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ABSTRACT

Background. The secretion of organic solutes by the proximal
tubules is an essential intrinsic kidney function. The degree to
which secretory solute clearance corresponds with the glomeru-
lar filtration rate (GFR) and potential metabolic implications of
net secretory clearance are largely unknown.

Methods. We evaluated 1240 participants with chronic kidney
disease (CKD) from the multicenter Chronic Renal
Insufficiency Cohort (CRIC) Study. We used targeted mass-
spectrometry to quantify candidate secretory solutes in paired

24-h urine and plasma samples. CRIC study personnel mea-
sured GFR using 125[_jothalamate clearance (iGFR). We used
correlation and linear regression to determine cross-sectional
associations of secretory clearances with iGFR and common
metabolic complications of CKD.

Results. Correlations between iGFR and secretory solute clear-
ances ranged from p =+0.30 for hippurate to p = +0.58 for
kynurenic acid. Lower net clearances of most secretory solutes
were associated with higher serum concentrations of parathy-
roid hormone (PTH), triglycerides and uric acid. Each 50%
lower kynurenic acid clearance was associated with a 21%
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higher serum PTH concentration [95% confidence interval (CI)
15-26%] and a 10% higher serum triglyceride concentration
(95% CI 5-16%) after adjustment for iGFR, albuminuria and
other potential confounders. Secretory solute clearances were
not associated with statistically or clinically meaningful differ-
ences in serum calcium, phosphate, hemoglobin or bicarbonate
concentrations.

Conclusions. Tubular secretory clearances are modestly corre-
lated with measured GFR among adult patients with CKD.
Lower net secretory clearances are associated with selected met-
abolic complications independent of GFR and albuminuria,
suggesting potential clinical and biological relevance.

Keywords: CKD complications, glomerular filtration rate,
proximal tubular secretion, secretory solutes clearances

INTRODUCTION

The estimated glomerular filtration rate (GFR) and urinary albu-
min excretion are used to determine the severity of chronic kid-
ney disease (CKD) and to monitor its progression [1]. However,
the kidneys perform many other important functions, including
reabsorption, synthesis and secretion, that are not commonly
measured. Consequently, little is known about variability in these
functions and their potential metabolic consequences.

The secretion of retained solutes and medications by the
proximal tubules is an essential intrinsic kidney function [2].
Organic anion and cation transporters located on the basolat-
eral surface of the proximal tubules uptake solutes from the vas-
culature, including protein-bound substances that cannot be
filtered [3-5]. On the luminal surface, solutes are secreted into
the urine by an energy-dependent process mediated by trans-
porters that include members of the ATP-binding cassette
transporter family [6]. Despite the recognized importance of
proximal tubular secretory clearance, this kidney function is
rarely measured due to a lack of validated assays and uncer-
tainty regarding clinical interpretation.

We previously reported individual-level differences in tubu-
lar secretory solute clearance for a given level of estimated GFR
among persons with CKD [7]. These data were limited by as-
sessment of estimated, rather than directly measured GFR, eval-
uation of a small group of endogenous secretory solutes and
recruitment from a single study. In this study, we compare 24-
h kidney clearances of 11 endogenous secretory solutes with
gold-standard measurements of GFR, determined by '*’I-iotha-
lamate clearance, in a national cohort study of CKD. We then
delineate associations of net tubular secretory clearances with
common metabolic complications of CKD independent of GFR
and albuminuria.

MATERIALS AND METHODS
Data source and study population

This study is complementary to one of our previously pub-
lished works, which assessed associations of kidney clearances
of secretory solutes with incident CKD progression and all-
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cause mortality in the Chronic Renal Insufficiency Cohort
(CRIC) study [8]. The CRIC study is a multicenter, prospective
study designed to investigate risk factors for CKD progression
and cardiovascular complications among adults with mild to
moderate CKD [9, 10]. The CRIC study excluded screened par-
ticipants with known polycystic kidney disease, active immuno-
suppression  for  glomerulonephritis,  prior  kidney
transplantation, multiple myeloma, HIV infection and ad-
vanced heart failure [10]. The institutional review board at each
CRIC site approved the study protocol. All participants pro-
vided written informed consent.

