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Introduction
A characteristic feature of  chronic kidney disease (CKD) is the retention and accumulation of  pro-
tein-bound and other small molecules (uremic solutes) that circulate in the plasma of  the patient (1). While 
potentially functioning as toxins, many of  these small-molecule compounds possess signaling capabilities; 
as their plasma concentration increases in the setting of  progressive kidney failure, their potential to affect 
metabolism and signaling increases as well. However, the actual alterations in metabolic pathways in the 
setting of  CKD are only beginning to be worked out. To make further progress, it is important to define 
how these molecules are handled in the setting of  CKD.

Recently, there has been renewed interest in the relative importance of  renal tubular secretory capacity 
in the setting of  declining renal function in the context of  the handling of  drugs and organic solutes, includ-
ing uremic solutes and uremic toxins (2–4). Growing evidence suggests the residual renal secretory capacity 
— especially via the organic anion transport (OAT) system — may be particularly important in the setting 
of  CKD (2–8). In fact, it is believed that residual function of  the proximal tubule is likely to be central to the 
removal of  compounds not generally cleared by hemodialysis, which include many of  the protein-bound 
small-molecule uremic solutes and toxins (2, 3, 7, 9–13).

Many of  these protein-bound uremic solutes/toxins and other endogenous metabolites accumulating 
in renal insufficiency, as well as many of  the drugs (e.g., antibiotics, antivirals) administered to patients 
with CKD, are, at physiological pH, organic anions. In normal physiological settings, the renal uptake and 
elimination of  such small-molecule organic anions is mediated by the OAT system of  the kidney, in par-
ticular the major renal drug and toxin transporters, OAT1 (also known as SLC22A6, originally identified 
as NKT) and OAT3 (also known as SLC22A8) (10, 14). OAT1 and OAT3 are expressed on the basolateral 
membrane to the proximal tubule, where they mediate the uptake of  small-molecule organic anion com-

The role of the renal organic anion transporters OAT1 (also known as SLC22A6, originally identified 
as NKT) and OAT3 (also known as SLC22A8) in chronic kidney disease (CKD) remains poorly 
understood. This is particularly so from the viewpoint of residual proximal tubular secretion, a 
key adaptive mechanism to deal with protein-bound uremic toxins in CKD. Using the subtotal 
nephrectomy (STN) model, plasma metabolites accumulating in STN rats treated with and without 
the OAT inhibitor, probenecid, were identified. Comparisons with metabolomics data from Oat1-
KO and Oat3-KO mice support the centrality of the OATs in residual tubular secretion of uremic 
solutes, such as indoxyl sulfate, kynurenate, and anthranilate. Overlapping our data with those of 
published metabolomics data regarding gut microbiome–derived uremic solutes — which can have 
dual roles in signaling and toxicity — indicates that OATs play a critical role in determining their 
plasma levels in CKD. Thus, the OATs, along with other SLC and ABC drug transporters, are critical 
to the movement of uremic solutes across tissues and into various body fluids, consistent with 
the remote sensing and signaling theory. The data support a role for OATs in modulating remote 
interorganismal and interorgan communication (gut microbiota–blood-liver-kidney-urine). The 
results also have implications for understanding drug-metabolite interactions involving uremic 
toxins.
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pounds from the blood and into the cell. Such compounds include a wide array of  commonly prescribed 
drugs, endogenous metabolites, signaling molecules, and toxins (15–24).

In the case of  uremic toxins, basolateral influx via the OATs on the blood side may enable efficient 
elimination via the apical efflux pathway — mediated by MRPs (ABCC2 and ABCC3) and other transport-
ers — if  tubular secretion is intact, allowing elimination of  the uremic toxins into the lumen (3). However, 
if  the luminal efflux pathway is not sufficiently active, then potential proximal tubule cell toxins, such as 
indoxyl sulfate, can, once taken up by OAT1 and OAT3, accumulate in the cell; this cell damage is, at least 
in part, thought to lead to progressive renal disease (25, 26). Thus, tubular OAT function in the setting of  
renal insufficiency is, potentially, a double-edged sword; it is critical for the elimination of  uremic solutes 
and toxins, but transport of  molecules such as urate and indoxyl sulfate into damaged or injured proximal 
tubule cells may lead to further tubular damage (27). Hence, it is essential to understand the OAT-trans-
ported metabolites that accumulate in the setting of  renal insufficiency. Furthermore, understanding the 
OAT-dependent metabolic pathways may set the stage for modulating the aberrant metabolism that occurs 
as renal function declines, potentially by altering OAT1 or OAT3 expression and/or function (28–30).

Here, we considered renal insufficiency as a complex metabolic disease. In particular, we evaluated the 
role of  OAT1 and OAT3 in this process and, through the lens of  the remote sensing and signaling theory, in 
the remote interorgan and interorganismal (gut-microbiome-host) flow of metabolites and signaling mole-
cules that is disrupted in CKD (14, 17, 18, 23, 24, 31). Using the subtotal nephrectomy (STN) model for CKD 
(32), we identified those metabolites accumulating in the setting of  substantially decreased glomerular filtra-
tion rates (GFR) and decreased tubular secretion of  para-amino hippurate (PAH), the prototypical organic 
anion substrate. Metabolomics analyses were performed on the plasma of  adult rats 2 weeks after STN and 
compared with those of  sham-operated animals. Moreover, in order to investigate the role of  tubular secretion 
in the setting of  renal insufficiency, STN animals were also treated with and without the OAT inhibitor, pro-
benecid (2-hour short-term treatment). The sets of  metabolites handled by the OAT system, which represent 
a measure of  residual tubular secretion of  anions via the proximal tubule, were then identified. Focusing on 
uremic solutes and toxins, metabolomics data from probenecid-treated animals were then analyzed in the 
context of  metabolomics data obtained from Oat1-KO and Oat3-KO mice (15, 20–22, 33); we also analyzed 
human and rodent metabolomics data for the contribution of  the gut microbiota to the uremic solute profile. 
These comparisons helped us to define the key metabolic pathways dependent upon OAT-mediated remote 
interorganismal (gut microbe–host) communication in the setting of  CKD.

