory clearance could provide important

information about kidney health beyond that of glo-
merular filtration.?

Despite the fundamental importance of secretory
clearance in maintaining homeostasis, procedures to
estimate this intrinsic kidney function remain largely
limited to research settings. Existing markers of tubular
secretory clearance are subject to overlapping degrees
of glomerular filtration, intraindividual variation in
circulating concentrations, and require a timed urine
collection to calculate kidney clearance, limiting clin-
ical application.*® The development of reliable and
facile methods to estimate secretory clearance could
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promote more informative measures of kidney disease ac-
tivity and improve medication dosing. Secretory clearance
measurements may improve understanding of different pat-
terns of kidney disease and may be more highly associated
with the clearance of protein-bound toxins, which are impli-
cated in the cardiovascular and other complications of CKD.

We applied metabolomics profiling to advance the dis-
covery of potential endogenous markers of tubular secre-
tory clearance. We estimated the kidney clearances of 528
small molecular solutes using sequentially collected plasma
and timed urine samples from a dedicated pharmacoki-
netics study. We determined associations of estimated sol-
ute clearances with the kidney clearance of administered
furosemide, an avidly secreted drug that is highly protein
bound and minimally filtered.”® We also compare the as-
sociation with clearance of penciclovir, the highly secreted
active metabolite of administered prodrug famciclovir.?
Concurrently, we evaluated joint associations with iohexol
measurements of GFR (iGFR), quantified short-term varia-
tion in plasma, and explored whether plasma measure-
ments alone could predict secretory clearance in the absence
of urine measurements.

Methods
Study Design and Population

We conducted an ancillary study to the Proximal Tubular
Clearance of Renal Medications study, a pharmacokinetic
study of 54 adult patients with a wide range of kidney function
(eGFRs 21-140 ml/min per 1.73 m?).5 Exclusion criteria in-
cluded dialysis dependence, nephrotic syndrome, cirrhosis,
or current use of the study medications (furosemide and
famciclovir). On arrival to the study center, participants
received a single 5-mg intravenous bolus of furosemide
and a single 125-mg oral dose of famciclovir, which is highly
bioavailable and rapidly and extensively converted to pen-
ciclovir in the liver through first-pass metabolism. Study
personnel obtained sequential blood samples through an in-
dwelling intravenous catheter and collected a 10-hour daytime
urine sample. Contemporaneously, study personnel measured
GFR by plasma iohexol disappearance (iGFR).1° Participants
received three meals and ample fluids throughout the study
visit. This study was approved and overseen by the University
of Washington Institutional Review Board, and participants
provided written informed consent.

Measurement of Small Molecule Solutes

We performed metabolomics profiling in sequential
plasma samples collected at 45, 240, and 600 minutes after
study drug administration and a concurrent 10-hour urine
sample. If the 45-minute plasma sample was depleted, we
used the 60-minute sample as a replacement. Sufficient sam-
ples were available for 50 of the 54 original Proximal Tubular
Clearance of Renal Medications study participants. To de-
termine protein binding, we split the 45-minute plasma sam-
ple into two aliquots and passed one through a centrifugal
protein separation filter (Millipore Amicon Ultra 0.5-ml
3-kDa filter, MilliPore Sigma, Burlington, MA) at room temper-
ature and 11,200 X g for 30 minutes. All samples were shipped to
West Coast Metabolomics where they underwent analysis with
hydrophilic interaction liquid chromatography coupled with
quadrupole time-of-flight tandem mass spectrometry.'! Peak

heights were standardized using vector normalization on the
basis of the sum of peak heights for all identified metabolites
in each sample. Peak height is used as an expression of the
relative level of a substance after normalization. Data were
processed using MS-DIAL 4.0 software and the NIST20 and
MassBank of North America libraries to identify metabolites
with manual confirmation of adduct ions and spectral scoring
accuracy. We excluded unidentified compounds (mass spec-
trometry imaging >3), known drugs and their metabolites,
and compounds that were not identified in both urine and
plasma.

Estimation of Kidney Clearance, Protein Binding, and
Intraindividual Variation

We estimated the kidney clearance (CLg) of each identi-
fied solute as:

CL=Ux * V/sp,

where Ux represents peak height of solute x in urine, V
represents the urine volume collected in the daytime sam-
ple, and 3 Px represents the time-weighted mean plasma
peak height of solute x calculated from the 45- (unfiltered),
240-, and 600-minute samples.