We focused this ancillary study on the weighted sub-sample
of CRIC study participants who completed '*’I-iothalamate
clearance studies at baseline (n=1432). Participants were
excluded from iothalamate testing if they had recently under-
gone thallium stress imaging, were unable to void, required
self-catheterization or had a known iodine allergy. We further
excluded 192 CRIC study participants whose plasma or 24-
h urine samples were not available, leaving a final analytic sam-
ple of 1240.

Measurements of secretory solute clearance

We previously reported our methods for the measurement
of the kidney clearances of secretory solutes [8]. Briefly, we se-
lected candidate secretory solutes from the published literature
based on known affinity for organic anion or cation transport-
ers, increased blood concentrations in transporter knockout
models, a high degree of protein binding and/or reported
kidney clearances that are higher than that of creatinine or GFR
[11-13] (Table 1). We then quantified these solutes in plasma
and urine using a targeted liquid chromatography-tandem
mass spectrometry assay with labeled internal standards and
single-point calibrators. Subsequent protein binding studies
performed in our laboratory demonstrated three solutes, i.e. iso-
valerylglycine, tiglylglycine and xanthosine, had lower protein
binding compared with results from previous studies (Table 1).
Nonetheless, as these solutes had high kidney clearances relative
to GFR, indicating tubular secretion as a primary kidney elimi-
nation route, we kept these solutes in our analyses.

For this study, plasma samples were precipitated in organic
solvent followed by solid phase extraction (Phree phospholipid
removal plate) [8]. Urine samples underwent two different
solid-phase extractions (HLB or MCX pElution plates, Waters)
to increase the capture of target solutes. Dried extracts were
reconstituted in 80 uL of 5% acetonitrile/0.2% formic acid in
H,O and filtered through a large-pore filter plate (Millipore,
MSBVNI1210) to remove particulates before introduction into a
triple quadrupole tandem mass spectrometer (Sciex 6500). Data
were normalized to labeled internal standards consisting of pu-
rified compounds that were added to each well. We used a
single-point calibration approach to calibrate solutes concentra-
tions data with five replicates of calibrators on each study plate
(pooled human serum and urine). We have previously used
quantitative nuclear magnetic resonance to quantify absolute
concentrations of secretory solutes in the calibrators by stan-
dard addition of purified compounds. Inter- and intra-assay
coefficients of variation (COV) for individual solutes in plasma
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Table 1. Associations of secretory solute clearances with iGFR

Ratio of clearance to Correlation

Kidney clearance,

Solutes Protein binding in Protein binding in
healthy controls (%)* CKD (%)*
Iothalamate - -
Kynurenic acid 97 *£1 96 £2
p-cresol sulfate 97 *£1 96 £2
Indoxyl sulfate 97 +1 93+2
Cinnamoylglycine 9112 95+3
Pyridoxic acid 83 +4 87 %1
Dimethyluric acid 72 *4 687
Hippurate 68 X4 51*13
Trimethyluric acid 59 £33 80 =11
Tiglylglycine 33 £20 24*15
Xanthosine 11*14 15*13
Isovalerylglycine 6+13 4=*7

mL/min/1.73 m? ® iGFR® with iGFR ( p)d
47 (34-61) - -
82 (58-119) 1.7 0.58
8 (5-13) 0.2 0.53
30 (20-45) 0.6 0.57
52 (30-91) 1.1 0.36
399 (255-604) 8.5 0.54
427 (245-752) 9.1 0.34
435 (255-711) 9.3 0.30
257 (139-489) 5.5 0.35
164 (105-258) 3.5 0.55

72 (43-109) 1.5 0.44
206 (131-313) 4.4 0.48

*Mean and SD protein binding percentage in 14 healthy persons with normal kidney function (estimated GFR > 90 mL/min/1.73 m* and no albuminuria) and 14 patients with ad-
vanced CKD from the Seattle Kidney Study (estimated GFR <15 mL/min/1.73 m* not receiving dialysis). Plasma was filtered using a centrifugal filter (Amicon Ultra, 3kD MWCO) at
11 200g for 30 min at room temperature. The concentration of solutes in the filtrate was then determined using the same method as for plasma and compared with the concentration of

solutes in unfiltered plasma.
"Median (interquartile range).
“Ratio of medians.

dCorrelation coefficient between secretory solutes clearances and iGFR (all log-transformed); all P < 0.001.

and urine ranged from 3.4% to 14.7% (Supplementary data,
Table S1).