Results
STN affects glomerular filtration and tubular secretion. Whole kidney glomerular filtration rates (GFR) were 
significantly lower in STN rats (2.5 ± 0.4 ml/min) compared with those in sham-treated controls (4.8 ± 
0.4 ml/min, P ≤ 0.05), reflecting the effects of  reduced nephron mass (Figure 1). The >80% reduction in 
renal mass (5 of  6 nephrectomy) also led to a significant reduction in the clearance of  para-aminohippuric 
acid (PAH) — the prototypical organic anion transported in vivo by OAT1 and, to a lesser degree, by OAT3 
(15, 34, 35) — such that its clearance was similarly reduced by half  (from a high of  roughly 12 ml/min in 
sham-operated animals to around 6 ml/min in the STN animals) (Figure 1).

Uremic solutes in the plasma of  animals with renal insufficiency. In order to clarify the effects of  these reduc-
tions in GFR and tubular secretion on uremic solutes and other metabolites, metabolomics analyses were 
performed on plasma collected from both sham-operated controls and STN animals. Partial least squares 
discriminant analysis revealed a clear separation of  the different treatment groups based on the profile of  
the 668 metabolites of  known identity that were detected on the platform (Figure 2). Almost 50% of  the 
metabolites (326 of  668) displayed significantly (P ≤ 0.05) altered (increased or decreased) plasma concen-
trations in the setting of  progressive renal insufficiency (with 315 showing increased plasma concentrations 
and 11 displaying reductions in plasma concentration) (Figure 2). Moreover, metabolite set enrichment 
analysis further revealed that each of  the 8 superpathway metabolic categories described in the metabo-
lomics analyses (see Methods) contained at least 1 of  the altered metabolites, indicating the broad effects 
of  STN on systemic metabolism (Supplemental Figure 1; supplemental material available online with this 
article; https://doi.org/10.1172/jci.insight.133817DS1).

Since a characteristic of  a so-called “uremic metabolism,” such as that seen here, is the increased 
presence of  uremic retention solutes/uremic toxins in the plasma due to reduced GFR, as well as reduced 
uptake and elimination via the kidney proximal tubule (i.e., tubular secretion) (31, 36, 37), we decided to 
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focus our attention on these types of  metabolites as a way to narrow the focus of  the analysis. With this 
in mind, a list of  293 uremic solutes identified by a number of  expert groups was compiled (Supplemental 
Table 1), of  which 232 were among the 668 identifiable compounds on the metabolomics platform (Figure 
2 and Supplemental Table 1). In the analysis, which was comprised of  both uremic solutes that had signifi-
cantly (P ≤ 0.05) accumulated in the plasma of  the STN animals as well as those approaching significance 
(0.05 < P < 0.10)), 165, or approximately 71%, were observed to accumulate in the plasma of  the STN rats 
(Figure 2 and Supplemental Table 1). This list included a number of  well-known retention solutes (e.g., 
urea, indoxyl sulfate, p-cresol sulfate, TMAO, methylguanidine, and others) (Figure 2 and Supplemental 
Table 1). Examination of  this subset of  metabolites revealed that uremic solutes with increased plasma 
concentration were present in all of  the metabolic superpathways (data not shown).

Probenecid blocks PAH secretion in STN. Given the focus on the contribution of  tubular secretion of  organ-
ic anions in uremic metabolism seen in the setting of  renal insufficiency, the STN animals were exposed 
to the well-established inhibitor of  the proximal tubule OAT system, probenecid. This transport system, 
an important component of  tubular secretion, is involved in the uptake and elimination of  a substantial 
number of  protein-bound organic anion retention solutes that are not readily filtered by the glomerulus (3).

To confirm the inhibitory effect of  probenecid on the tubular secretion of  organic anions, the clearance 
of  PAH was determined in sham-treated rats versus STN animals in the absence and presence of  probenecid. 
Probenecid-sensitive PAH clearance is operationally considered to be a reasonable measure of  OAT-mediated 
transport (38–40). As expected, treatment with a single 200 mg/kg dose of  probenecid revealed little to no 
effect on GFR (as measured by inulin clearance) in either the sham-treated controls or STN animals (Figure 
3); however, OAT-mediated tubular secretion of  organic anions (as measured by the clearance of  PAH) was 
significantly reduced by probenecid treatment in both the sham-operated controls and in the STN animals 
(Figure 3). For example, PAH clearance in the sham-operated control animals was reduced from 12 ml/min 
to approximately 6 ml/min following the administration of  probenecid. Moreover, treatment of  the STN 
animals with probenecid resulted in an additional 50% reduction in PAH clearance, such that PAH clearance 
in the STN probenecid-treated animals was reduced from a high of  12 ml/min in the control sham-treated 
animals to a low of approximately 3 ml/min (an overall 4-fold reduction in PAH clearance) — indicating a 

