UC San Diego
UC San Diego Previously Published Works

Title

The drug transporter OAT3 (SLC22A8) and endogenous metabolite communication via
the gut-liver-kidney axis

Permalink

https://escholarship.org/uc/item/6nf1x83g

Journal
Journal of Biological Chemistry, 292(38)

ISSN
0021-9258

Authors

Bush, Kevin T
Wu, Wei
Lun, Christina

Publication Date
2017-09-01

DOI
10.1074/jbc.m117.796516

Peer reviewed

eScholarship.org Powered by the California Diqgital Library

University of California


https://escholarship.org/uc/item/6nf1x83p
https://escholarship.org/uc/item/6nf1x83p#author
https://escholarship.org
http://www.cdlib.org/

|BC ARTICLE

L))

Check for
Updates

The drug transporter OAT3 (SLC22A8) and endogenous
metabolite communication via the gut-liver-kidney axis

Received for publication, May 24, 2017, and in revised form, July 27,2017 Published, Papers in Press, August 1,2017, DOI 10.1074/jbcM117.796516

Kevin T. Bush*, Wei Wu®, Christina Lun?, and Sanjay K. Nigam*'
From the Departments of *pediatrics, *Medicine, and '"Biology, University of California San Diego, La Jolla, California 92093

Edited by Jeffrey E. Pessin

The organic anion transporters OAT1 (SLC22A6) and OAT3
(SLC22A8) have similar substrate specificity for drugs, but it is
far from clear whether this holds for endogenous substrates. By
analysis of more than 600 metabolites in the Oat3KO (Oat3
knockout) by LC/MS, we demonstrate OAT3 involvement in the
movement of gut microbiome products, key metabolites, and
signaling molecules, including those flowing through the gut-
liver—kidney axis. Major pathways affected included those
involved in metabolism of bile acids, flavonoids, nutrients,
amino acids (including tryptophan-derivatives that are uremic
toxins), and lipids. OAT3 is also critical in elimination of liver-
derived phase II metabolites, particularly those undergoing
glucuronidation. Analysis of physicochemical features revealed
nine distinct metabolite groups; at least one member of most
clusters has been previously validated in transport assays. In
contrast to drugs interacting with the OATs, endogenous
metabolites accumulating in the Oat1KO (Oatl knockout) ver-
sus Oat3KO have distinct differences in their physicochemical
properties; they are very different in size, number of rings,
hydrophobicity, and molecular complexity. Consistent with the
Remote Sensing and Signaling Hypothesis, the data support the
importance of the OAT transporters in inter-organ and inter-
organismal remote communication via transporter-mediated
movement of key metabolites and signaling molecules (e.g. gut
microbiome—to—intestine—to— blood—to-liver—to— kidney—to—
urine). We discuss the possibility of an intimate connection
between OATs and metabolite sensing and signaling path-
ways (e.g. bile acids). Furthermore, the metabolomics and path-
way analysis support the view that OAT1 plays a greater role in
kidney proximal tubule metabolism and OAT3 appears rela-
tively more important in systemic metabolism, modulating lev-
els of metabolites flowing through intestine, liver, and kidney.

There has been a recent surge of interest in “drug” transport-
ers, in large part because of new regulatory guidelines from the
Food and Drug Administration indicating the need to test new
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drugs for interaction with and/or transport by drug transport-
ers (1). These transporters, sometimes classified as phase 3
drug-metabolizing enzymes (DMEs),” are generally considered
to be critical for absorption, distribution, and elimination of a
wide range of drugs (2-5).

Drug transporters belong to both the solute carrier (SLC) and
ATP-binding cassette (ABC) superfamilies; however, two of the
seven transporters highlighted by the Food and Drug Adminis-
tration are the SLC22 transporters known as the organic anion
transporters (OATs) (1). These are OAT1 (SLC22A6, first
described as NKT, which was identified using codon-optimized
differential display) (6 —8) and OAT3 (SLC22A8, also known as
Roct) (9). Despite their importance in the transport of drugs
and toxins, which is now well-supported by in vivo data from
murine knockouts of each gene (10-27), detailed evolutionary
analyses indicate that these transporters are highly conserved
and are present in organisms such as fly, worm, and sea urchin
(28-30). These multispecific transporters are abundantly
expressed on the basolateral membrane of proximal tubule
(PT) cells of the kidney (as well as several other epithelial tis-
sues). Together these two transporters represent an important
rate-limiting step in the uptake from the plasma of a wide vari-
ety of drugs, exogenous toxins, nutrients, and endogenous
metabolites (including uremic toxins) (2, 3, 27, 31).

Moreover, although their normal adult expression is in the
kidney, choroid plexus, and a few other tissues, during embryo-
genesis OAT1 and OAT3 are highly expressed in a number of
developing tissues, which has raised the question of a functional
role in the transport of small molecules involved in morpho-
genesis (22, 32). In addition, OAT family members that are
closely related to OAT1 and OATS3, such as OAT6 (SLC22A20)
and URAT1 (SLC22A12; originally identified as Rst in mice),
are, respectively, known to bind and/or transport odorant mol-
ecules and uric acid (30, 33-35).

All of this raises the question as to what is the endogenous
physiological function of OAT1, OAT3, and other multispecific
drug transporters (2). Because OAT1 and OAT3 are critical for
the movement of endogenous organic anion compounds from
the plasma and into the renal PT cell, deletion of these trans-
porters should therefore result in the accumulation of such
compounds in the serum of knock-out animals (and/or their
deficiency in the urine). Thus, metabolomics analyses of the
serum and/or urine of such Oat knock-out animals would pro-

2 The abbreviations used are: DME, drug-metabolizing enzyme; SLC, solute
carrier; OAT, organic anion transporter; PT, proximal tubule; TCA, tricarbox-
ylic acid.
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vide a means to link these transporters into normal physiolog-
ical pathways.

Based on metabolomics analyses (as well as metabolic recon-
struction studies) using data from the OAT1 knockouts, which
indicate a broad role for OAT1 in the transport of key metabo-
lites and signaling molecules, it has been proposed that these
transporters regulate systemic and local physiology through the
transfer within and between organs, body fluids, and organisms
of small molecules regulating metabolism, signaling, and redox
state. The more fully developed theory is called the Remote
Sensing and Signaling Hypothesis (2, 3, 21, 25, 31, 33, 36 -39).
There is recent support for this idea in murine pathophysiolog-
ical models and in human disease (2, 3, 37, 40 —43).

Despite the very clear implication of OAT1 in regulating a
wide variety of metabolic and signaling processes in vivo, and
despite the fact that OAT3, by and large, appears to transport
very similar (organic anion) common drugs iz vitro and in vivo
(39, 44) (with the exception that OAT3 has a greater propensity
to interact with a limited number of organic cation drugs than
OAT1 (44, 45)), the data on the role of OAT3 in regulating
metabolism and signaling in vivo is comparatively sparse. In
part, this is the result of the fact that early targeted and untar-
geted metabolomics studies that were successful in identifying
endogenous OAT]1 substrates in the Oat1 KO were less success-
ful in the Oat3KO (11, 17, 20, 25). Nevertheless, the limited
early metabolomics data from the Oat3KO, as well as in vitro
transport data (3), indicated differences in the ligand/substrate
preferences between the two OATs, particularly in the case of
metabolites and signaling molecules.