We calculated the kidney clearance of each secretory
solute as:

Clearance (X) = [(prﬁ}
X

In this equation, Uy represents the urine concentration of
the secretory solute, V represents the corresponding urine vol-
ume in mL per minute and Px represents the plasma concentra-
tion of the solute. For direct comparisons with iothalamate
measurements of GFR (iGFR), we standardized secretory solute
clearances to 1.73 m”.

Measurement of covariates

At the baseline CRIC study visit, participants self-reported
their information on sociodemographic characteristics and
medical history, including cardiovascular conditions and life-
style behaviors. Current medications were ascertained using the
inventory method [9, 10]. iGFR was measured using a stan-
dardized protocol after a low protein (<10g) meal [14, 15].
In brief, following a water load and saturated potassium iodine
solution, study personnel administered a subcutaneous injec-
tion of '*’I-iothalamate and collected timed urine and serum
samples during four subsequent collection periods. The first
collection period was dropped from analyses and iGFR was cal-
culated as the weighted average of iothalamate clearance during
collection periods 2-4, corrected for body surface area. The
median COV for iGFR measurements was 9.7% [14, 15].

Serum creatinine (enzyme-based assay), albumin (dye-bind-
ing assay), calcium, phosphorus and plasma glucose were mea-
sured on the Hitachi Vitros 950 AT. Twenty-four-hour urine
albumin was measured on Siemens Immulite [14, 16]. Three
seated blood pressure measurements were obtained, and the
mean of the second and third readings was used for analysis
[17, 18]. Total parathyroid hormone (PTH) was measured by
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the Scantibodies immunoradiometric assay [16, 19]. Alkaline
phosphatase (ALP) was measured by enzyme-linked immuno-
sorbent assay [19]. Triglyceride and high-density lipoprotein
(HDL) were measured by spectrophotometry and low-density
lipoprotein (LDL) by B quantification after separation by ultra-
centrifugation [20]. Serum uric acid was measured using the
uricase/peroxidase methods [21]. High-sensitivity C-reactive
protein (CRP) was measured using particle-enhanced immuno-
nephelometry [22]. Hemoglobin was measured at each CRIC
clinical center [23]. Serum bicarbonate was measured using
Beckman Coulter DxC [15]. Participants were considered as
having diabetes mellitus at baseline based on a fasting glucose
concentration >126 mg/dL, a nonfasting glucose >200 mg/dL
or the use of antidiabetic medication [22]. Physical activity was
calculated from the Typical Week Physical Activity Survey as
the total metabolic equivalent task (MET) score, which is de-
rived from the number of hours per week spent in each of 27 ac-
tivities, weighted by each activity’s MET value [24]. Study
participants self-reported their cause of CKD at baseline as cate-
gories of hypertension, diabetes, glomerulonephritis and
obstruction.

Statistical analyses

We summarized correlations between secretory clearances
and iGFR using scatter plots and Pearson’s correlation. To facil-
itate the presentation of baseline characteristics, we computed a
summary secretion score by standardizing each log-
transformed secretory clearance to a 0-100 scale and then tak-
ing the average of these values:

In(secretory clearance) — min(ln(secretory clearance))
Standardized clearance =

range(ln(secretory Clearance))

In this equation, In(secretory clearance) represents secretory
clearance after natural log-transformation, min(In(secretory
clearance)) represents the minimum value of log-transformed
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Table 2. Baseline participant characteristics by quartiles of the summary secretion score®