Figure 1. Subtotal nephrectomy alters kidney function, leading to differences in plasma metabolite profiles. (A) 
Box-and-whisker plots illustrating the effects of subtotal nephrectomy on the glomerular filtration rate (GFR; left side 
of graph), as measured by ml/min of inulin clearance, and tubular secretion (right side), as measured by the clearance of 
para-aminohippurate (PAH). Two weeks after STN surgery there was a significant reduction in both GFR (~50%; *P ≤ 0.05) 
and tubular secretion (~50%; *P ≤ 0.05) in the STN animals (white rectangles) compared with the sham-operated animals 
(gray rectangles). Box plots were generated using the functionalities of BoxPlotR (92) (5 animals were used for each 
experimental group; a 2-tailed Student’s t test was used to determine statistical significance; a P value less than 0.05 was 
considered significant). (B) Box-and-whisker plots of the changes in amino acid concentrations following STN. The plasma 
concentration of tryptophan was significantly reduced following STN. Additionally, there were significant reductions in 
the plasma ratios of arginine to citrulline (*P ≤ 0.05). Black cross in each box represent the mean; solid black center lines 
indicate the median; open circles represent the individual data points; box limits indicate the 25th and 75th percentiles as 
determined by R software; whiskers extend 1.5 times the interquartile range from the 25th and 75th percentiles; outliers 
are represented by dots (92) (5 measures of plasma concentration were used for each experimental group; a 2-tailed Stu-
dent’s t test was used to determine statistical significance; a P value less than 0.05 was considered significant).
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clear and dramatic effect of  probenecid on OAT-mediated tubular secretion in the STN animals (Figure 3). 
Thus, roughly half  of  the measurable PAH clearance, in either the sham-treated or STN animal, was inhibited 
by a 2-hour exposure to probenecid (Figure 3) — operationally supporting substantial involvement of  1 or 
more OATs in tubular organic anion handling in the setting of  renal insufficiency in the STN model. There-
fore, probenecid-sensitive increases in the plasma levels of  uremic solutes were examined in order to provide 
insight into the role of  tubular secretion in the setting of  renal insufficiency.

Identification of  58 probenecid-sensitive uremic solutes/toxins in STN. As with the comparison between the 
sham-operated controls and the STN animals, partial least squares discriminant analysis indicated a clear 
separation of  the short-term treated probenecid STN group from the STN group (Figure 3). Since we were 
interested in the contribution of  tubular secretion to the uptake of  uremic toxins/solutes, we focused our 
attention on those uremic retention solutes that accumulated in the serum of  the STN rat following expo-
sure to probenecid. This analysis revealed that, of  the 232 uremic solutes present as identifiable compounds 
on the metabolomics platform (Supplemental Table 1), one-quarter of  them (i.e., 58 of  232) were increased 

Figure 2. Analysis of uremic solutes found on the metabolomics platform. (A) Partial least squares discrimination analysis of the metabolomic profiling 
data reveals clear separations between serum/plasma metabolites obtained from sham-operated animals (control; red) and subtotal nephrectomized 
animals (STN; green). (B and C) Volcano plots displaying metabolomics data derived from the analysis of the serum obtained from sham-operated control 
and STN animals. The negative logarithm of the P value for each metabolite is plotted against the logarithm to the base 2 of the fold change (sham 
treated vs. STN). Each point in the plot represents an individual metabolite. (B) The red triangles indicate those metabolites accumulating in the serum of 
the STN animal either significantly (P ≤ 0.05) or with a trend towards significance (0.1 ≥ P ≥ 0.05), the green dots represent those metabolites decreased in 
the serum of the STN animal (P ≤ 0.05 or 0.1 ≥ p ≥ 0.05), while the gray crosses indicate those metabolites not significantly altered in the STN animal. (C) 
The same image as B except that the 165 suspected uremic solutes/toxins found on the metabolomics platform are highlighted in purple. The majority of 
these metabolites are accumulating in the serum of the STN animal. (D) Box-and-whisker plots of the changes in concentrations in sham-treated controls 
(gray boxes) versus STN animals (red boxes) for some representative uremic toxins/solutes (5 measures of plasma concentration were used for each exper-
imental group; a 2-tailed Student’s t test was used to determine statistical significance; a P value less than 0.05 was considered significant).
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in the plasma of  the probenecid-treated STN animal compared with that of  untreated STN animals (both 
P ≤ 0.05 and 0.05 < P < 0.10) (Table 1).

In order to discriminate the metabolite alterations induced by treatment with probenecid, a Z score 
plot was used to compare the intensities of  the samples altered in the serum of  the probenecid-treated 
STN animal relative to the intensities of  the samples in the sham-treated control and in the STN ani-