We estimated the protein binding of each solute from the
45-minute plasma sample as:

Protein binding=(Total _ﬁ”e”ed)/]“otal

where fotal and filtered represent solute peak heights in the
unfiltered and filtered aliquots, respectively.

Creatinine clearance was measured in sample using mass
spectrometry peak heights. We calculated the ratio of the
estimated kidney clearance of each solute to the kidney
clearance of creatinine in the same timed urine sample as:

CLr —to — CrCl Ratio:(CL")/(CZcreatinine)

We calculated the intraindividual coefficient of variation
(CoV) of each solute in plasma as the standard deviation
divided by the mean value from the 45- (unfiltered), 240-,
and 600-minute samples.

Statistical Analyses

We quantified associations between the estimated clearance
of each solute and the kidney clearance of administered
furosemide using linear regression. Potential outlying obser-
vations were evaluated and removed from analysis if they
were found to have a Cook’s distance =1 or were >5 standard
deviations from the mean. We used a Bonferroni corrected P
value of 0.05/528 (equal to 0.000095) to declare statistical
significance, and we present results stratified by protein-
binding status (>50% versus <50%). Recognizing the expec-
ted strong linkage between estimated secretory clearance and
GFR, we graphed the —logo(P value) of regressions for
furosemide clearance and iohexol clearance and then selected
candidate solutes exceeding the 90th percentile regression
favoring furosemide clearance. To explore whether plasma
measurements of individual solutes could predict furosemide
clearance in the absence of urine measurements, we trans-
formed normalized plasma peak heights as 1/(height)®7,
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which approximates the 1/(concentration) relationship expec-
ted from a retained solute and corresponds with associations
of serum creatinine and cystatin C concentrations with GFR in
published equations.'” We repeated the analyses using pen-
ciclovir clearance as the outcome variable under identical
methods. Analyses were performed using R 3.6.2 (R Foun-
dation for Statistical Computing, Vienna, Austria).

Results
Study Characteristics and Identified Metabolites

The study population was characterized by a mean age of
56 + 13 years and 32% women (Table 1). The mean iGFR
was 68+ 25 ml/min per 1.73 m?, and the median urine
albumin-to-creatinine ratio was 7.5 mg/g (interquartile range, 3.7
-50.5 mg/g). Participants with lower iGFRs tended to have
higher blood pressures, a higher prevalence of diabetes, and
use more medications. The mean kidney clearance of furo-
semide was 86 * 48 ml/min. Kidney furosemide clearance
was correlated with iohexol clearance (p=0.80) and with
penciclovir clearance (p=0.81). After removing participants
with 0 plasma or urine values, 595/625 solutes had all 50
observations available, 18 had 49 observations available,
and 12 had between 38 and 48 observations available. After
applying Cook’s distance >1 or standard deviation cutoff of
5, 11 solutes had two observations removed and 133 solutes
had one observation removed. Among the 528 solutes under
investigation, the median protein binding was 21% (IQR,
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12%-37%). The estimated kidney clearance of 49% of tested
solutes exceeded creatinine clearance in the same urine
sample.

Associations of Estimated Solute Clearances with
Furosemide Clearance

The estimated kidney clearances of several endogenous
solutes met Bonferroni-corrected statistical significance for
the association with furosemide clearance (Figure 1; Table 2).
Chief among the top protein-bound solutes (>50% binding)
were androstane-3-ol-17-one-3-glucuronide, gentisic acid,
4-pyridoxic acid, o-hydroxyhippuric acid, and kynurenic
acid. The estimated kidney clearance of these solutes
was 2.3-5.8-fold greater than simultaneously measured
creatinine clearance. Among these solutes, intraindividual
variation in solute peak heights across the three serial
plasma measurements was lowest for androstane-3-ol-
17-one-3-glucuronide and kynurenic acid and highest for
o-hydroxy hippuric acid. Among the top non-protein-
bound solutes, the estimated kidney clearances of
L-homocitrulline, 3'-sialyllactose, 2-[(4-aminobenzoyl)
aminoJacetic acid, (2R)-3-hydroxyisovaleroylcarnitine,
and 1-methylxanthine were most strongly associated
with furosemide clearance. Each demonstrated an esti-
mated kidney clearance that exceeded that of creatinine.
Plasma peak heights of (2R)-3-hydroxyisovaleroylcarnitine
exhibited the lowest intraindividual variability over the