We have now analyzed and performed pathway analysis of
robust metabolomics data from the Oat3KO mouse, which
indicate a role for OAT3 in the movement of metabolites flow-
ing through the “gut-liver—kidney” axis, especially gut micro-
biome metabolites, bile acids, and nutrients that have under-
gone modification by phase 2 liver DMEs involved in sulfation
and glucuronidation reactions. Furthermore, a large number of
these metabolites are potentially involved in “metabolite sens-
ing and signaling” via GPCRs throughout the body.

Surprisingly, in contrast to drug transport studies that indi-
cate OAT1 and OAT3 (drug) ligands have extremely similar
physicochemical characteristics, endogenous metabolites
altered in the Oat3KO tend to be much larger, more hydropho-
bic, and much more complex than those seen in the Oat1KO.
The data seem to reflect distinct roles in endogenous physiol-
ogy for the two OATs, in that OAT3 appears to be more impor-
tant in regulating the levels of metabolites flowing through a
gut-liver—kidney axis, but less important than OAT1 in regu-
lating kidney PT energy metabolism.

Results

From a physiological standpoint, both of the OAT knockouts
appear to have no growth abnormalities and have survival com-
parable with the wild type (10, 11). In the Oat3KO, there are no
clear histological abnormalities in the liver, choroid plexus, or
kidney (10). Detailed physiological analysis of renal function
revealed no abnormalities (17, 22), although the Oat3KO has a
slightly lower blood pressure than the wild type (17).
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Much is known about drug transport capacity by OAT1 and
OAT3 (2, 3, 31). The Oat3KO (like the OatIKO) has been
extensively characterized from a pharmacological standpoint,
and the in vivo data are quite consistent with the in vitro data
(11-26). For example, the Oat3KO has diminished uptake of
the classical substrate estrone sulfate in renal slices (10), a
diminished diuretic response due to the inability to transport
diuretics into the renal PT lumen (13, 17), alterations in the
renal handling of the known OAT?3 substrate urate (12), dimin-
ished excretion of antibiotics (14, 15), as well as diminished
uptake of antivirals in renal and choroid plexus organ/tissue
cultures (18, 19, 23). All of these are known in vitro substrates
for OATS3 in cell-based transport assays (3). In summary, the
Oat3KO has normal growth and survival, normal histology, and
the expected defects in transport of pharmaceuticals based on
in vitro transport data in cells expressing OAT3.

Metabolomics data from the Oat1KO has led to the identifi-
cation of many metabolites, many reflecting altered kidney
proximal tubule metabolism, and its involvement in aspects of
systemic metabolism and signaling (11, 20, 21, 37). Until now,
similar metabolomics data from the Oat3KO has not been
available. In this study, robust metabolomics data from the
serum of adult Oat3KO mice have been obtained and indicate a
role for OAT3 in the “handling” of a wide range of metabolites,
including gut microbiome metabolites, bile acids, and nutri-
ents, many of which flow through the gut-liver— kidney axis.

Of note, metabolites accumulating in serum of the Oat3KO
may be present because they are not transported out (cleared)
of the blood due to the deletion of the transporter or because of
indirect cascade effects resulting from the lack of transport of a
key metabolite in a biological pathway (20, 34). In addition,
although in some cases, OAT3-mediated metabolite transport
has been directly tested (using a labeled metabolite), such
instances are relatively few; in many cases, and as with drugs,
transport is assumed based on assays involving inhibition of
uptake of a labeled probe, an assumption that may not always
hold (40). For these reasons, we prefer the term handling by
OAT3 when generally referring to metabolites accumulating in
the knockout to avoid the implication that each metabolite is
proven to be directly transported.

By analysis of molecular features and the use of agglomera-
tive hierarchical clustering tools, we have been able to group
likely (and partly validated in vitro) OAT3 ligands into nine
groups with very distinct characteristics. Despite the extreme
similarity of OAT1 and OAT3 drug ligands (44), quite surpris-
ingly, the endogenous metabolites with altered concentrations
in the two knock-out animals are structurally and functionally
very different (see below); endogenous metabolites with altered
concentrations in the Oat3KO are larger, more hydrophobic,
and more complex metabolites (with more ring structures)
than those altered in the Oat1KO (see below), supporting a very
different role in systemic physiology for OAT3 than OATI,
particularly with respect to inter-organ and inter-organismal
communication involving metabolites and signaling molecules
(e.g. gut microbiome- gut—blood-liver—kidney—urine). Fur-
thermore, renal OAT3 appears closely tied to UDP-glucurono-
syltransferases-mediated liver phase II glucuronidation and
may, indeed, be the primary route of excretion for glucuroni-
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Figure 1. Metabolomics profiling of serum distinguishes Oat3KOs from wild type. A, metabolomic profiling reveals separation between serum metabo-
lites from Oat3KO (KO; red) and wild-type control mice (WT; green) by partial least squares discrimination analysis. B, Z-score plot of Oat3KOs metabolite
intensities (red) against wild-type metabolites (blue). Each dot represents one metabolite observation for one sample, and positive changes in metabolite
concentration (up in the plasma of the Oat3KO) are seen above the x axis, and negative changes in metabolite concentration (down in the plasma of the
0at3KO) are seen below the x axis. The distance from the x axis is the magnitude of the alteration in plasma concentration. As can be seen, although many
metabolites show a decrease in their serum concentration in the Oat3KO, the metabolites displaying the largest changes in concentration are overwhelmingly
those that accumulate in the plasma of the Oat3KO. G, table of pathway analysis of metabolites accumulating in the serum of the Oat3KO. The top pathways
affected are shown and are ranked by p value (determined by hypergeometric test). Hits refer to the number of endogenous metabolites within each pathway
that were found to significantly accumulate in the serum of the Oat3KO. Total detectable refers to the number of all metabolites in each pathway that are

actually detectable on the metabolomics platform.

dated molecules. Below, we detail these molecules, the metabo-
lomics, and signaling pathways modulated by OAT3, and we
arrive at a novel physiological perspective on the roles of OAT1
and OAT3 in systemic and kidney (proximal tubule)

physiology.

Metabolomics analysis of the Oat3KO

In the metabolomics analysis of the plasma collected from
wild-type and Oat3KO mice, a total of 611 metabolites of
known identity were detected across both groups. Partial least
squares discriminant analysis revealed a clear separation of
knock-out and wild-type groups based on their metabolite pro-
file (Fig. 1). Overall, in the plasma of the Oat3KO mouse, a total
of 137 metabolites (~22% of all the metabolites detected) were
found to have significantly altered serum concentrations
(either increased or decreased).

In addition to these 137 significantly altered metabolites,
another 60 metabolites exhibited trends toward significant dif-
ferences between the two groups (0.05 < p < 0.10). Of this total
of 197 endogenous metabolites, 80 were increased, and 117
metabolites were decreased in the serum of the Oat3KO com-
pared with the wild-type controls.