Figure 3. Probenecid treatment affects tubular secretion but not glomerular filtration, leading to clear differences in metabolite profiles of uremic solutes. 
(A and B) Box-and-whisker plots illustrating the effects of probenecid treatment on GFR (A) and tubular secretion (B). After treating the animals with probe-
necid, there was little to no effect on GFR in either the sham-operated animals or STN animals (A). Probenecid (PBD) treatment, however, had a significant (*P 
≤ 0.05) effect on tubular secretion (B), such that, in both the sham-operated and the STN animals after probenecid treatment, there was a dramatic reduction 
in PAH clearance (PBD, probenecid; gray boxes, untreated sham-operated controls and untreated STN animals; white boxes, probenecid-treated sham-operat-
ed controls and STN animals). As in Figure 1, black cross in each box represents the mean; solid black center lines indicate the median; open circles represent 
the individual data points; box limits indicate the 25th and 75th percentiles, as determined by R software; whiskers extend 1.5 times the interquartile range 
from the 25th and 75th percentiles, outliers are represented by dots (92) (5 animals were used for each of the experimental groups; a 2-tailed Student t test 
was used to determine statistical significance; a P value less than 0.05 was considered significant.) (C) Partial least squares discrimination analysis of the 
metabolomic profiling data reveals clear separations between serum/plasma metabolites obtained from untreated sham-operated animals (control; red), 
untreated STN animals (STN; purple), and probenecid-treated STN animals (STN+PROB; green). (D) A Z score plot of metabolite intensities for the 58 uremic 
solutes affected by treatment of the STN animals with probenecid. The greater the distance of each dot (individual measurements for each metabolite) from 
the x axis, the greater the magnitude of change in plasma concentration for each metabolite (black circles, sham-treated control; green circles, STN rats; red 
circles, STN rats treated with probenecid). In this case, the distance of the green dot (STN alone) from the x axis is the average score of the STN animal above 
the sham-treated control (black dot), while the distance of the red dot (STN with probenecid) from the x axis is the average score of the probenecid-treated 
STN animal above the untreated STN animal. Plasma increases in metabolite concentration (positive Z scores) are seen above the x axis, while decreases in 
plasma concentration are represented by those dots below the x axis. As can be seen, many metabolites belonging to the amino acid metabolic superpathway 
show significant accumulation in the plasma of the STN animal following probenecid treatment.

https://doi.org/10.1172/jci.insight.133817


6insight.jci.org   https://doi.org/10.1172/jci.insight.133817

R E S E A R C H  A R T I C L E

mal (Figure 3). The Z score, also called the standard score or normal score, is a dimensionless quantity 
derived by subtracting the control population mean from an individual raw score (which centers the 
distribution) and then dividing the difference by the control population standard deviation (which stan-
dardizes the distribution). The Z score indicates how many standard deviations an observation is above 
or below the mean of  the control group. Z scores are used to compare observations coming from different 
distributions. From this plot, in which each dot represents an individual measurement, it is evident that 
probenecid treatment leads to significant increases in the serum concentration of  these 58 metabolites 
in the STN animal (Figure 3). Among the 58 uremic retention solutes displaying significant or nearly 
significant increases in the plasma of  the probenecid-treated STN animals, 23 (~40%) of  these metab-
olites were either decreased or not significantly (nor nearly significantly) increased in the plasma of  the 
untreated STN animal. The data strongly suggest that these 58 uremic solutes/toxins are likely handled 
by the organic anion secretory pathway of  the proximal tubule, which represents an important residual 
function of  the proximal tubule in the setting of  renal insufficiency.

Probenecid-sensitive metabolic pathways in STN. Analysis of  these uremic retention solutes revealed that, 
although probenecid-sensitive metabolites were found to be components of  several metabolic “superpath-
ways,” the majority of  them were found to be components of  the amino acid superpathway (Table 1 and 
Figure 4). Examination of  the amino acid superpathway revealed that the tryptophan metabolism “sub-
pathway” contained the most probenecid-sensitive metabolites (Table 2). Pathway enrichment analysis, 
which not only takes into account the number of  uremic solutes increased in the plasma of  the probe-
necid-treated STN animal, but it also puts these metabolites in the context of  all amino acid superpath-
way–associated metabolites analyzed, as well as all uremic solutes affected by probenecid treatment, was 
performed. In this case, similar to what was seen above, there was a dramatic enrichment in metabolites 
associated with tryptophan metabolism (Table 2), although one could also see that there was a similar 
enrichment for several other amino acid metabolism subpathways (Figure 4).

While the actual probenecid-sensitive solutes are varied, the fact that the plasma concentration of  some 
metabolites was found to be markedly increased in STN animals exposed to probenecid, including those not 
increased in the STN condition alone, raises the possibility that, at some level, probenecid-mediated inhibi-
tion of  the OAT component, shown to be largely mediated by the OATs, captures a key identifying aspect of  
declining residual tubular secretion. For example, the progression of  CKD in humans has been characterized 
by measurable changes in the plasma levels and ratios of  certain amino acids (41). For instance, tryptophan 
levels are lower in the plasma of  stage 4–5 CKD compared with earlier stage 2–3 CKD (41). In the metabo-
lomics analyses performed here, reduced levels of  tryptophan were not only seen in the plasma of  the STN 
animal compared with the sham-treated control (Figure 1), but the plasma level of  this essential amino acid 
was further reduced following probenecid treatment of  the STN animal compared with the untreated STN 
animal (albeit this did not reach statistical significance). Furthermore, reductions in the ratios of  tyrosine to 
phenylalanine and arginine to citrulline — also potential markers of  worsening CKD (42) — were seen in the 
probenecid-treated STN animals compared with the untreated animals. Late-stage CKD has also been cor-
related with increases in the ratio of  ornithine to arginine (42), which were also seen in the probenecid-treated 
STN animals. Although these changes in amino acid concentration in CKD have been attributed to many 
factors, including alterations in protein metabolism/catabolism as well as reduced protein intake as a result 
of  malnutrition in patients with CKD, the data described here — which show that a short-term treatment of  
the STN animal with probenecid leads to alterations in several biomarkers that are reminiscent of  progressing 
CKD — suggest that these changes are, at least in part, due to decreases in OAT-mediated tubular secretion 
and the reduced clearance of  these metabolites from the plasma.