Table 1. Patient characteristics, separated by iGFR category (<45, 45-60, 60-90, >90)
iGFR
<45 45-60 60-90 >90

N 10 12 17 11
Furosemide kidney clearance (ml/min)* 45.6 (23.9) 72.9 (30.8) 125.6 (47.4) 205.1 (61.3)
Age (yr)? 61.8 (11.8) 63.2 (11.6) 54.2 (9.2) 449 (13.2)
Female (%) 4 (40) 5 (41.7) 3 (17.6) 4 (36.4)
Race (%)

Black or African American 1 (10) 3 (25) 9 (52.9) 5 (45.5)

White or Caucasian 7 (70) 9 (75) 8 (47.1) 6 (54.5)

Other/prefer not to answer 2 (20) 0 (0) 0 (0) 0 (0)
BMI (kg/m?)* 27.2 (9.4) 30.3 (7.6) 31.6 (4.6) 28.9 (4.6)
Education history (%)

Less than high school 0 (0) 1(8.3) 0 (0) 1(9.1)

High school graduate 2 (20) 1(8.3) 6 (35.3) 2 (18.2)

Some college 5 (50) 3 (25) 4 (23.5) 4 (36.4)

College graduate or higher 3 (30) 7 (58.3) 7 (41.2) 4 (36.4)
Smoking (%) 3 (30) 2 (16.7) 5(294) 4 (36.4)
Diabetes (%) 2 (20) 3 (25) 0 (0) 109.1)
CHF (%) 0 (0) 1(8.3) 1(5.9) 0 (0)
SBP (mm Hg)* 142.3 (28) 131.9 (13.8) 139.1 (19.6) 124.1 (14.8)
Urine albumin (mg/mg, spot)® 34.4 (30.8) 2.2 (4.9) 10.7 (25.9) 9.8 (21.2)
Serum albumin (g/dl)* 4(0.3) 4.2 (0.2) 3.9 (0.4) 4.2 (0.3)
Medication use (%)

Insulin 0 (0) 2 (16.7) 0 (0) 109.1)

Statin 5 (50) 6 (50) 5(294) 1(9.1)

ACE inhibitor 2 (20) 4 (33.3) 4(23.5) 109.1)

Thiazide diuretic 1 (10) 0 (0) 2 (11.8) 0 (0)

Beta blocker 0 (0) 2 (16.7) 2 (11.8) 0 (0)
Continuous variables are expressed as mean (standard deviation) and categorical variables as N (%). iGFR, iohexol GFR; BMI, body
mass index; CHF, congestive heart failure; SBP, systolic BP.
“Expressed as mean (standard deviation).
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Protein binding, %

Figure 1. All 528 candidate solutes presented on the basis of their
kidney clearances’ association with furosemide clearance by —log10(P),
separated by protein binding. Horizontal dashed line represents the line of
significance by Bonferroni correction (P<0.05/528). Highly associated
solutes presented in Table 2.

10-hour measurement period. Most solutes that reached sta-
tistical significance for associations with furosemide clearance
were also significantly associated with penciclovir clearance
(Supplemental Table 2). Nearly all highly associated solutes had
intraindividual variation of <40%. The association of all solutes
with furosemide clearance is provided in Supplemental Material
(Supplemental Table 1).

Joint Associations of Estimated Solute Clearances with
Furosemide and lohexol Clearance

The estimated kidney clearances of candidate solutes
demonstrated broadly similar associations with furosemide
clearance and iGFR (Figure 2; Table 3). Nonetheless, the
kidney clearances of several solutes favored associations
with furosemide clearance on the basis of the 90th percentile
line of the paired regressions. Specific solutes demonstrating
preferential association with furosemide clearance in-
cluded 4-hydroxyphenylacetic acid, kynurenic acid, and
2-hydroxyphenylacetic acid (Figure 3).