SASBMB

The intensities of the samples altered in the Oat3KO serum
were also plotted relative to the intensities of the samples in
wild type in a Z-score plot (Fig. 1). Here, the distance of each dot
from the x axis is reflective of the number of standard deviations
above (positive value; up) or below (negative value; down) the
average value of the wild-type observation. From the Z-score
plot, it is evident that the endogenous metabolites displaying
the greatest magnitude of change are those that accumulate in
the serum of the Oat3KO; in contrast, those with significant
decreases in concentration of the serum of the Oat3KO display
much smaller changes (Fig. 1). Thus, in the analysis that follows,
we focused our attention on those 80 endogenous metabolites
that are accumulating in the serum of the Oat3KO mouse (sup-
plemental Table 1).

Oat3K0 accumulates gut microbiome-derived metabolites
involved in gut-liver- kidney axis

To investigate the functional role(s) of the metabolites accu-
mulating in the plasma of Oat3KO mice, a pathway set enrich-
ment analysis was performed (Fig. 1C). The affected metabo-
lite/signaling pathways included the metabolism of amino
acids (tryptophan, phenylalanine, and tyrosine), lipids (bile

J. Biol. Chem. (2017) 292(38) 15789-15803 15791
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Table 1

Metabolites of microbiome origin detected on the metabolomics platform

A list of 41 metabolites found on the Metabolon platform which have presumed microbiome origin (51). A check mark in column 4 indicates that this metabolite
significantly accumulated in the plasma of the Oat3KO, and no mark indicates that significant accumulation was not detected. Please see Ref. 51 for details.

Significant plasma

Metabolite KEGG HMDB accumulation in Oat3KO -Fold change p value
2-Hydroxyhippurate C07588 HMDB00840
3-(3-Hydroxyphenyl)propionate C11457 HMDBO00375
3-(4-Hydroxyphenyl)lactate C03672 HMDB00755
3-(4-Hydroxyphenyl)propionate C01744 HMDB02199
3-Indoxyl sulfate HMDB00682 vV 3.83 8.00E-04
3-Phenylpropionate C05629 HMDBO00764
4-Hydroxycinnamate C00811 HMDB02035
4-Hydroxyhippurate HMDB13678
4-Hydroxyphenylpyruvate C01179 HMDB00707
Betaine C00719 HMDB00043
Cholate C00695 HMDB00619 vV 158.95 1.80E-03
Creatine C00300 HMDB00064
Creatinine C00791 HMDB00562
Daidzein C10208 HMDB03312
Deoxycholate C044383 HMDB00626 vV 8.59 2.55E-02
Dimethylglycine C01026 HMDB00092
Genistein C06563 HMDB03217
Glucose C00031 HMDB00122
Hippurate C01586 HMDBO00714
Hyocholate C17649 HMDBO00760
Indole-3-carboxylic acid C19837 HMDB03320 vV 2.85 6.00E-03
Indoleacetate C00954 HMDBO00197 \ 2.8 8.80E-03
Indole lactate C02043 HMDB00671 vV 4.63 1.03E-07
Indole propionate HMDB02302
Isovalerate C08262 HMDB00718
Ketoisovalerate C00141 HMDB00019
Lactate C00186 HMDB00190
Monacylglycerol C01885 HMDB11561
N-Acetyltryptophan C03137 HMDB13713 vV 2.74 1.75E-02
p-Cresol sulfate HMDB11635 vV 3.83 1.54E-02
Phenol sulfate C02180 HMDB60015 vV 2.84 3.50E-03
Phenylacetylglycine C05598 HMDB00821
Phenyl lactate C01479 HMDB00779 vV 3.2 4.95E-05
p-Hydroxybenzaldehyde C00633 HMDB11718
Putrescine C00134 HMDB01414
Spermidine C00315 HMDBO01257
Succinate C00042 HMDB00254
Tauroursodeoxycholate HMDB00874
Trimethylamine-N-oxide C01104 HMDB00925 vV 4.54 2.00E-04
Urea C00086 HMDB00294
Ursodeoxycholate C07880 HMDB00946 v 14.6 8.60E-03

acid metabolism), cofactors, and vitamins (vitamin By), as well
as xenobiotics (dietary components, including benzoate) (Fig.
1C). The most highly represented metabolic pathways are
shown and ranked according to the p value determined by
hypergeometric analysis.

What is perhaps most striking about these various pathways
is the degree to which they are comprised, at least in part, of
metabolites that are presumed to originate from or are depen-
dent on the gut microbiome. For example, tryptophan and phe-
nylalanine are essential amino acids absorbed into the circula-
tion via the gut, whereas the level of bile acids (which are
synthesized in the liver as primary bile acids, secreted into the
bile, and reabsorbed in the intestine as secondary bile acids)
(46) depends upon gut microbial metabolism (47). In this
regard, it is worth noting that secondary bile acids were sig-
nificantly altered in the plasma of the Oat3KO (p < 0.01). In
addition, vitamin B, (pyridoxine) and benzoate (a simple
carboxylic acid produced in the gut from the digestion of
dietary aromatic compounds (e.g. polyphenols, purines, and
aromatic organic acids and amino acids), as well as other
dietary components (48-50) are all also derived from the
gut.

In fact, of those metabolites that were significantly increased
(p = 0.05) in the Oat3KO, a number are derived from the

15792 J Biol. Chem. (2017) 292(38) 15789-15803

microbiome (51); of the more than 40 metabolites that have a
gut microbiome origin among the 611 detectable (Table 1), 12
were found to be significantly increased (p < 0.05) in the plasma
of the Oat3KO, which represents a significant enrichment for
these types of metabolites (p = 2.53E-05).

Another striking feature about the list of accumulating
metabolites is that they generally reflect the movement of mol-
ecules from the gut microbiome through the gut-liver—kidney
axis. For example, many of these gut microbiome-derived
metabolites are metabolized in the liver (i.e. indoxyl sulfate
being formed as a result of phase 2 DME modification of indole
in the liver), but, based on their accumulation in the plasma of
the Oat3KO, they are excreted largely via the kidney. The data
indicate a central role for OAT3 in the flow of metabolites
within this gut-liver—kidney axis involved in the absorption,
metabolism, and excretion of endogenous metabolites (as
discussed in more detail below, this is different from OATI,
which appears to have a more substantial role in proximal
tubule energy metabolism). Because these gut microbiome-de-
rived/contributed metabolites participate in a variety of biolog-
ical pathways, including pathways aberrant in chronic kidney
disease (27), they will also be discussed below in the context of
the pathways (Fig. 2).