Comparison of  STN-probenecid data to that from Oat1-KO and Oat3-KO animals. Since probenecid treatment 
inhibits OAT-mediated uptake from the blood and into the proximal tubule, we further analyzed the uremic 
solutes by comparing them to metabolites that accumulate in the plasma of  the Oat1-KO and the Oat3-KO 
animals (15, 16, 20–22, 33, 43–45). The metabolites common between the metabolomics platforms used 
in the various analyses were overlapped, and a set of  uremic solutes were identified that were probenecid 
sensitive in the STN animal and also increased in the plasma of  the Oat-KO animals (Table 1). Of  these 
probenecid-sensitive metabolites, the majority of  them displayed increased plasma concentrations in either 
the Oat1-KO animal alone or in both the Oat3-KO and Oat1-KO animals, while several were found to accu-
mulate in the plasma of  the Oat3-KO animal but not the Oat1-KO animal (Table 1). In addition, roughly 
one-quarter of  these metabolites with increased plasma concentration in the probenecid-treated STN ani-
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Table 1. Uremic solutes/toxins increased in plasma of probenecid-treated STN animal

Super pathway Subpathway Metabolite Oat1-KO Oat3-KO Colon derived
Amino acid Alanine and aspartate metabolism N-methylalanine

Glutamate metabolism α-Ketoglutaramate X
Glutathione metabolism Ophthalmate

Leucine, isoleucine and valine metabolism Isobutyrylglycine
Isobutyrylcarnitine

X
X

Methionine, cysteine, SAM and taurine 
metabolism

Cystine
N-formylmethionine

Hypotaurine
Cysteine

X
X

X

X
X

Phenylalanine metabolism N-acetylphenylalanine
Polyamine metabolism Putrescine

5-Methylthioadenosine
4-Acetamidobutanoate

X
X

X
X

X

X
Tryptophan metabolism Indolelactate

3-Indoxyl sulfate
Indole-3-carboxylic acid

Picolinate
N-acetylkynurenine

Xanthurenate
Kynurenate
Kynurenine

N-formylanthranilic acid
Anthranilate

X
X
X
X
X

X
X
X
X
X

X
X
X
X

X

Tyrosine metabolism 3-(4-Hydroxyphenyl) lactate X X X
Carbohydrate Aminosugar metabolism Glucuronate X X X
Cofactors and 
vitamins

Ascorbate and aldarate metabolism Threonate
Oxalate (ethanedioate)

Gulonate

X
X

Lipid Fatty acid metabolism (acyl carnitine) Laurylcarnitine (C12)
Octanoylcarnitine (C8)

X

Fatty acid metabolism (acyl glycine) Hexanoylglycine
Fatty acid, dicarboxylate Sebacate (C10-DC)

3-Hydroxyadipate
3-Methyladipate
Dodecanedioate
Undecanedioate

X X

Primary bile acid metabolism Cholate X X
Nucleotide Purine metabolism 7-Methylguanine

N2,N2-dimethylguanosine
X X

X
Pyrimidine metabolism Cytidine

Orotate
Thymidine
Thymine

N-acetyl-β-alanine
3-Ureidopropionate

Uracil

X
X

X
X

X X

Peptide Acetylated peptides Phenylacetylglycine X X
γ-Glutamyl amino acid γ-Glutamylthreonine

γ-Glutamylisoleucine
γ-Glutamylphenylalanine

γ-Glutamylvaline

X
X
X

X

Xenobiotics Chemical S-(3-hydroxypropyl) mercapturic acid
6-Hydroxyindole sulfate

Thioproline
3-Hydroxyindolin-2-one sulfate

X
X
X

X
X
X

X
X
X

Drug Hydroquinone sulfate X X
Probenecid-sensitive uremic solutes found on the Metabolon platform. Column 1 indicates the metabolic super pathway to which each metabolite belongs. Column 2 
indicates the metabolic subpathway, and column 3 indicates each individual uremic solute/toxin found on the metabolomic platform with increased plasma concentration 
in the setting of CKD. A mark in column 4 (Oat1-KO) indicates that this metabolite was also accumulated in the plasma of the Oat1-KO animal. A mark in column 5 (Oat3-KO) 
indicates that the uremic solute/toxin also displayed plasma accumulation in the Oat3-KO animal. The absence of a check mark in columns 4 or 5 indicates that no significant 
plasma accumulation was detected for that metabolite in either the Oat1-KO or Oat3-KO animal. A mark in column 6 indicates that the uremic solute was found to be colon 
derived in other metabolomics analyses (47–50, 53–62, 78, 93, 95).
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mals, which were also increased in the plasma of  the Oat1-KO, the Oat3-KO, or both KO animals, were 
found to be components of  tryptophan metabolism (Figure 4).

Since these uremic toxins were (a) probenecid sensitive and (b) increased in the plasma of  one or both 
of  the OAT-KO animals, these data strongly suggest that these metabolites not only interact with the OATs 
but are more than likely to be substrates of  these proximal tubule transporters. Moreover, since the majority 
of  these metabolites was increased in the plasma of  the Oat1-KO animal (Table 1), this also raises the possi-
bility that, at least in vivo and at the concentrations used in this study, probenecid has a substantially greater 
inhibitory effect on OAT1-mediated transport than it does on that mediated by OAT3. This is consistent 
with the KO data indicating that at least 75% of  PAH transport is mediated by OAT1 (15).

Comparison to colon-derived endogenous metabolites. It is increasingly appreciated that many uremic solutes 
are derived from the colon, either through the action of  colonic microbes or from colon cell metabolism 
(46). In the metabolomics analyses performed here, presumptive colon-derived uremic toxins were identi-
fied on the metabolomics platform (47–62) (Table 1). Roughly 75% of  these were found to accumulate in 
the plasma of  the STN rat, while 18 displayed increased plasma concentration in the probenecid-treated 
STN animal (Table 1). These metabolomics data were then overlapped with data from the Oat1-KO and 
Oat3-KO animals, and probenecid-sensitive colon-derived uremic solutes were also found to be increased in 
the plasma of  the Oat-KO animals — indicating interaction with the organic anion transporters (Table 1). 
Thus, this remote interorganismal communication connects metabolites produced by colonic microbes in 
the setting of  CKD to blood-urine barrier via OAT1 and OAT3.