P-value

Quartile 1

Characteristics Quartile 2 Quartile 3 Quartile 4

iGFR, mL/min/1.73 m* 33£15 43 *+ 15 5114 68 £21 <0.001*
Sociodemographic characteristics
Age, years 57 =12 57 =11 56 £ 12 54+ 12 0.002*
Female 144 (47) 127 (41) 127 (41) 143 (46) 0.38
Black 141 (46) 104 (34) 100 (32) 107 (35) 0.001*
Hispanic 55 (18) 58 (19) 46 (15) 23 (7) <0.001*
Education categories” <0.001*
Less than high school 80 (26) 54 (17) 52 (17) 25 (8)
High school graduate 70 (23) 64 (21) 57 (18) 40 (13)
Some college 83 (27) 96 (31) 73 (23) 89 (29)
College graduate or higher 76 (25) 96 (31) 129 (41) 154 (50)
Health characteristics
Current smoker 42 (14) 33 (11) 31(10) 35(11) 0.19
History of diabetes 163 (53) 165 (53) 150 (48) 122 (39) 0.02
History of cardiovascular disease 107 (35) 94 (30) 78 (25) 47 (15) <0.001*
History of heart failure 37 (12) 26 (8) 20 (6) 3(1) <0.001*
BMI, kg/m2 32+7 327 31+7 307 <0.001*
Systolic blood pressure, mmHg 134 £23 129 £22 128 £21 124 £19 <0.001*
Total MET score 197 £ 163 196 + 129 224 + 139 223 + 140 0.004*
Lab measurements
Hemoglobin Alc 6.1 (5.5, 7.4) 6.2 (5.6,7.2) 6.1 (5.5,7.3) 5.8 (5.3, 6.9) 0.04
24-h urine albumin excretion® 0.26 (0.03, 1.14) 0.12 (0.02, 0.92) 0.07 (0.01, 0.57) 0.02 (0.01, 0.21) <0.001*
Nephrotic range proteinuria >3 g 31 (10) 31 (10) 22 (7) 12 (4) 0.005*
Medications
Insulin 80 (26) 83 (27) 82 (27) 54 (18) 0.10
Statin 177 (57) 173 (56) 177 (57) 139 (45) 0.006*
Loop diuretic 158 (51) 121 (39) 96 (31) 59 (19) <0.001*
Thiazide diuretic 68 (22) 90 (29) 100 (32) 87 (28) 0.12
ACEi/ARB 204 (66) 222 (72) 242 (78) 174 (56) 0.17

ACEi, angiotensin-converting-enzyme inhibitor; ARB, angiotensin II receptor blocker.

*For continuous variable: mean * SD, P-values were from linear regression with participant characteristics as the dependent variable and the summary secretion score as the indepen-
dent variable. For binary variables: n (%), P-values were from logistic regression with participant characteristics as the dependent variable and the summary secretion score as the inde-

pendent variable.
®P.value from the Chi-squared test.

“Median (interquartile range), P-values were from linear regression with log-transformed participant characteristics as the dependent variable and the summary secretion score as the

independent variable.

*Denotes statistical significance after correction for multiple comparisons using the Hommel method.

secretory clearance and range(In(secretory clearance)) repre-
sents the difference between the maximum and minimum
values.

We used linear regression to estimate cross-sectional associ-
ations of secretory solute clearances with metabolic complica-
tions of CKD. We log-transformed secretory solute clearances
and metabolic markers to obtain better model fit and produce
comparable results among models. Base models were adjusted
for log-transformed iothalamate GFR, log-transformed 24-
h urinary albumin excretion, age, race, sex, attained education
level, current smoking status, body mass index (BMI) and his-
tory of diabetes mellitus. Models of mineral metabolism
markers were further adjusted for the use of active vitamin D,
phosphate binders, and calciferols and serum concentrations of
calcium (not in the calcium model) and phosphate (not in the
phosphate model). Models of dyslipidemia, uric acid, bicarbon-
ate, hemoglobin and CRP were further adjusted for waist cir-
cumference, physical activity levels, hemoglobin Alc and the
use of statins, nonstatin lipid-lowering medications, thiazide
diuretics and allopurinol. To assess potential confounding by
CKD etiologies, we further adjusted for self-reported causes of
CKD in a sensitivity analysis. We used the Hommel method to
correct for multiple comparisons [25]. We defined the number
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of comparisons in each table/figure as either the number of
exposures or the number of characteristics or outcomes, which-
ever was larger. For example, the number of comparisons for
Table 2 was 21 and the number of comparisons in Figures 2
and 3 was 11. A two-sided corrected P-value of 0.05 was used to
define statistical significance. Data analyses were performed us-
ing Stata/IC version 14.2 for Windows (StataCorp. 2015; Stata
Statistical Software: Release 14; StataCorp LP, College Station,
TX, USA) and RStudio version 3.4.3 (R Development Core
Team 2017, Vienna, Austria).

RESULTS

Associations of secretory solute clearances with
measured GFR

Among the 1240 CRIC participants in this ancillary study,
the mean age was 56 years; 44% were women; 37% were Black
and 15% reported Hispanic race. The median iGFR was 47 mL/
min/1.73 m” (interquartile range: 34-61 mL/min/1.73 m®). The
kidney clearances of 9 of the 11 candidate secretory solutes
were higher than measured GFR (Table 1). The highest clear-
ance was observed for hippurate (median 435 mL/min/1.73 m?)

