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Abstract

Probenecid is used to treat gout and hyperuricemia as well as increase plasma levels of antiviral
drugs and antibiotics. /n vivo, probenecid mainly inhibits the renal SLC22 organic anion
transporters OAT1 (SLC22A6), OAT3 (SLC22A8), and URAT1 (SLC22A12). To understand

the endogenous role of these transporters in humans, we administered probenecid to 20 healthy
participants and metabolically profiled the plasma and urine before and after dosage. Hundreds

of metabolites were significantly altered, indicating numerous drug-metabolite interactions. We
focused on potential OAT1 substrates by identifying 97 metabolites that were significantly
elevated in the plasma and decreased in the urine, indicating OAT-mediated clearance. These
included signaling molecules, antioxidants, and gut microbiome products. In contrast, urate was
the only metabolite significantly decreased in the plasma and elevated in the urine, consistent with
an effect on renal reuptake by URAT1. Additional support comes from metabolomics analyses

of our Oat1 and Oat3knockout mice, where over 50% of the metabolites that were likely OAT
substrates in humans were elevated in the serum of the mice. Fifteen of these compounds were
elevated in both knockout mice, while 6 were exclusive to the OatZ knockout and 4 to the Oat3
knockout. These may be endogenous biomarkers of OAT function. We also propose a probenecid
stress test to evaluate kidney proximal tubule organic anion transport function in kidney disease.
Consistent with the Remote Sensing and Signaling Theory, the profound changes in metabolites
following probenecid treatment support the view that SLC22 transporters are hubs in regulation of
systemic human metabolism.
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INTRODUCTION

Probenecid is an FDA-approved drug that has historically been used to slow the clearance

of drugs in short supply (1). In World War |1, probenecid was co-administered with
penicillin to increase the half-life of the antibiotic to treat infections in wounded soldiers (1).
Probenecid has also been used with several other drugs in this manner, exploiting what are
now referred to as drug-drug interactions (DDI) (2). Although probenecid is used to increase
the half-life or drugs excreted by the kidney, it is also used in the treatment of gout and
hyperuricemia, conditions associated with disordered urate homeostasis (3-5). Probenecid
increases renal excretion of urate by inhibiting its reabsorption from the proximal tubule
lumen back into the blood, exploiting a drug-metabolite interaction (6-9). In addition to
clinical usage, probenecid is also used as an inhibitor of several transporters of organic
anions for /n vitro studies in research settings (1, 10).

The early uses of probenecid were discovered without specific knowledge of its molecular
targets (11). Since then, many of the proteins that participate in the renal organic anion
secretory system have been identified in mice and humans, and several have been shown

to have direct interactions with probenecid (12). Probenecid has three widely accepted /n
vivo renal targets primarily expressed in the proximal tubule: organic anion transporters 1
and 3 (SLC22A6/0AT1, SLC22A8/0OAT3) and uric acid transporter 1 (SLC22A12/URAT1).
Following oral administration, probenecid rapidly enters the bloodstream, where it is highly
bound to albumin (11). Protein-bound probenecid is carried through the blood and ultimately
the peritubular capillaries, where it inhibits the function of OAT1 and OAT3 (Figure 1).
These SLC22 uptake drug transporters are localized to the basolateral membrane of the
proximal tubule and transport a wide array of substrates including drugs, endogenous
metabolites, natural products, and toxins, as evidenced by the characterization of the Oat1
and Oat3 knockout mice, as well as numerous /n vitro studies (13-20). Free, unbound
probenecid is filtered by the glomerulus and enters the urinary filtrate, where it acts by
inhibiting URAT1, an apical transporter that is involved in the reabsorption of urate from the
urine into the cell (21, 22) (Figure 1).

These transporters, as well as several other multi-specific, oligo-specific, and mono-specific
transporters and enzymes are important regulators of endogenous metabolism, as proposed
in the Remote Sensing and Signaling Theory (23, 24). The Remote Sensing and Signaling
Theory describes the combined role of drug transporters and drug metabolizing enzymes in
inter-organ and intra-organ communication through the movement of small molecules (23—
26). Many of these proteins are best known for their role in the absorption, distribution,
metabolism, and excretion (ADME) of drugs, but their tissue expression patterns and
shared substrate specificity allow them to collaboratively handle many other classes of
small molecules, such as endogenous metabolites, natural products, toxins, gut microbiome
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products and nutrients. One of the key tenets of the Remote Sensing and Signaling Theory
is that the primary function of these “drug” ADME proteins is to regulate endogenous
metabolism, and that drugs are effectively probes for the endogenous Remote Sensing and
Signaling system (24). This is supported by the evolutionary conservation of these gene
families across several species, including worms, flies, and sea urchins (27, 28). The OATs
and SLC22s in general, are important hubs in a proposed network of multi-specific proteins
that aid in returning the body to homeostasis following perturbations, and there is now
considerable experimental and human genetic support for this view (16, 29). Given that the
primary expression of known 7 vivo probenecid targets are OAT1, OAT3, and URAT1 in
the proximal tubule of the kidney, we hypothesized that the inhibition of these proteins by
probenecid would markedly alter the levels of key metabolites and signaling molecules in
the blood and urine.