Discussion
There has recently been a renewed interest in understanding the secretory activity remaining in the proximal 
tubules of  the failing kidney (2–4, 6). This so-called residual renal function has been previously largely viewed 
as fluids and solutes derived from the glomerular filtrate; however, recent data indicates that residual renal 
function should also include tubular secretion involved in the elimination of  solutes that are not eliminated 
via glomerular filtration, particularly those solutes considered to be uremic solutes/toxins (2–4, 6).

Since many of  the uremic solutes are small-molecule organic anions, a substantial fraction of  residual 
tubular secretion is likely to be modulated/regulated by the OAT system of  the kidney. The rate-limiting 
step of  this transport system of  the kidney is mediated by OAT1 (63) and OAT3, organic anion transporters 
found on the basolateral surface of  proximal tubule cells where they function in the uptake and clearance 
of  small-molecule organic anions from the blood and into the cell (14, 17, 18). These transporters have been 

Table 2. Probenecid-sensitive uremic solutes/toxins

Superpathway Subpathway Increased in plasma Total no. Enrichment
STN STN-PBD

Amino acid Tyrosine metabolism 5 1 9 0.49
Alanine and aspartate metabolism count 4 1 5 0.88

Leucine, isoleucine, and valine metabolism 5 2 10 0.88

Glutamate metabolism 4 1 4 1.10
Methionine, cysteine, SAM, and taurine metabolism 7 4 10 1.77

Glutathione metabolism 2 1 2 2.21
Phenylalanine metabolism 1 1 2 2.21

Polyamine metabolism 4 3 6 2.21
Tryptophan metabolism 10 10 13 3.40

Pathway enrichment analysis (see Methods) of uremic solutes involved in the amino acid superpathway accumulating in the serum of the probenecid-
treated STN animal (STN-PBD). The most affected metabolic pathways are shown and are ranked by their enrichment. According to Metabolon (94), a 
value greater than 1 indicates that a pathway contains more statistically altered compounds relative to the overall study. In this case, the compounds were 
limited to the uremic solutes/toxins found on the platform (Supplemental Table 1). Total no. (column 5) refers to the number of uremic solutes/toxins 
associated with each metabolic subpathway that are detectable on the metabolomics platform. For example, in the subpathway labeled “Tryptophan 
metabolism,” of the total of 13 uremic solutes/toxins represented on the metabolomics platform and associated with this pathway, 10 were elevated in 
the STN versus sham comparison and 10 were elevated in the STN-PBD versus STN comparison. However, this does not necessarily imply that metabolites 
elevated in the STN-PBD versus STN comparison are the same ones that are elevated in the STN versus sham comparison. In other words, these may be 
different subsets of the 13.
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shown to mediate the uptake and elimination of  a wide range of  organic anions, including drugs, endog-
enous metabolites, signaling molecules, antioxidants, and toxins (including uremic toxins) (14, 17, 18). In 
CKD, the expression and function of  these transporters has been shown to be altered (64–66).

Using STN in rats as a model of  chronic renal failure, we investigated the contribution of  the OAT 
system to residual renal function, with a particular emphasis on the uremic solutes and uremic toxins. 
These included well-characterized small molecules, such as indoxyl sulfate, kynurenate, anthranilate, and 
xanthurenate. Importantly, within the set of  46 probenecid-sensitive uremic solutes/toxins, 14 did not dis-
play significant accumulation in the plasma of  the untreated STN animal (Figure 3) but were found to sig-
nificantly accumulate in the plasma of  the probenecid-treated STN animal (Table 1). These uremic solutes 
included such substances as kynurenine, putrescine, oxalate, and N2,N2-dimethylguanosine (Table 1).

While the actual probenecid-sensitive solutes are involved in a variety of  metabolic pathways, the fact 
that their plasma concentration was significantly increased in the presence of  probenecid (but not in STN 
alone) suggests potential clinical relevance. For example, these uremic solutes might represent markers of  
late-stage CKD. Since progressive CKD is characterized by declining renal function, including a continu-
ous loss of  residual proximal tubule function — of  which OAT-mediated uptake of  organic anions from 
the blood is an important component — one can hypothesize that treatment with probenecid is, at least at 
some level, mimicking late-stage renal insufficiency, with severely reduced OAT-mediated clearance. Thus, 
the significant plasma accumulation of  some metabolites following treatment with probenecid raises the 
possibility that these compounds could represent biomarkers of  declining residual secretory function in 
CKD. This could be important clinically, as this could potentially help in determining how much residual 
function remains in the patient with CKD and assist in treatment.