Y. Chen et al.
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Table 3. Kidney clearances of secretory solutes by self-reported etiologies of chronic kidney disease®

Solute clearance, mL/min/1.73 m?

Clearance All participants Hypertension Diabetes Glomerular Obstructive P-value”
with self-reported (n=1342) (n=281) disease uropathy
cause of CKD (n=45) (1)
(n=726)
Hippurate 413 (243-683) 351 (230-643) 466 (279-778) 499 (316-721) 438 (229-677) 0.02
Dimethyluric acid 406 (226-710) 377 (215-669) 412 (241-740) 400 (233-799) 460 (250-436) 0.39
Pyridoxic acid 363 (229-541) 341 (217-478) 373 (257-555) 375 (221-600) 406 (247-617) 0.02
Trimethyluric acid 234 (128-434) 222 (121-392) 243 (130-432) 288 (149-576) 218 (152-575) 0.29
Isovalerylglycine 187 (112-278) 172 (105-261) 195 (120-272) 274 (145-400) 185 (115-298) <0.001*
Tiglylglycine 151 (94-226) 142 (90-205) 151 (97-236) 211 (136-377) 183 (88-244) <0.001*
Kynurenic acid 77 (54-107) 74 (49-103) 78 (58-111) 91 (63-143) 80 (51-117) 0.002*
Xanthosine 67 (39-100) 61 (37-93) 73 (40-111) 72 (41-105) 71 (49-100) 0.06
Cinnamoylglycine 48 (28-84) 45 (28-78) 52 (29-86) 62 (37-92) 50 (23-83) 0.13
Indoxyl sulfate 27 (18-40) 25 (17-37) 28 (21-43) 26 (19-41) 31 (20-42) 0.01
p-cresol sulfate 8 (5-11) 7 (5-11) 8 (6-11) 8 (5-14) 8 (5-13) 0.34

*Secretory solutes clearance shown in mL/min/1.73 m” as median (interquartile range).
"P-value from analysis of variance on log-transformed secretory solutes clearances.
*Statistical significance after correction for multiple comparisons using the Hommel method.

and the lowest clearance was observed for p-cresol sulfate (me-
dian 8 mL/min/1.73 m?). Considerable interindividual variation
in the clearance of each secretory solute was observed across the
measured range of GFR (Figure 1). Secretory solutes clearances
moderately correlated with iGFR, with a range between +0.30
for hippurate and +0.58 for kynurenic acid (Table 1).
Correlations were slightly higher between secretory solute clear-
ances and creatinine clearance obtained from the same urine
sample (Supplementary data, Table S2). Correlations among
the individual solute clearances are shown in Supplementary
data, Table S2.

Associations of secretory solute clearances with baseline
characteristics

Participants with a higher summary secretion score were
more likely to be non-black and non-Hispanic race, and have a
higher iGFR, a higher attained education, a lower prevalence of
diabetes, cardiovascular disease, heart failure, and lower systolic
blood pressure and 24-h urine albumin excretion (Table 2).
Associations for individual secretory solute clearances are pre-
sented in Supplementary data, Table S3. Among 726 partici-
pants who self-reported their cause of CKD, those with
glomerulonephritis tended to have higher kidney clearances of
secretory solutes (Table 3). For example, the kidney clearance
of kynurenic acid, a highly protein-bound secretory solute, was
91 mL/min/1.73 m*> among patients with glomerulonephritis
and 74 and 78 mL/min/1.73 m> in patients with hypertension
and diabetes, respectively.

Association of secretory solute clearances with markers
of mineral metabolism

After controlling for iGFR, urinary albumin excretion,
demographics, smoking, diabetes, BMI, serum calcium and
phosphate concentrations, and the use of active vitamin D,
phosphate binders and calciferols, lower clearances of most se-
cretory solutes were associated with higher serum concentra-
tions of PTH (Figure 2). Associations reached statistical
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significance for seven solutes after correction for multiple com-
parisons. The strongest association was observed for kynurenic
acid clearance. Each 50% lower clearance of this solute was as-
sociated with an estimated 21% higher serum PTH concentra-
tion [95% confidence interval (CI) 15-26% higher, P < 0.001]
after full adjustment. Lower clearances of five secretory solutes
were associated with higher serum concentrations of ALP after
controlling for covariates. No clear relationships were observed
between net secretory solute clearances and the serum calcium
or phosphate concentration and the upper bounds of the 95%
CIs for these associations exclude clinically or scientifically
meaningful effects.