SASBMB
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Figure 2. Deficiency of OAT3 affects the concentration of metabolites found in a number of biochemical pathways. A-C, metabolites altered in the
0at3KO visualized using the Metabolon Metabolync Pathway application for Cytoscape. Metabolites are arranged by their associations with the various
pathways (Lipid Metabolism (A); Amino Acid Metabolism (B); Xenobiotic Metabolism (C)). The size and color of each node (metabolite) is based on the magnitude
of the change (size) and whether its concentration was increased (dark red, p < 0.05; bright red, 0.05 < p < 0.10) or decreased (dark green, p = 0.05; bright green,
0.05 < p < 0.10) in the plasma of the Oat3KO. Metabolites with concentrations that were trending up (pale red) or down (pale green), but did not reach levels

of significance (p = 0.1) are also shown.

Xenobiotics and dietary components

Of the 611 metabolites detectable in the metabolomics anal-
ysis, 55 of them (~9%) fall into the xenobiotic superpathway
category (Figs. 2 and 3). Of these 55 metabolites, 14 of them
(~25%) were found to significantly accumulate in the plasma of
the Oat3KO (supplemental Table 1), which represents a statis-
tically significant enrichment (p < 0.01) in such metabolites
in the population of 80 metabolites accumulating in the plasma
of the Oat3KO. These metabolites fell into a number of sub-
pathways, including those involved in the metabolism of ben-
zoate and food components, as well as drugs and chemicals.

The food component metabolite displaying the greatest level
of accumulation was equol glucuronide, which was significantly
increased more than 42-fold in the Oat3KO (p = 0.05; g = 0.05)
(Fig. 3). Equol, a metabolite of the soy isoflavone daidzein, is
produced by the gut microbiome and metabolized to equol glu-
curonide by UDP-glucuronosyltransferases, phase II drug-me-
tabolizing enzymes in the liver (52). Circulating equol meta-
bolites are generally present as glucuronidated conjugates;
however, monosulfated forms can also be present (53), and
here equol sulfate was also increased more than 7-fold in the
Oat3KO (Fig. 3).

In addition to equol, other dietary metabolites, including
those belonging to pathways involved in the metabolism of ben-
zoate, were also significantly increased in the plasma of the
0at3KO (supplemental Table 1) (Fig. 3). In the liver and kid-
neys, dietary benzoate is conjugated to glycine to form hippu-
rate (54), which is the most abundant amino acid conjugate
excreted in the urine (55), which is yet another link to the gut—
liver—kidney axis.

SASBMB

Amino acid metabolism, tryptophan

Deletion of Oat3 also resulted in changes in the plasma levels
for a number of metabolites belonging to several different path-
ways involved in the metabolism of amino acids (supplemental
Table 1) (Fig. 4). Among those metabolites demonstrating high
levels of plasma accumulation in the Oat3KO were those
metabolites arising from the metabolism of tryptophan.

Tryptophan, an essential amino acid, is absorbed from the
gut and enters the circulation via transporters expressed on
the enterocytes (56). A number of metabolites arising from the
metabolism of tryptophan were found to accumulate in the
plasma of the Oat3KO, including N-acetylkynurenine, sero-
tonin, indoleacetate, indole lactate, 3-indoxyl sulfate, indole-3-
carboxylic acid, and N-acetyltryptophan (supplemental Table
1). Among these metabolites, indole lactate, which had an
~5-fold increase in plasma concentration in the Oat3KO (p =
0.05; ¢ = 0.05), had the largest change in concentration for
metabolites in this pathway (Fig. 4).

Essential amino acids, such as tryptophan, are also part of
this gut-liver—kidney axis. For example, tryptophan is ab-
sorbed from the gut, and much of this ingested tryptophan will
be metabolized in the liver via the kynurenine pathway (57).
Some of this absorbed tryptophan will also be converted to the
neurotransmitter, serotonin, either in enterochromaffin cells of
the gut or by the pineal gland (56, 58 —60), whereas a small
fraction of ingested and absorbed tryptophan is excreted
unchanged in urine. Unabsorbed tryptophan in the gut will
undergo degradation by the microbiome yielding indole, indi-
can, and indole acid derivatives (56, 58, 59). Indole is absorbed

J. Biol. Chem. (2017) 292(38) 15789-15803 15793
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Oat3KO0). In addition, the color is also indicative of the significance of the change (i.e. dark red and dark green (p = 0.05); bright red or bright green
(0.05<p < 0.10); pale red or pale green (trending toward significance, p > 0.1). C, Whisker-Boxplots of two selected metabolites increasing in dietary/

food component (equol glucuronide and equol sulfate).

N-acetylkynurenine 3-indoxyl sulfate
lndo!'proplonm ‘

4 -mmmm-

2-amino-p-cresol
sulfate

xmﬁnnn&to kynurenate
» CP l ~ phonylpwﬁnyldydn- 4 N-acetylphenylalanine
tryptophai :
C-glycosyltryptophan " v Phenylalanine |
A 4 o-cresol sulfate
thioproline p-cresol sulfate Hbmmy&mlwhﬂ and
Shydroxyindoleacetate Tryptophan tyrosine Tyrosine N
- Metabolism - Metabolism
indole-3-carboxylic 4-hydroxycinnamate
N-acetyltryptophan acid phenol sulfate Q
- —~ -~
picolinate ‘ 3-phenylpropionate @
- (hydrocinnamate) 4-hydroxyphenylpyruvate
nmlcnln e O
indolelactate kynurefine mym)d'::
# indoledcetyiglycine N-acétyityrosine homovanillate
fate
Bide ata phenyllactate (PLA) Q‘O
leate .A wm@’ﬂc N-formylphenylalanine
A gentisate 34 xyphenyl)pr
< pnonyléﬂnlm 2-hydroxyphenylacetate Q
4-hydroxycinnamate
sulfate

cufonide*

p-cresol-

B
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15794 J Biol. Chem. (2017) 292(38) 15789-15803

SASBMB



OAT3 metabolite ligands and the gut-liver- kidney axis

tauro-beta-muricholate
. A
% Primary
Bile Acid v
Metabolism

taurocholate

@ .

taurochenodeoxycholate

dunodcuxye’olah

A

taurod eoxycholate

ursod eoxycholate

7-ketodeoxycholate [N tauroursodeoxycholate

4
Secondary
Bile Acid
Metabolism

taurohyodeoxycholic

deoxycholate acid

hyocholate

B
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and direction of change (color; dark red (p = 0.05); bright red (0.05 < p < 0.10); pale red (p < 0.10)).

by the gut and metabolized in the liver to indoxyl sulfate, which
is excreted by the kidney.

Amino acid metabolism, phenylalanine and tyrosine

About a quarter of the metabolites comprising the metabo-
lism of phenylalanine and tyrosine pathway were significantly
increased in the Oat3KO (supplemental Table 1), including
gentisate, phenyllactate (PLA), p-cresol sulfate, p-cresol-glucu-
ronide, phenol sulfate, and 3-(3-hydroxyphenyl)propionate
sulfate (Fig. 4). For example, a gut microflora-derived metabo-
lite of caffeic acid, 3-(3-hydroxyphenyl)propionate sulfate (61)
(the sulfated form of 3-(3-hydroxyphenyl)propionate, which
was also increased and trending toward significance (Fig. 4)),
displayed the largest increase in plasma concentration with
a >8-fold change (p = 0.05; ¢ =< 0.05). Similar to tryptophan,
phenylalanine is an essential amino acid absorbed from dietary
sources in the gut, and it is converted into tyrosine in the liver
by phenylalanine hydrolase (62, 63). Both of these amino acids
also share a common pathway of degradation in the liver (64).
Moreover, taken together with the metabolomics data on tryp-
tophan above, a number of metabolites comprising tryptophan
metabolism, as well as the phenylalanine and tyrosine metabo-
lism pathway are subsequently excreted by the kidney, provid-
ing another link to the gut-liver—kidney axis.