In addition, since patients with CKD are routinely treated with many drugs, a number of  which also 
rely upon the OAT system of  the kidney for uptake and elimination (10, 31), this finding suggests that, 

Figure 4. Overlap of uremic solutes found on metabolomics platform with those increasing in the plasma of the STN animal in the presence of pro-
benecid. (A) Pie chart representing the percentage of increased metabolites within each superpathway of metabolism, specifically amino acids, lipids, 
xenobiotics, peptides, cofactors and vitamins, nucleotides, and carbohydrates. (B) Probenecid-sensitive uremic solutes associated with tryptophan metab-
olism. The white circles indicate those metabolites that did not display increases in their plasma concentration, and the black circles indicate metabolites 
for which increases in plasma concentration were found. The size of the black circle is based upon the magnitude of the change in plasma concentration 
(i.e., the larger the circle the greater the accumulation of that metabolite in the plasma of the probenecid-treated STN animal). (C) Representation of the 
tryptophan metabolism pathway. The black dots represent uremic solutes that are depicted in this representation of the tryptophan metabolic pathway 
and which were found to probenecid sensitive in the STN animal.
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in the setting of  progressive kidney failure, competition for OAT-mediated transport between drugs and 
metabolites, as well as between metabolites, could have significant consequences in regards to plasma levels 
of  uremic toxins. This is particularly important when one considers that probenecid is, in fact, a well-
known drug that has long been used to treat gout and to prolong the half-life of  antibiotics (67). In addition, 
several of  these probenecid-sensitive uremic solutes possess signaling capacity. For example, indoxyl sulfate 
can signal through the aryl hydrocarbon receptor (AHR), the activation of  which is associated with a num-
ber of  adverse conditions, including vascular inflammation, the production of  reactive oxygen species, and 
cardiotoxicity (68–70). Kynurenic acid, which has a role in signaling in the central nervous system, is also 
an AHR ligand, as well as a ligand of  the G protein–coupled receptor 35 (GPR35), which has also been 
associated with a number of  diseases, including hypertension and heart failure (71, 72). In this regard, it is 
worth noting that the metabolic derangements of  uremia reflect aberrant functioning of  normal interorgan 
and interorganismal remote sensing and signaling, involving, among other ADME genes, multispecific 
transporters, such as the OATs (31, 73–77).

Consistent with general concepts of  the remote sensing and signaling hypothesis, many of  the uremic 
solutes are metabolic byproducts or intermediate molecules derived from endogenous cellular metabolism 
involving multiple tissues/organs, but many are also derived from “dysbiotic” gut microbiota. Thus, there 
is altered remote interorgan as well as altered interorganismal communication of  metabolites, signaling 
molecules, and antioxidants transported by “drug” transporters (e.g., OAT1, OAT3) and acted upon by 
drug metabolizing enzymes (e.g., cyps, sulfotransferases). For example, almost 30% of  the probenecid-sen-
sitive uremic solutes have been shown to be derived from the action of  the colonic microbiota from several 
studies (47–51, 53–62, 78). Once again, since these metabolites would contribute to metabolite-metabolite 
and/or metabolite-drug competition at the level of  the transporter (as might be argued given the effects of  
probenecid, a drug that competitively inhibits OAT function) (67, 79), their increased concentration in the 
plasma could not only potentially adversely affect residual tubular secretion in the failing kidney but alter 
systemic metabolism and, by entering other tissues (perhaps by OATs, OATPs and MRPs), deleteriously 
alter the function of  other organs. Thus, it would seem that strategies aimed at limiting the generation of  
these uremic toxins early in the development of  CKD could have beneficial effects, such as limiting the 
dietary source or treating with an intestinal absorbent such as AST-120 (51, 80–82). Moreover, since CKD 
and increasing levels of  uremic toxins also can lead to gut dysbiosis (reflecting aberrant bidirectional inter-
organismal remote communication) and the generation of  additional uremic solutes that could accelerate 
the progression of  CKD (37, 83), it is clear that limiting the accumulation of  these uremic solutes/toxins 
early in the process could abort this vicious cycle and preserve residual tubular secretory activity.

Methods
STN. Animals were housed for 1 week before surgery for acclimation after shipping with free access to water 
and standard rat chow. The surgical procedure was then performed with sterile technique on a tempera-
ture-controlled surgical table and under anesthesia with pentobarbital sodium (50 mg/kg i.p.) (32, 84–87). 
Briefly, a small incision (1.5-cm long) was made in the abdomen and, following ligation of  the renal artery 
and vein, the right kidney was removed. The left renal artery was then exposed and 2 of  its branches were 
ligated with 4-0 silk suture. Exposed tissue was then replaced, and the incision closed. Rats were kept warm 
with a heating pad until ambulatory and administered a dose of  buprenorphine analgesic. The animals were 
then housed for an additional 2 weeks after surgery with free access to water and standard rat chow (Envigo).

Treatment with probenecid. Following 2 weeks of recovery, animals were given a single i.p. injection of either 
200 mg/kg water-soluble probenecid (Invitrogen) (0.02 mg/μL in PBS [10 μL/g of body weight]) or PBS 
(sham-treated control). After 2 hours of probenecid exposure, the animals were sacrificed, blood was collected 
for plasma/serum isolation, and individual unpooled serum samples were stored at –80°C until used (33).

Measurement of  PAH and inulin clearances. As previously described (87, 88), measurements of  renal func-
tion were made under Inactin (thiobutabarbital sodium salt hydrate; T133; MilliporeSigma) anesthesia (100 
mg/kg i.p.). Briefly, after placing a tracheostomy tube (PE-240) to secure the airway, catheters were placed 
in the left jugular vein (PE-50) for fluid and drug administration, the femoral artery (PE-50) for blood pres-
sure monitoring and blood sampling, and the urinary bladder (PE-50) for urine collection. Animals were 
maintained on a servo-controlled heating table with rectal temperature probe.

PAH clearance. PAH, prepared by diluting 250 μCi [14C] PAH (Perkin Elmer) in 50 ml sterile saline, was 
infused at the rate of  1.5 ml/h throughout the experiment. After 60 minutes of  stabilization, a 2-period 
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study was performed, with period 1 consisting of  saline infusion at 2 ml/h and period 2 consisting of  pro-
benecid infusion (200 mg/kg) at 2 ml/h. Urine was collected for the duration of  each period (60 minutes), 
and plasma samples were collected at the end of  each period. For GFR measurements, inulin clearances 
were performed simultaneously during both periods, with the infusion of  [3H] Inulin at 2 ml/h. PAH and 
inulin clearances were calculated by the following equations: PAH clearance (ml/min) = (urine PAH con-
centration × urine volume)/(plasma PAH concentration × time) and inulin clearance (ml/min) = (urine 
inulin concentration × urine volume)/(plasma inulin concentration × time).