Association of secretory solute clearances with markers
of dyslipidemia and uric acid

Lower clearances of isovalerylglycine, kynurenic acid, cinna-
moylglycine and indoxyl sulfate were associated with higher se-
rum triglyceride concentrations after full adjustment and
correction for multiple comparisons (Figure 3). Similarly, lower
clearances of five secretory solutes were associated with higher
serum uric acid concentrations. In contrast, associations were
generally null or inconsistent for serum concentrations of LDL-
cholesterol and HDL-cholesterol.

Association of secretory solute clearances with other
metabolic complications

Lower secretory clearances of four solutes were associated
with higher serum CRP concentrations; however, associations
remained significant for only isovalerylglycine clearance after
correction for multiple comparisons (Supplementary data,
Figure S1). No associations were observed between secretory
solute clearances and serum bicarbonate or hemoglobin con-
centrations. Additional adjustment for self-reported causes of
CKD only negligibly impacted the observed associations be-
tween the kidney clearances of secretory solutes and serum con-
centrations of PTH, triglycerides, uric acid and CRP
(Supplementary data, Table S4).

Y. Chen et al.
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FIGURE 2: Adjusted associations of secretory solute clearances with markers of mineral metabolism. Model adjusted for log-transformed i
GFR, log-transformed 24-h urinary albumin excretion, age, race, sex, attained education, current smoking status, BMI, diabetes mellitus, serum
calcium (not in the calcium model), serum phosphate (not in the phosphate model), and the use of active vitamin D, phosphate binders and
calciferols. Ratio expressed per 50% lower clearance of each individual solute (log-transformed). Conversion factors for units: calcium in mg/
dL to mmol/L, x0.2495; phosphate in mg/dL to mmol/L, x0.3229. Asterisks denote statistical significance after correction for multiple com-

parisons using the Hommel method.

DISCUSSION

In a representative cohort study of patients with CKD, we found
modest correlations between the kidney clearances of secretory
solutes and iothalamate clearance measurements of GFR. Yet,
considerable variability in secretory clearances was observed for
a given level of GFR. Lower net clearances of many secretory
solutes were associated with higher serum concentrations of
PTH, triglycerides and uric acid after adjustment for iGFR and
potential confounding characteristics. Taken together, these
findings suggest that tubular secretory clearance may indicate
biologically and clinically relevant information about kidney
function in addition to established glomerular measures of GFR
and albuminuria.

The proximal tubules are responsible for eliminating a wide
range of small molecules, including drugs, endobiotics,
nutrients and uremic solutes and toxins [26, 27]. Many secre-
tory transporters are members of the solute carrier (SLC) super-
family, which includes organic anion transporters (OAT) and
organic cation transporters. The OAT, OAT1 and OATS3, pri-
marily expressed on the basolateral membrane of proximal tu-
bular cells, mediate uptake of organic anions from the

Secretion and CKD complications

circulation via exchange with dicarboxylates, most notably
alpha-ketoglutarate. OAT1 and OAT3 have been recognized as
primary basolateral transporters of nine of the secretory solutes
in this study [28-30]. Apical transporters most relevant to this
study are multidrug resistance protein 4 (MRP4) and breast
cancer resistance protein (BCRP), both of which are members
of the ATP-binding cassette transporters (ABC) superfamily.
ATP hydrolysis is the driving force of the extrusion of solutes
by these apical transporters [26]. MRP4 and BCRP both medi-
ate the transport of indoxyl sulfate and kynurenic acid, while
BCRP is likely also responsible for the extrusion of p-cresol sul-
fate [31-33]. Hippuric acid has been shown to inhibit the active
transport of MRP4 and BCRP at clinically relevant concentra-
tions; however, whether it is a substrate for these transporters is
not known [34].