Lipid metabolism

The majority of altered lipid metabolites were actually up in
the plasma of wild-type mice compared with Oat3KOs, espe-
cially those lipids belonging to the phospholipid and sphingo-
lipid metabolic pathways (Fig. 2). Phospholipids, sphingolipids
and lysolipids are the principal components of lipid bilayers in
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cell membranes, and these findings may reflect reductions in
cell membrane remodeling in the Oat3KO compared with the
wild type. Nevertheless, endogenous metabolites associated
with lipid metabolism (particularly primary and secondary bile
acids) were also found to accumulate in the plasma of Oat3KO
mice.

Bile acid metabolism

Cholate, a primary bile acid metabolite, was increased almost
160-fold in the plasma of the Oat3KO (p = 0.05; g = 0.05) (Fig.
5; supplemental Table 1), whereas another primary bile acid
metabolite, B-muricholate, was increased over 24-fold (p =
0.05; ¢ = 0.05) (Fig. 5; supplemental Table 1). Interestingly,
several other primary bile acids, including taurocholate, glyco-
cholate, chenodeoxycholate, tauro-B3-muricholate, and tauro-
chenodeoxycholate were also increased (almost 30-fold in the
case of taurochenodeoxycholate), although the increases did
not reach statistical significance but were trending toward sig-
nificance (Fig. 5).

A number of secondary bile acid metabolites were also
significantly increased, including 7-ketodeoxycholate, deoxy-
cholate, and ursodeoxycholate (again, several other secondary
bile acid metabolites were increased over 10-fold and trending
toward significance, including tauroursodeoxycholate, tauro-
deoxycholate, and taurohyodeoxycholic acid) (Fig. 5).

Primary bile acids are synthesized in the liver from choles-
terol and then transformed by the gut microbiome to secondary
bile acids (65). Primary and secondary bile acids can be reab-
sorbed from the gut and enter the circulation where most
return to the liver via portal circulation. Although bile acids are
largely excreted by the hepatobiliary system (66), in the setting
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of cholestasis, the renal excretion of bile acids increases (67),
apparently mediated by OAT3 (68). In addition, in the setting of
chronic kidney disease, serum bile acid levels are increased (69).
Thus, OAT3 appears to be capable of mediating the renal secre-
tion of bile acids, and this again supports the central role of
renal OAT?3 in regulating metabolites flowing through the gut—
liver—kidney axis.

Physicochemical analysis of OAT3 interacting metabolite
ligands

To further characterize the endogenous metabolites altered
in the Oat3KO, 67 OAT3 metabolites (i.e. metabolites identi-
fied in this study, together with those from previous metabolo-
mics analyses) (12, 17, 25) were computationally analyzed and
grouped based on the similarities of their chemical structures.
Although a few metabolites did not cluster into any of the
groups, this analysis resulted in the generation of nine distinct
groups of metabolites (Fig. 6). The number of metabolites
within each group varied with the smallest group (group VIII)
containing just two metabolites (i.e. imidazole propionate and
1-methylimidazole acetate) and the largest group (group I) con-
taining 13 metabolites (including a number of short chain fatty
acids known to function in signaling) (Fig. 6).

The physicochemical properties of the various metabolite
ligands comprising each cluster were calculated and compared
(Table 2). Despite structural similarity within the clusters, there
were striking differences in the physicochemical properties
between the clusters (Table 2). For example, the clusters dis-
played distinct differences in average molecular mass, ranging
from a low of ~140 Da (group VIII, imidazole-containing com-
pounds) to a high of ~433 Da (group I1I, flavonoid metabolites)
(Table 2). The clusters also showed distinct differences in the
ratio of polar surface area to total area and structural complex-
ity, as well as a number of other attributes (Table 2). In addition,
variations in hydrophobicity (logP) and solubility (logS) were
also observed (Table 2).

In vitro support for the Oat3KO metabolomics

Although it is a huge undertaking to test each of the metab-
olites changing in the Oat3KO for direct transport (requiring
the synthesis and use of dozens of labeled substrates) by in vitro
transport assays, it is possible to compare physicochemical
features of known metabolites transported in vitro by OAT3 (3)
to those metabolites accumulating in the Oat3KO. Therefore,
we examined published wet lab data, including our own (17,
25), for the ability of metabolites within each cluster to interact
with OAT3 in vitro (i.e. either transport data (K,,) or inhibition
data (K; or IC,,)) (3). Thus, an extensive list of endogenous
metabolites for which in vitro data exist for interaction with
OATS3 was compiled and compared with the metabolite ligands
comprising each metabolite cluster. When all in vitro endoge-
nous metabolite transport data from this literature search was
re-clustered together with the knock-out metabolites, ~90% of
the metabolites with in vitro data fell into one of the nine groups
of knock-out metabolites. For example, in the re-clustered clus-
ter II (which contains bile acids and steroids), while three
metabolites had both in vivo and in vitro support, altogether 19
metabolites with in vitro and/or in vivo support clustered
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together (based on common physicochemical properties, sup-
plemental Table 2). Using this approach, nearly all clusters of
endogenous metabolite ligands were found to contain at least
one metabolite for which in vitro assays have shown an ability to
interact with OATS3; in other cases, a structurally related
metabolite (e.g. epicatechin galleate as opposed epicatechin
3-0-(3-O-methylgallate)) which clustered with the group has
been shown to interact with OAT3 in in vitro assays (Table 3).
Taken together, the data provide broad support for the notion
that molecules with physicochemical properties unique to each
group of metabolites accumulating in the Oat3KO in vivo are
capable of interacting with the OAT3 transporter in cell-based
transport assays.

Comparison of OAT3 with OAT1 metabolite and drug ligands
reveals unexpected marked differences in the substrate
specificity of OAT1 and OAT3

In a recent study, statistical analysis was performed on the
physicochemical descriptors of ~250 drugs known to interact
with one or more SLC22 drug transporters, including OAT1
and OATS3, to investigate the structural differences of high-
affinity drug ligands of the different transporters (44). In that
study, it was found that although there were some subtle dif-
ferences between OAT1 and OAT3 (i.e. certain OAT3 drug
ligands appear to have a slightly more positive charge and lon-
ger hydrophobic chains) the drug ligands for these two organic
anion transporters are remarkably similar (44). This is consis-
tent with the conventional view in the literature as well. How-
ever, although that study provided important information
about the structural features targeting drugs for interaction
with a particular SLC22 transporter, the input data (i.e. physic-
ochemical features of interacting drugs) is likely to be skewed
by the approaches employed by the pharmaceutical industry
(70), which could help explain why this drug ligand-based
approach led to the identification of only subtle differences in
the molecular characteristics targeting drugs for OAT1 or
OATS3 (44).