Metabolomics analyses. Plasma samples were shipped frozen on dry-ice to Metabolon where they were 
subjected to ultra-high performance liquid chromatography/tandem accurate mass spectrometry, allowing 
for accurate relative quantification of  668 metabolites of  known identity (21, 33).

Compound identification, quantification, data curation, and statistics. The present data set comprises a total 
of  668 metabolites of  known identity in rat plasma, which were identified as previously described (21, 
33). Briefly, ion features (e.g., retention time, molecular weight [m/z], preferred adducts, and in-source 
fragments as well as associated MS spectra) were compared between the samples and a chemical standard 
reference library using software developed at Metabolon (89, 90).

The individual 668 metabolites were also grouped into 8 biochemical superpathways as defined by 
Metabolon (21, 22, 33, 89, 90). The 8 superpathways (i.e., amino acids, carbohydrates, cofactors and vita-
mins, energy, lipids, nucleotides, peptides, and xenobiotics) were further divided into subpathways into which 
the individual metabolites were then sorted. For example, the amino acids superpathway comprises 15 sub-
pathways (i.e., metabolism of (glycine, serine, and threonine; alanine and aspartate; glutamate; histidine; 
lysine; phenylalanine; tyrosine; tryptophan; leucine, isoleucine, and valine; methionine, cysteine, SAM, and 
taurine; arginine and proline; creatine; polyamine; guanidino and acetamido; as well as glutathione) into 
which 175 individual metabolites are sorted. On the Metabolon website, “pathway enrichment” is described 
as a value representing “the number of  significantly altered metabolites relative to all detected compounds in 
a subpathway, compared to the total number of  statistically significantly different compounds relative to all 
detected compounds in the study” (94). The value is calculated by the following formula: enrichment value = 
(k/m)/(n–k/N–m), where k denotes the number of  significant metabolites in the pathway; m denotes number 
of  metabolites in the pathway; n represents the total number of  significant metabolites on platform; and N 
represents the total number of  metabolites on platform (94). Thus, in this study, the enrichment values shown 
in Table 2 were calculated using these parameters, with the exception that the metabolites used for the calcula-
tion were limited to the uremic toxins that are present on the platform (Supplemental Table 1).

Data collection from previous metabolomics analyses. The study involved the comparison of  the metabolom-
ics data in this study with that from previous metabolomics analyses (15, 16, 20-22, 33, 43–59).

Comparison of  Oat1-KO and Oat3-KO metabolomics with data from STN rats treated with probenecid. Several 
metabolomics analyses, both targeted and untargeted, of  the serum and/or urine of  the Oat1-KO and Oat3-
KO mice have been performed (15, 16, 20–22, 33, 43–45). While the metabolomics were performed using 
a different species and different facilities using differing methodologies (e.g., the Oat3-KO metabolomics 
analyses included data from both male and female K O mice), relative changes in metabolite concentra-
tions can be compared for identified compounds across the platforms. Thus, data from these previous 
metabolomics analyses were compared with the current metabolomics data from the STN rat to identify 
those probenecid-sensitive uremic solutes that were also increased in the plasma of  the Oat-KO animals.

Comparison to colon-derived endogenous metabolites. As described above for the KO mice, several metabo-
lomics analyses have been performed on serum and/or urine collected from patients with CKD (44–59), 
and data from these studies, which also used differing methodologies and were from a different species, 
were used here. Metabolites identified in the current study were overlapped with these human metabolo-
mics analyses, and relative changes in plasma concentration of  those metabolites common to the various 
platforms were compared.

Statistics. For glomerular filtration and tubular secretion, statistical significance was determined using 
a 2-tailed Student’s t test, and a difference between experimental groups was considered statistically signif-
icant when the P value was less than 0.05 (P ≤ 0.05).

For metabolomics analyses with STN, following normalization to volume, log transformation, and the 
imputation of  any missing values with the minimum observed value for each compound, a 2-tailed Welch’s 
2-sample t test was used to identify biochemicals that differed significantly between the experimental groups 
(i.e., sham treated vs. STN and STN vs. STN + probenecid) (89, 90). A metabolite was considered to be 
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statistically different between groups when the P value was less than 0.05 (P ≤ 0.05) and was considered to 
be approaching a significant difference between groups if  the P value was greater than 0.05 but less than or 
equal to 0.1 (0.05 < P ≤ 0.1).

As described previously (21, 33, 91), the P values in the metabolomics analyses of  the Oat-KO animals 
were calculated using 2-way ANOVA testing. A P value less than or equal to 0.05 (P ≤ 0.05) indicated that 
a metabolite was statistically different between groups, while a P value greater than 0.05 but less than or 
equal to 0.1 (0.05 < P < 0.1) indicated that a metabolite was approaching a significant difference.

Study approval. All experimentation involving the use of  animals was conducted according to the Nation-
al Institutes of  Health’s Guide for the Care and Use of  Laboratory Animals (National Academies Press, 2011). 
The experiments were approved by the Veterans Affairs San Diego Healthcare System Institutional Animal 
Care and Use Committee. All animal experiments were conducted in male Wistar rats with body weight of  
300–350 g (Harlan).
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