Prior studies have demonstrated lower protein binding
of indoxyl sulfate and p-cresol sulfate among patients re-
ceiving chronic dialysis compared with healthy controls [35,
36]. However, conflicting results have been observed in
patients with nondialysis requiring CKD. Poesen et al. have
found progressively lower protein binding of p-cresol sulfate
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FIGURE 3: Adjusted associations of secretory solute clearances with markers of lipid metabolism and uric acid. Model adjusted for log-trans-
formed iGFR, log-transformed 24-h urinary albumin, age, race, sex, attained education, current smoking status, BMI, diabetes mellitus, waist
circumference, physical activity levels, hemoglobin A1C, statins, non-statin lipid-lowering medications, thiazide diuretics and allopurinol.
Ratio expressed per 50% lower clearance of each individual solute (log-transformed). Conversion factors for units: LDL in mg/dL to mmol/L,
%0.02586; triglyceride in mg/dL to mmol/L, x0.01129; HDL in mg/dL to mmol/L, x0.02586; uric acid in mg/dL to pmol/L, x59.48. Asterisks
denote statistical significance after correction for multiple comparisons using the Hommel method.

with lower GFR [37]; however, two other studies have
reported similar protein binding of indoxyl sulfate compar-
ing nondialysis CKD patients with healthy individuals [38,
39]. In our study, we did find lower protein binding of in-
doxyl sulfate, p-cresol sulfate and hippurate among patients
with nondialysis requiring CKD patients with healthy con-
trols. However, the amount of difference was less than that
reported by Poesen et al. possibly due to differences in lab-
oratory methods and small sample sizes in our protein
binding studies.

The kidney clearances of most secretory solutes exceeded
measured values of GFR, highlighting tubular secretion as an
important kidney mechanism of elimination. These findings
from a contemporary CKD cohort study underscore the poten-
tial for efficient extraction of specific solutes by the proximal
tubules. In contrast to glomerular filtration, which is typically
limited to 20-25% of renal plasma flow, tubular secretion can
remove >80% of a substance from the circulation in a single
pass through the kidneys [40]. However, the kidney clearances
of some solutes, specifically hippurate, dimethyluric acid and
pyridoxic acid, were more than eight times higher than GFR,
exceeding normal physiological parameters. These ratios were
nearly identical when computed using creatinine clearance
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from the same 24-h urine sample. An important possible expla-
nation for these high clearance values is diurnal variation. The
clearance of a substance, when calculated as (Ux) * V/(Px), may
be overestimated if Py obtained on a single occasion is lower
than the true average plasma value over the urine collection pe-
riod. For example, an unrealistically high hippurate clearance
may be obtained if the morning plasma hippurate concentra-
tion is lower than the daily average, which may occur if plasma
hippurate levels increase later in day due to the intake of certain
foods. Alternatively, we cannot rule out the possibility of intra-
tubular synthesis or metabolism of these solutes, though we
have found no literature to support this assumption. It is also
possible that some participants with CKD have a relatively low
filtration fraction, resulting in a high secretory clearance relative
to GFR. Low filtration fractions have been reported in specific
kidney diseases; however, this characteristic has not been
measured in large cohort studies of patients with CKD. We also
observed relatively low kidney clearances of some solutes,
specifically indoxyl sulfate and p-cresol sulfate, as previously
reported [7]. It is likely that differences in individual secretory
solute clearances reflect variation in affinities for tubular trans-
porters, binding sites on serum albumin and rates of movement
through the interstitial space. The slow, yet consistent kidney
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elimination of indoxyl sulfate and p-cresol sulfate, which are
highly protein bound and suspected to contribute to uremic
toxicity, represents an important homeostatic kidney function
[41, 42].

Recent reports have raised doubts about the validity of GFR
as a unique marker of uremia [43-45]. These studies demon-
strate that among patients with Stages 2-5 CKD, estimated
GFR is poorly associated with circulating concentrations of low
molecular weight uremic solutes, such as hippuric acid, indoxyl
sulfate and p-cresol sulfate, as well as concentrations of middle
molecular weight uremic solutes, suggesting that factors other
than GFR play a larger role in affecting uremic solute concen-
trations. Our results support this conclusion by showing that
measured GFR only modestly correlated with kidney clearances
of secretory solutes, which have a direct impact on their
concentration.