Associations of Solute Relative Plasma Levels with
Furosemide Clearance
In analyses testing whether plasma measurements alone

could predict kidney furosemide clearance, in the absence of

Table 2. Candidate solutes are presented according to the association of their kidney clearance with furosemide clearance (—log10[P]),
separated by protein binding (>50% or <50%)
Protein —log(P): —log(P Protein CLr-to-CrCl
Binding Faome RMSE 80 Compound Binding (%) <°Y  Ratio
>50% 6.7 36.0 8.2 Androstan-3-ol-17-one 3-glucuronide 95 0.2 3.8
6.3 36.6 4.2 Gentisic acid 64 0.4 2.3
6.2 36.9 6.5 4-Pyridoxic acid 73 0.5 5.8
6.1 37.2 24 o-Hydroxyhippuric acid 72 1.8 5.7
6.1 37.0 5.8 Kynurenic acid 89 0.2 3.9
5.1 38.8 5.7 4-Hydroxyphenylacetic acid 50 0.2 13
4.2 40.4 4.3 2-Hydroxyphenylacetic acid 54 0.3 1.2
=50% 7.9 33.8 4.6 L-Homocitrulline 11 0.3 3.0
7.5 34.7 5.6 2-[(4-Aminobenzoyl)amino]acetic acid 19 0.3 10.9
7.2 35.2 5.7 (2R)-3-Hydroxyisovaleroylcarnitine 21 0.1 3.0
7.1 35.4 5.0 3'-Sialyllactose 21 0.3 5.7
6.9 35.7 7.6 1-Methylxanthine 33 0.4 5.8
6.8 35.8 7.4 N2,N2-Dimethylguanosine 29 0.2 53
6.7 35.8 7.5 Guanidinosuccinic acid 5 0.2 6.6
6.6 36.1 5.7 Galactonic acid 16 0.5 0.8
6.6 36.2 8 Phenylacetyl-L-glutamine 22 0.3 7
6.6 36.2 8.7 N2-[2-(1H-Indol-3-yl)acetyl]-L- 34 0.3 10.8
glutamine
6.6 36.2 7 3-Dehydrocarnitine 11 0.1 11.3
6.4 36.4 52 1,4-Cyclohexanedicarboxylic acid 15 0.3 2.4
6.3 35.8 7.9 Proline-hydroxyproline 14 0.3 3.2
6.1 37.1 4.5 Inosine 18 04 1
6.1 37.1 6.8 Xanthosine 18 0.2 47
6 36.7 1.5 7-Methyluric acid 34 0.9 5.8
6 37.2 7.3 6'-Sialyl-N-acetyllactosamine 17 0.2 4.6
6 37.3 6.6 N-Methylglutamic acid® 3 0.3 2.5
5.7 37.7 7.6 N,N-Dimethylarginine® 8 0.2 3.1
5.7 37.7 54 7-Methylguanine 1 0.3 459
Only the top 20 solutes reaching statistical significance by Bonferroni (0.05/528) are presented. RMSE, root mean squared error from
the —log(P): furosemide models; iGFR, iohexol GFR; CoV, coefficient of variation; CLr-to-CrCl ratio, solute clearance-to-creatinine
clearance ratio.
“Did not also reach significance for penciclovir clearance.
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Linear regression

8 - A i Protein binding
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Figure 2. All 528 candidate solute kidney clearances plotted by their association with furosemide clearance (y axis) and iGFR (x axis).
Quantile regression lines are shown for 90th, 80th, and 50th percentile. Solutes favoring furosemide clearance at the 90th percentile line and
exceeding Bonferroni correction cutoff (horizontal dashed lined, P values below 0.05/528) are considered significant and presented in Table 3.
Horizontal dashed line at —log(P) cutoff of 4.02, diagonal solid line at 90th percentile of furosemide versus iGFR clearance association. iGFR,

iohexol GFR.

urine measurements, transformed normalized plasma peak
heights of several solutes were significantly associated with
kidney furosemide clearance, including 4-hydroxyphenylacetic
acid, kynurenic acid, S-adenosyl-homocysteine, and isoxan-
thopterin (Table 4, Supplemental Figure 2). Transformed
plasma peak heights of these solutes demonstrated similar
associations with penciclovir clearance (Supplemental Table 2).
Again, nearly all highly associated solutes had very low
intraindividual variation.