Based on the idea that the physiological substrates of these
transporters are more likely to provide better insight into the
unique substrate specificities of OAT1 and OATS3, a similar
structural comparison of the endogenous metabolites detected
in vivo in the OAT knock-out mice was undertaken in this
study. Previous untargeted and targeted metabolomics studies
of the serum and/or urine of the Oat1KO resulted in an exten-
sive list of endogenous in vivo metabolites with altered serum
and/or urine concentrations (11, 20, 25, 27); similar targeted
and untargeted metabolomics studies using the serum and/or
urine from Oat3KOs have only described a limited number of
metabolites altered in the Oat3KO (12, 17, 25, 27). By including
the Oat3KO metabolomics data described here, it was possible
to calculate and compare the physicochemical properties for
large sets of metabolites present in the two knockouts.

ICM, a commercially available computational chemistry
software (Molsoft, San Diego, CA), as well as PubChem were
utilized to compare a number of physicochemical attributes of
the metabolite ligands, including complexity, molecular mass,
logP, atom counts, and ring counts. ¢ test analyses were per-
formed on pairwise comparisons of the individual attributes of
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Figure 6. Clusterization of metabolites. Endogenous metabolites found to increase in the serum of the Oat3KO in this and previous studies (17, 23) were
clustered based on their physicochemical structures. The metabolites clustered into nine distinct groups; there were also several orphans that did not cluster
into any group.

OAT1 and OATS3 endogenous in vivo metabolites (Fig. 7). physicochemical structures of the metabolites. The attributes
Unlike the drug ligands, the metabolites with altered concen- that had among the lowest p values for each comparison are
trations in the OatIKO and Oat3KO were strikingly different, summarized in Fig. 7. In contrast to the structurally similar
and statistically significant differences were identified in the drugs transported by OAT1 and OAT3 (44), metabolites accu-
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Table 2

Quantitative molecular property measurements of Oat3 knockout metabolites

The table summarizes the comparisons of the physiochemical descriptors for each of the nine clusters of OAT3 metabolite ligands. Metabolites were clustered based on
their physiochemical descriptors into nine distinct groups (Fig. 6). The table shows the average value for several different descriptors for the metabolite ligands comprising
each group (mean * S.E.). MM indicates molecular mass; PSA is polar surface area; No. of rings is number of ring structures; No. of chiral is number of chiral centers;
Complexity indicates a measure of structural complexity; logP indicates partition coefficient; logS indicates aqueous solubility.

No. of

Hydrogen bond
No. of heavy No. of No. of _—
MM Volume PSA Area PSA/area atoms atoms rings chiral ~ Complexity logP logS Acceptor Donor
1 1719 176 £10 751 7.0 209 *13 0.381 £0.046 259 *1.9 11.8 =0.6 0.19 £0.10 0.56 = 0.13 155 £ 11 —0.069 £ 0.628 —0.553 = 0.408 3.6 03 19*0.3
I 413 *+18 451 =16 983 +9.7 455 %20 0.215* 0.015 67.7 3.0 290+ 1.1 4*0 9.86 + 0.67 682 * 38 3.657 £0.382 —4.381 £0.213 50* 04 33 *0.5
III 433 =49 389 =47 161 =20 420 *= 44 0.382 = 0.020 52.6 £58 31.0*3.5 3.8*05 520 *1.08 637 =93 1.180 = 0493  —3.842 £ 0.690 98 1.1 56 *0.9
IV 23536 213 =38 128 =21 237 =44 0.565 = 0.087 29.5*6.2 16.0 =24 0.75*0.29 3.50 = 1.37 292 = 50 —2.225*1.320 0392 +0462 73*11 35*14
\Y% 156 9 1419 681*8.1 163 £9 0417 =0.048 18612 11.2+0.6 1 =0 0+0 156 £ 12 1.040 = 0441 —0.817 £0.197 3.6 0.5 20*0.5
VI 201 =23 198 =29 59.6 = 4.1 226 =36 0.286 * 0.023 27.2 *4.7 14.7 = 1.7 1.82 = 0.01 0.36 = 0.15 231 * 28 1.783 = 0.598  —2.733 £0.589 2402 22*0.2
VII 227 =17 182*20 86.3 £4.1 218+ 19 0413 +0.029 244 +2.6 14.8 = 1.3 1.55*0.31 0.46 = 0.37 304 * 38 1273 20231 —1975*0.329 47 *02 14*0.2
VII 140 0 133*3 60.6*55 157*+1 0385*0.053 1800 1000 1=*0 0*0 1336 —04*+0.1 —0.343 £ 0.564 3.0*=0 15*05
IX 323 %46 292 *39 150.3 =21.1 311 =43 0.480 = 0.038 38.8 *4.6 22.5*=3.0 2.75*0.25 3.50 = 0.29 522 £109 —1.650 = 0.343 —2.095 *0.253 7.5*1.0 4.3 *=0.6
Table 3 - : L .
E les f h OAT3 end tabolite clust ith t Pairwise comparisons of Some Individual Attributes
Xamples from eac 3 encogenous metabolite cluster with we for Oat1 vs. Oat3 Knockout Metabolites
lab data showing interaction with OAT3
Exemplary chemical structures for metabolites in each group are shown (Column Molecular Number of | Number . "
) oy PP . . i : Complexity* LogP
2). Metabolites within each cluster for which in vitro data exist are shown in Column Weight* atoms of rings - _
3.If in vitro data do not currently exist for any of the metabolites within a cluster, (p=5e-6) (p=3.2¢-6) | (p=2e-4) (p=2e-4) | (p=0.03584)
then a structurally related molecule for which in vitro data exists for interaction with
OAT3 is shown (Column 4, related metabolites with in vitro data). Oat1 162+9 20.3+1.1 0.75+0.15 187+18 -0.053+0.223
M pi i Metabolites within cluster Related metabolites
Groups Knockout Metabolites with in vitro data with in vitro data Oat3 239+14 31.9+2.1 1.67+0.18 31327 0.658+0.262
j'\j“\/\ J\/\/\/\ Statistical analysis (T-tests) of pairwise comparisons of some physicochemical
! o cH, Ho' cHy descriptors of the metabolite ligands that accumulate in the plasma of either
3-hydroxyhexanoate Octanoic acid the Oat3KO or the Oat1KO were performed. The data is mean + standard
error (n > 30). *data obtained from PubChem.
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mulating in the serum of the Oat3KO were larger, more com-
plex, more hydrophobic (e.g. higher logP), and had more rings
than those found in the OatIKO (Fig. 7). In fact, of 24 endoge-
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Figure 7. Comparisons of physicochemical descriptors reveal significant
differences between metabolites accumulating in the serum of the
Oat3KO versus those accumulating in the Oat1KO. Top panel, table of pair-
wise comparisons of some physicochemical descriptors for endogenous
metabolites with altered concentrations in Oat3KOs and Oat1KOs. Metabo-
lites were compiled from either prior metabolomics analyses of the transport-
ers (11,12,17, 20, 25, 83) or from this analysis of the Oat3KO. The p value for
each comparison is indicated below the name of each attribute. The data for
each attribute is the mean = S.E. Bottom panel, a series of bar graphs for some
of the attributes seen in the top panel to allow for visualization of the differ-
ences. The attributes compared in each graph are shown below the graph
(black bar, OAT3; gray bar, OAT1; *, p =< 0.05; ***, p < 0.001).