Lower net secretory solute clearances were associated with
higher serum PTH concentrations after adjustment for iGFR
and other potential confounding characteristics. This finding
may reflect the metabolism of PTH by the proximal tubules,
where its receptors are most abundant. In animal models of ure-
teral obstruction, which halts glomerular filtration, the kidney
elimination of PTH is only partially reduced. In human studies
utilizing direct renal artery and vein sampling, the single-pass
kidney elimination of PTH ranges from 34% to 47%, which is
considerably higher than that of a filtered substance such as
creatinine [46-48].

We also observed consistent associations between lower net
secretory clearances and higher serum triglyceride levels after
adjustment for iGFR and other characteristics. The retention of
uremic solutes, many of which are secreted by the proximal
tubules, promotes the accumulation of apolipoprotein C-III, an
inhibitor of lipoprotein lipase (LPL), leading to subsequent in-
hibition of the hydrolysis of triglycerides into free fatty acids.
Some studies have also suggested that PTH, which was associ-
ated with lower secretory clearances in this study, can downre-
gulate the synthesis of LPL leading to accumulation of
triglycerides [49-52].

Uric acid is filtered, reabsorbed and secreted. Secretion
occurs predominantly in the S2 segment of the proximal tubules
via basolateral OAT1/3 and apical ATP-Binding Cassette trans-
porter G2 (ABCG2) [53]. In population-based studies, genetic
variation in ABCG?2 is associated with higher circulating uric
acid levels [54, 55]. Lower clearances of endogenous secretory
solutes may parallel that of uric acid to explain the observed
associations of these clearances with serum uric acid
concentrations.

High sensitivity CRP is a sensitive marker of systemic in-
flammation. The retention of many uremic solutes, e.g. hippuric
acid, indoxyl sulfate and p-cresol sulfate, is postulated to
contribute to systemic inflammation, which could explain the
observed association between lower net secretory clearances
and higher levels of CRP [56-62]. Alternatively, it is possible
that chronic inflammation promotes local atherosclerosis,
fibrosis and scarring of capillaries and interstitium around
proximal tubules, leading to lowered secretory capacity
[63-66]. It is unlikely that the observed association is due to
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decreased renal clearance of high sensitivity of CRP, as in both
healthy subjects and patients with kidney disease, urine levels of
CRP are negligibly low [67, 68].

Secretory solute clearances were not associated with markers
of anemia or acidosis. Acid-base homeostasis involves the con-
certed actions of multiple tubular segments, including ammonia
synthesis and bicarbonate reabsorption in the proximal tubules,
recycling in the loop of Henle and distal acidification. The
complexity of acid-base balance and the relative insensitivity
of serum bicarbonate levels to these processes may explain
the lack of association with secretory clearances. Similarly,
erythropoietin is primarily synthesized by peritubular intersti-
tial cells and hemoglobin concentrations may be influenced by
many characteristics other than erythropoietin production,
potentially explaining the lack of association with secretory
clearances.

One strength of this study is the comparison of secretory
solute clearances with direct measurements of GFR in a large,
broadly representative CKD population. Other strengths in-
clude the use of targeted mass spectrometry assays to quantify
specific secretory solutes with high accuracy and precision and
research protocol-driven 24-h urine collections. Several limita-
tions of the study warrant discussion. First, the variation in se-
cretory solute clearances relative to iGFR may be inflated due to
imperfect measurement. Specifically, misreporting of 24-h urine
collection times, diurnal variation in circulating concentrations
of secretory solutes and measurement errors in laboratory pro-
cedures may have contributed to variability in the estimates of
secretory clearance. Moreover, iGFR is subject to some degree
of error, as demonstrated by the median 9.7% coefficient of var-
iation in the CRIC study [14, 15]. Third, CKD etiologies in
CRIC were determined based on self-report, suggesting value
from further studies in other cohorts that include dedicated kid-
ney histology data. Finally, the cross-sectional study design can-
not inform the temporality of the observed associations
between secretory solute clearances and metabolic complica-
tions of CKD.

In conclusion, we report individual-level differences in the
kidney clearances of endogenous secretory solutes relative to
measured GFR in a large, diverse cohort of adults with CKD.
Lower net secretory clearances were associated with higher
serum concentrations of PTH, triglycerides and uric acid inde-
pendent of iGFR, albuminuria and other potential confounding
characteristics. Our findings suggest that proximal tubular se-
cretory clearance may provide additional insight into the assess-
ment of kidney function and metabolic complications of CKD.
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