Discussion

Using metabolomic profiling, we identified several prom-
ising endogenous solutes that could serve as potential future
markers of tubular secretory clearance. The top identi-
fied solutes demonstrated estimated clearances that were
strongly associated with empirically determined kidney
furosemide clearance, an avidly secreted and minimally
filtered medications. Several candidate solutes exhibited a
high degree of protein binding, suggesting minimal overlap

Table 3. Solute clearances favoring furosemide clearance compared with iGFR (above 90th percentile regression line)
—log(P): —log(P): Protein CLr-to-CrCl

Furos%ini)de iG%(R) Lo ottt Binding (%) Co Ratio
7.9 4.6 L-Homocitrulline 11 0.3 3.0
7.5 5.6 2-[(4-Aminobenzoyl)aminoJacetic acid 19 0.3 10.9
7.2 5.7 (2R)-3-Hydroxyisovaleroylcarnitine 21 0.1 3.0
7.1 5.0 3'-Sialyllactose 21 0.3 5.7
6.6 5.7 Galactonic acid 16 0.5 0.8
6.4 5.2 1,4-Cyclohexanedicarboxylic acid 15 0.3 2.4
6.3 42 Gentisic acid 64 0.4 2.3
6.1 2.4 o-Hydroxyhippuric acid 72 1.8 5.7
6.1 4.5 Inosine 18 0.4 1.0
6.0 1.5 7-Methyluric acid 34 0.9 5.8
55 4.4 Ribose-5-phosphate 7 0.2 1.9
5.1 3.3 3-Methylhistidine 17 0.7 1.0
5.0 2.9 Phenylalanine 31 0.5 0.0
4.4 3.0 4-Acetamidobutyric acid 18 04 6.1
44 3.3 N-a-methylhistamine 26 0.2 13.2
4.3 2.7 Betonicine 14 0.5 1.0
4.3 1.4 Nialamide 47 0.3 0.2
43 3.0 N-Methylleucine 40 2.7 0.2
Candidate solutes are ordered by the kidney clearance association with furosemide clearance. iGFR, iohexol GFR; CoV, coefficient of
variation; CLr-to-CrCl ratio, solute clearance-to-creatinine clearance ratio.
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Figure 3. All 528 candidate solute plasma levels plotted by their association with furosemide clearance (y axis) and iGFR (x axis). Quantile
regression lines are shown for 90th, 80th, and 50th percentile. Solutes favoring furosemide clearance at the 90th percentile line and exceeding
Bonferroni correction cutoff (horizontal dashed lined, P values below 0.05/528) are considered significant and presented in Table 5. Horizontal
dashed line at —log(P) cutoff of 4.02, diagonal solid line at 90th percentile of furosemide versus iGFR clearance association. iGFR, iohexol GFR.

with glomerular filtration, relatively low short-term vari- need for concomitant urine measurements. These findings
ability in plasma, and associations of plasma measurements ~were generally consistent with penciclovir clearance, an-
alone with kidney drug clearances, potentially obviating the  other highly secreted but less protein-bound tracer. Further

Table 4. Candidate solutes are presented according to the association of their plasma concentration (1/concentration®”) with
furosemide clearance (—log10[P]), separated by protein binding (>50% or <50%)

& TRy —log(P): —log(P): Protein CLr-to-CrCl
IFigirein stz Furosgegngde iG%‘(R) Cloimjproii. Binding (%) Lo Ratio
>50% 8.2 5.7 4-Hydroxyphenylacetic acid 50 0.2 13