nous metabolites examined for which published in vitro trans-
port or binding data exist for both OAT1 and OAT3 (supple-
mental Table 3), only six had similar in vitro transport or
binding, a OAT1/OATS3 ratio of transport (K,,,) or binding (K;
or IC,,) between 0.5 and 1.5. Hippurate was one of these five
metabolites and has a reported K, 0of 18.8 um for OAT1 and 30.8
uM for OAT3 and thus an OAT1/OAT3 ratio of 0.61. In other
words, 18 of 24 metabolites had a strong preference (=1.5-fold)
for either OAT1 or OAT3 (supplemental Table 3). Taken
together, these findings not only reveal global differences in the
chemical structures of the endogenous metabolites accumulat-
ing in their respective knockout (Fig. 7), but importantly, this
suggests that, at least for these two OATs, the endogenous
“metabolite space” is likely distinct from “drug space.”
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Discussion

Comparison of the plasma metabolomics of the Oat3KO to
the Oat1KO revealed surprisingly striking differences despite
the fact that the drug molecular properties for these two trans-
porters are largely similar (44). Metabolic differences in the
0at3KO versus the wild type included accumulation of metab-
olites associated with the metabolism of flavonoids, trypto-
phan, phenylalanine and tyrosine, and bile acids, as well as dis-
ruption of xenobiotic metabolism (e.g. dietary components and
benzoate). Thus, OAT3 deletion alters normal transport func-
tions leading to the accumulation of endogenous metabolites
involved in important metabolite and signaling pathways.
Many of these metabolites are linked to the gut microbiome and
gut microbiome-derived metabolites, a number of which are
metabolized in the liver and are ultimately excreted by the kid-
ney. The data also point to an important association of OAT3
with flow of metabolites through the gut-liver—kidney axis.

In this context, gut-liver—kidney axis refers to the uptake of
a metabolite (e.g. dietary component or gut microbiome prod-
uct) from the gut, which is then metabolized in the liver and is
ultimately excreted by the kidney. For example, equol glucuro-
nide and equol sulfate, among the most elevated metabolites in
the Oat3KO (increased as much as ~40-fold), ultimately
derived from metabolism of daidzein, a soy isoflavone, by the
gut bacteria, is absorbed as equol from the intestinal lumen via
transporters expressed on the luminal membrane of the entero-
cytes where it is ultimately transported into the blood (53).
Equolis then picked up and transported into the liver where it is
then glucuronidated or sulfated via DMEs in the hepatocytes to
equol glucuronide/equol sulfate (52), which is then transported
back into the blood where it has access to various organs and it
is ultimately excreted by the kidney.

The data presented above provide additional support for the
relevance of the Remote Sensing and Signaling Hypothesis.
This hypothesis, first formulated a decade ago (39) and subse-
quently elaborated (2, 3, 21, 25, 31, 36 —38, 42, 43), emphasizes
the central role of solute carrier and ATP-binding cassette
transporters to inter-organ and inter-organismal small mole-
cule communication throughout the body and thus the impor-
tance of the transporters to modulation of metabolism and sig-
naling. As such, it is envisioned as a small molecule homeostatic
system similar to the neuroendocrine system. A majority of the
identified endogenous metabolites accumulating in the plasma
of the Oat3KO are absorbed from the gut metabolized in the
liver and are excreted by the kidney. This gut—liver— kidney axis
can be viewed as transporter-dependent inter-organ move-
ment of small organic anions. If we consider the gut micro-
biome, then this amounts to transporter-mediated inter-organ-
ismal communication; to the extent that these gut-derived
molecules are involved in signaling, this amounts to remote
inter-organismal signaling.

As discussed below, many of the metabolites (e.g. bile acids
and lipids) are themselves capable of activating signaling path-
ways, and they have been implicated in what has been termed
“metabolite sensing and signaling” (71, 72). For example, gen-
tisate, an intermediate of tyrosine degradation, accumulates in
the plasma of Oat3KO mice (Fig. 4; supplemental Table 1) and
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functions as an agonist of the G-protein-coupled receptor,
GPR35 (64). GPR35 can be activated by other dietary metabo-
lites (e.g. kynurenine and tryptophan metabolites) and belongs
to a group of “metabolite-sensing” GPRs, which includes
GPR43, GPR41, GPR109A, and GPR120 (73). GPR35 has been
implicated in modulating synaptic transmission as well as neu-
rogenic and inflammatory pain (74).

In addition, bile acids are now recognized as versatile signal-
ing molecules based primarily on their ability to act as ligands
for G protein-coupled receptors, such as the membrane recep-
tor TGR5, as well as nuclear receptors like the farnesoid X
receptor (65, 75, 76). Bile acid-mediated activation of these
receptors leads to specific signaling pathways involved in the
regulation of many physiological functions, such as lipid, glu-
cose, and energy metabolism (65). Taken together, the data not
only provide evidence supporting OAT3 as a critical compo-
nent of the gut-liver—kidney axis, they also suggest a role for
OAT3 in modulating local and systemic physiological pathways
by regulating the uptake and excretion of intermediate metab-
olites and signaling molecules.

Furthermore, it has also been suggested that the OATs,
which have homology to G protein-coupled receptors (such as
OAT1/SLC22A6, OAT3/SLC22A8, and OAT6/SLC22A20)
may also function in the sensing of odorants and/or short chain
fatty acids, possibly as transceptors (18, 33-35, 39). Thus, the
potentially intimate connection of SLC “drug” transporters to
metabolite sensing and signaling is a vital area for further explo-
ration in the context of the Remote Sensing and Signaling
Hypothesis (2, 3).

Other small organic anions identified are also important co-
factors in other biochemical pathways. For example, pyridoxal,
which is converted to pyridoxal 5'-phosphate (the active form
of vitamin By) in the liver, and pyridoxic acid, the catabolic
product of pyridoxal excreted in the urine, were also signifi-
cantly increased in the Oat3KO (supplemental Table 1). Pyri-
doxal 5’-phosphate also functions as a cofactor in a number of
physiological pathways, including neurotransmitter synthesis
(i.e. serotonin, dopamine, epinephrine, norepinephrine and
GABA). OAT3 is also involved in elimination of sulfated and
acetylated metabolites, including many derived from the gut
microbiome. Together with previous metabolomics analyses of
the Oat1KO, these data highlight the central role of OAT3 and
OAT1 in the regulation of numerous metabolites and signaling
molecules, including gut microbiome-derived metabolites,
many of which are also categorized as uremic toxins or uremic
retention solutes (20, 27).