6.4 5.8 Kynurenic acid 89 0.2 3.9
5.2 43 2-Hydroxyphenylacetic acid 54 0.3 12
4.3 3.1 Catechol” 65 0.7 0.6
=50% 8.9 3.2 Glucuronic acid 7 0.2 1.9
8.8 5.6 2-[(4-Aminobenzoyl)amino]acetic acid 19 0.3 109
8.1 6.5 3-Methylcrotonylglycine 17 0.3 10.7
8.0 0.5 2-Dimethylamino-6-hydroxypurine 15 0.2 12.6
79 2.2 S-Adenosyl-homocysteine 31 0.2 2.5
7.7 7.3 6'-Sialyl-N-acetyllactosamine 17 0.2 4.6
7.3 5.2 1,4-Cyclohexanedicarboxylic acid 15 0.3 24
7.2 5.7 Galactonic acid 16 0.5 0.8
6.5 6.4 Isoxanthopterin 36 0.2 2.3
6.4 5 3'-Sialyllactose 21 0.3 5.7
6.2 7.5 Guanidinosuccinic acid 5 0.2 6.6
6 6.6 3-Methoxy-4-hydroxyphenylglycol sulfate 18 0.2 8.2
5.9 8.6 Acetyl-L-threonine 9 0.2 13
5.9 1.6 Mandelic acid 44 0.3 1
5.8 4 5-Fluoro-1-methyl-1H-1,3-benzodiazole 22 0.2 9.6
58 6.2 Urea 6 0.2 1
5.7 3 4-Acetamidobutyric acid 18 0.4 6.1
5.6 7.4 N2,N2-Dimethylguanosine 29 0.2 53
5.5 2.6 Phenylacetylglycine 18 0.3 43
55 0.2 Choline® 6 0.2 0.2
Only the top solutes reaching statistical significance by Bonferroni (0.05/528) are presented. iGFR, iohexol GFR; CoV, coefficient of
variation; CLr-to-CrCl ratio, solute clearance-to-creatinine clearance ratio.
“Did not also reach significance for penciclovir clearance.
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Table 5. Solute plasma levels favoring furosemide clearance compared with iGFR (above 90th percentile regression line)
—log(P): —log(P): Protein CLr-to-CrCl

S ) Clomrzoutic. Binding (%) — Ratio
8.8 6.9 2-[(4-Aminobenzoyl)aminoJacetic acid 19 0.3 10.9
7.3 5 1,4-Cyclohexanedicarboxylic acid 15 0.3 24
6.6 5.8 Biotin 2 0.3 27
6.4 5 3'-Sialyllactose 21 0.3 5.7
55 3.5 Phenylacetylglycine 18 0.3 43
5.5 2.7 Choline 6 0.2 0.2
54 3.8 3-Dehydrocarnitine 11 0.1 11.3
5.1 4.6 2'-O-Methylinosine 4 0.5 0.6
4.6 4 3-Hydroxyanthranilic acid 15 0.3 3.2
4.6 3.2 2-[(4-Aminobenzoyl)aminoJacetic acid 8 0.5 21.3
4.2 3.3 N-Isovalerylglycine 24 0.5 10.2
4.1 3.3 Picolinuric acid 37 0.8 47.6
4 34 a-Galactosamine-1-phosphate 17 0.2 3.1
4 2.5 Hexanoyl-L-carnitine 30 04 19
4 3 Pantothenic acid 24 0.6 0.5
39 29 Glu-Val 15 0.3 1
3.9 3.1 Isomaltose A 18 0.9 3.3
3.9 22 N-Acetylmannosamine 12 0.3 0.9
3.7 2.7 4-Hydroxyhippuric acid 25 0.3 3.6
3.5 1.6 N-Acetylneuraminic acid 4 0.4 2.4
Candidate solutes are ordered by the kidney clearance association with furosemide clearance. iGFR, iohexol GFR; CoV, coefficient of
variation; CLr-to-CrCl ratio, solute clearance-to-creatinine clearance ratio.

work to investigate the identified solutes in larger popula-
tions using targeted assays holds promise for improving the
quality and applicability of procedures to measure tubular
secretory clearance.

Our previous work developed a targeted assay for secre-
tory solutes identified from the published literature. These
solutes were selected on the basis of reported high affinities
for tubular organic anion transporters in experimental mod-
els and either a high degree of protein binding or a kidney
clearance that exceeded GFR, suggesting secretion as the
primary modality of elimination. We found the kidney clear-
ances of these solutes to be associated with the progression of
CKD, the extent of tubulointerstitial fibrosis, and uremic
symptoms in population and clinic-based studies after ad-
justment for GFR and albuminuria.*®1314 Nonetheless, these
targeted solutes are limited by imperfect specificity for tu-
bular secretion, variability in circulating plasma concentra-
tions, and the need for a timed urine collection to calculate
clearance. New endogenous markers that address these lim-
itations are needed to expand the clinical and research ap-
plications of tubular secretory clearance.

Most endogenous secretory solutes are members of complex
metabolic pathways that are regulated by processes other than
kidney function, limiting specificity. The kidney clearance of a
marker, instead of its plasma concentration alone, theoretically
circumvents potential differences in synthesis and catabolism;
however, valid measurements of clearance require steady state
concentrations in plasma and a concurrent timed urine col-
lection, which is subject to collection errors. Some of the
identified solutes in this study demonstrated associations with
kidney furosemide clearance on the basis of plasma measure-
ments alone. Validation of these results in other studies would
represent an important step toward facilitating secretory clear-
ance measurements in clinical settings.

There is burgeoning interest in nonglomerular kidney func-
tions and their potential clinical applications.>!5 Differences in
the broad mechanisms governing glomerular filtration and
tubular secretion suggest a potential role for secretory clear-
ance measurements in the detection of early disease, when
GFR may remain normal because of hyperfiltration. Moreover,
secretory clearance measurements may improve understand-
ing of different patterns of kidney disease, particularly for
processes that preferentially affect the tubules. Secretory clear-
ance is a major mechanism for eliminating protein-bound
uremic toxins, the retention of which is implicated in cardio-
vascular and other complications of CKD. The negative effects
of protein-bound toxins in context of tubular dysfunction were
recognized in a recent consensus conference to modernize the
definitions of uremic toxins.!® These considerations bear di-
rectly on current dialysis therapies, which can recapitulate only
filtration. Finally, the primary role of secretory clearance in the
kidney elimination of administered medications suggests po-
tential importance in improving kidney drug dosing,.

A strength of this study is the use of empirically measured
furosemide clearance as a gold standard marker of secretory
clearance. Furosemide is avidly secreted by organic anion
transporters 1 and 3 (OAT1 and OAT3) on the basolateral
surface of proximal tubules, highly protein bound, minimizing
glomerular filtration, and negligibly cleared by other organ
systems. By contrast, para-aminohippuric acid, a derivative of
hippuric acid that is used to measure kidney blood flow has
relatively low protein binding, introducing some overlap with
glomerular filtration.'” Highly protein-bound and therefore
minimally filtered drugs with high specificity for tubular
transporters are particularly useful for empiric testing, and
furosemide is US Food and Drug Administration recognized
as a tracer medication for the kidney organic anion trans-
porters.® Furosemide in particular has long been recognized
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as a specific substrate for OAT1/3 both in vitro and in vivo, with
apical transport provided by multidrug resistance protein 4
similar to many uremic solutes; however, most solutes will
have some affinity for multiple transporters.’82! As such,
heterogeneity of tubular transport systems likely precludes a
single gold standard marker of secretory clearance.

There is considerable overlap between several of the top
solutes identified in this study and known accumulation in
OAT1 and OAT3 knockout animal models, suggesting the
proximal tubules are important sites of elimination.?? Fur-
thermore, recent metabolomic studies by Nigam et al. iden-
tified overlapping solutes that accumulate in both subtotal
nephrectomy and probenecid blocking of OAT1/3, many of
which were highly correlated in our study with clearance of
the OAT1/3 substrates furosemide and penciclovir.?>?* Fu-
rosemide itself has been recognized to increase the levels of
several highly associated metabolites in human patients.*’
Taken together, the mechanistic concordance suggests that
many identified solute levels are at least partially determined
by proximal tubular organic anion clearance and therefore
may be useful as functional biomarkers.

Weaknesses of this study include the relatively small
sample size, lack of replication, and inability to directly
quantify concentrations of the identified metabolites. Var-
iability was measured within the 10-hour sampling win-
dow; however, longer-term variability of individual solutes
may limit applicability to secretory clearance particularly
as single plasma measurements. The top solutes identified
here may not perform as well in other populations. Proce-
dures to create GFR estimating equation on the basis of
serum creatine and cystatin C concentrations required large
diverse populations with heterogeneous disease entities.
Moreover, the top solutes identified in this study were only
moderately associated with furosemide clearance, despite
strong statistical evidence of association using a very con-
servative Bonferroni threshold. This limitation may be
partly addressed by the future development of targeted
assays with specific internal standards, which improves
accuracy and precision compared with untargeted profiling
and can quantify absolute solute concentrations. Further-
more, plasma levels may depart from the reciprocal re-
lationship to kidney clearance as expected with eGFR
markers such as creatinine or cystatin C due to factors
such as reduced production or extrarenal clearance. Given
these limitations, this study represents an early step in
translating new biomarkers into routine use.

In summary, we identified several endogenous solutes
that warrant further investigation as potential markers of
tubular secretory solute clearance. Follow-up work to in-
vestigate and further develop markers of secretory solute
clearance could advance the assessment of kidney function
and drug dosing.
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