Clusterization based on the physicochemical descriptors of
the endogenous metabolites accumulating in the serum of the
0at3KO revealed nine distinct groups (Fig. 6; Table 2). More-
over, although there is overlap of metabolites attributable to
loss of OAT1 and OATS3 function, there are also striking differ-
ences (Fig. 7). For instance, examination of the physicochemical
attributes of OAT1- and OAT3-interacting metabolites re-
vealed clear differences between the groups (Fig. 7). On aver-
age, OAT3 interacting metabolites appear to be larger and
more complex, possessing more ring structures (Fig. 7). OAT3
interacting endogenous metabolites also appear to be more
lipophilic, having a higher logP than OAT1-interacting metab-
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olites. Crucially, unlike drugs known to interact with OAT1 and
OAT3, which were highly similar, endogenous metabolites
accumulating in the Oat knockouts are physicochemically very
different (Fig. 7). This finding has important consequences for
metabolite-based tissue targeting of drugs, for example, to
increase renal excretion.

It is widely accepted that OAT1 is an antiporter that
exchanges its plasma ligand for intracellular a-ketoglutarate
(77,78). Thus, OAT1 is closely linked to proximal tubule aero-
bic metabolism. Consistent with this view, the Oat1KO shows a
higher urinary and lower plasma concentration for a-ketogl-
utarate (11) (supporting the importance of OAT1-mediated
regulation of the movement of a-ketoglutarate (a key TCA
cycle intermediate) in the proximal tubule). The TCA cycle is
noteworthy, because it includes metabolites known to be clas-
sical substrates of OATI, such as a-ketoglutarate, citrate,
fumarate, and succinate (2, 4, 39, 79); in contrast, we observed
no significant change in the plasma levels of a-ketoglutarate (or
other TCA cycle intermediates) in the Oat3KO. In fact, it has
previously been reported that levels of these metabolites are
actually decreased in the urine of Oat3KO mice (25); this is the
opposite that would be expected if OAT3, like OAT]1, played an
important role in PT regulation of a-ketoglutarate movement.
The uptake of organic anions via the OATs is believed to be
driven, at least in part, by the exchange of dicarboxylates (such
as a-ketoglutarate) across the basolateral membrane; however,
of note in this regard, OAT1 function has been consistently
shown to exchange a-ketoglutarate with organic anions taken
up into the PT, although this has not been consistently demon-
strated for OAT3. Taken together with the metabolomics data,
as well as the comparison of the molecular properties of the
endogenous metabolites, the data appear to support the idea
that although OAT1 and OAT3 share many functional proper-
ties, OAT1 plays a larger role in regulation/modulation of prox-
imal tubule metabolism, whereas OAT3 likely plays alarger role
in systemic metabolism, particularly through regulating/mod-
ulating the flow of metabolites through the gut-liver—kidney
axis. This raises the question of how these differing physiolog-
ical roles of OAT1 and OAT3 are controlled at the transcrip-
tional level, a question that is beginning to receive more atten-
tion (80—82).

Experimental procedures
Animals

All experimental protocols were approved by The University
of California San Diego Institutional Animal Care and Use
Committee (IACUC), and the animals were handled in accord-
ance with the Institutional Guidelines on the Use of Live Ani-
mals for Research. Adult (n = 3) wild-type, Oat3KO male mice
were housed separately under a 12-h light/dark cycle and were
provided access to food (standard diet) and water ad libitum.

Metabolomic analysis

Serum samples (at the time of blood collection) from adult
male wild-type (WT) control and Oat3KO mice were obtained,
and individual unpooled samples were stored at —80 °C, and all
samples were shipped together on dry-ice to Metabolon (Dur-
ham, NC) for preparation and metabolomic profiling analysis
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(83, 84). Samples, prepared using the automated MicroLab
STAR® system (Hamilton, Reno, NV), were subjected to ultra-
high performance liquid chromatography-tandem mass spec-
troscopy (UPLC-MS/MS) as described previously (27).

Compound identification, quantification, and data curation
and statistics

A total of 611 compounds (metabolites) of known identity
were detected and identified across both groups (83, 84).
Metabolites were identified by automated comparison of the
ion features in the experimental samples to a reference library
of chemical standard entries that included retention time,
molecular weight (m/z), preferred adducts, and in-source frag-
ments as well as associated MS spectra and curated by visual
inspection for quality control using software developed at
Metabolon (83, 84). Metabolites with missing intensity scores,
indicating low levels of the metabolite in a particular sample,
were imputed with the minimum value for the study following
rescaling of the metabolites to set the median equal to 1.

Peaks were quantified using area-under-the-curve, and two-
way analysis of variance testing was used to calculate the p val-
ues. To take into account multiple comparisons of the data, an
estimate of the false discovery rate (¢ value) was calculated, and
a metabolite was considered to be statistically different when
p < 0.05and g < 0.10. Pathway enrichment analyses were also
performed using Metabolon software.

Raw metabolomics data were also analyzed with the statisti-
cal analysis functionalities of MetaboAnalyst 3.0 (85), and par-
tial least squares discriminant analysis was used to assess the
separability of the wild-type and Oat3KO samples; because
there were less than 2000 features, the missing value estimation
step was skipped, and the data were not filtered, but it was
normalized using log transformation. For visualization and
analysis of the detected metabolites within relevant networks of
metabolic pathways, the KEGG identifications for the detected
metabolites were input into MetaboLync pathway analysis soft-
ware, a Cytoscape plugin.

Statistical analysis of physicochemical properties of
metabolites

A comprehensive list of in vivo endogenous metabolites
altered in plasma or urine of either Oat1KO or Oat3KO mice
was compiled from both this study and previous metabolomics
analyses (supplemental Table 4) (11, 12, 17, 20, 25, 27, 86). The
conditions under which the Oat1KO metabolomics were per-
formed have been described (11, 20), and these are generally
similar to the conditions of the Oat3KO analysis. The physico-
chemical properties of the metabolites, calculated using ICM or
PubChem, were compared, and ¢ tests were performed to
determine statistically significant differences between the
two groups of metabolites.

Clusterization of in vivo and in vitro OAT3 metabolite ligands
The structure data files for both in vivo and in vitro OAT3
metabolite ligands were retrieved from PubChem and input
into ICM. Initially, the in vivo OAT3 metabolite ligands were
hierarchically clustered based on their chemical substructure
using the Unweighted Pair Group Method with Arithmetic
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Mean algorithm in ICM. The splitting threshold was 0.58 for
the in vivo metabolites and resulted in the clusterization of
Oat3KO metabolite ligands into nine structurally distinct
groups. For the combined clusterization of the in vivo and in
vitro Oat3KO metabolite ligands, the splitting threshold was
0.54 and resulted in the clusterization of the metabolite ligands
into the nine structurally distinct groups as above.

Author contributions—K. T. B. performed experiments and data
analysis and wrote the manuscript. W. W. performed experiments.
C. L. performed experiments and performed analyses. S. K. N. con-
ceived the hypothesis, supervised the experiments and analysis, and
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