Here, we show that the administration of a clinically prescribed drug, probenecid, has

a major impact on the human plasma and urine metabolomes, likely through the direct
inhibition of physiologically important transporters, OAT1, OAT3, and URAT1 expressed in
the kidney. This broad effect on metabolism is consistent with predictions of the Remote
Sensing and Signaling Theory. While DDIs receive the majority of drug transporter-related
research attention, the wide substrate specificity of these OATs and other multi-specific
transporters raises the possibility of several other competitive interactions, including drug-
metabolite, drug-nutrient, and drug-toxin interactions (30-32). In brief, we performed global
metabolomics on the plasma and urine of 20 healthy participants collected before and 5
hours after an oral dose of probenecid and analyzed numerous small molecules reflective

of potential drug-metabolite interactions (DMI), drug-nutrient interactions (DNI), and

other competitive interactions. Hundreds of metabolites were significantly altered in each
medium, including 124 that were significantly elevated in the plasma and decreased in the
urine, indicating likely OAT-mediated transport. We then compared the altered metabolites
to those impacted in the serum of OatZ and Oat3 knockout mice to identify potential
biomarkers for drugs that are handled by the organic anion transport system, which is the
main elimination pathway for protein-bound drugs in the kidney. The data support the value
of the Oatknockouts for understanding human physiology. They also suggest that the body
experiences a metabolic shift following administration of a drug that inhibits organic anion
transporters, hubs in human systemic metabolism. We also propose the “probenecid stress
test”, which can provide a functional readout on tubular function in healthy and diseased
states.

METHODS

Participants

All experimental protocols were reviewed and approved by the Institutional Review Board
and abide by the Declaration of Helsinki Ethical Principles. Blood and urine were collected
from 20 healthy participants (14 female, 6 male) before and five hours after an oral dose

of 1 gram of probenecid. Based on clinical settings (e.g., treatment of gonorrhea with
antibiotics), one gram of probenecid was the dose used (33). Participants had an average
age of 30.85+10.93 and an average body mass index of 24.18+3.52. The protocol was
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developed in consultation with clinical researchers at University of California San Diego
Altman Clinical and Translational Research Institute (ACTRI). According to the protocol,
all participants were asked to be on a diet of no meat, fish, or eggs for 3 days prior to their
visit and the day of their visit. Participants were also asked to not take any medications,
vitamin C tablets, nutritional supplements, caffeine, chocolates, or cruciferous vegetables
the day before and the day of the visit. Participants were also asked to consume an extra
liter of water the morning of the visit. There were no additional restrictions on diet between
blood/urine collection. All participant data was deidentified. Samples were stored at -80 C
until metabolomic analysis.

Metabolomic analysis

Samples were shipped on dry ice to Metabolon Inc. (Durham, NC, USA). Plasma and

urine samples were processed separately. Protein was removed from samples, and samples
were separated into fractions. These fractions were analyzed by either reverse phase
UPLC-MS/MS with positive ion mode electrospray ionization, RP/UPLC-MS/MS with
negative ion mode ESI, or HILIC/UPLC-MS/MS with negative ion mode ESI. Following
quality control and accounting for instrument and process variability, data was extracted,
peak-identified, and assessed for quality by Metabolon. Plasma data was normalized to
volume, and urine data was normalized to volume and osmolality. OatZ and Oat3 knockout
plasma metabolomics data, which has been previously extensively analyzed by us, were
collated from prior publications and other available data from our lab and followed previous
protocols with respect to acquisition and analysis (14, 18, 20). Recent serum metabolomics
data on newer platforms is generally consistent with previously published data, and relevant
information is included in Supplemental Information.

Metabolic pathway analysis

RESULTS

Plasma and urine metabolomics data were analyzed separately. Missing values were
replaced with the minimum observed value for each compound. Plasma fold changes were
calculated using volume normalized data, and urine fold changes were calculated using
volume and osmolality normalized data by Metabolon. For statistical comparisons, data
were log transformed, and a pairwise t-test was used to calculate p-values in plasma and
urine. Enrichment was calculated as previously described (18). Principal component analysis
was performed using the sci-kit learn package in Python 3.8. Visualizations were performed
using the Seaborn package in Python 3.8.

Short-term probenecid treatment alters the levels of hundreds of circulating metabolites

We first focused our attention on the plasma of the participants, as OAT1 and OAT3 have
been shown to impact circulating levels of small molecules in human and rodent models due
to their basolateral localization (blood-facing) and have been associated with far more small
molecule compounds than URAT1 (34). Thus, the combined metabolic roles of OAT1 and
OAT3 could best be determined by analyzing the changes in plasma levels of endogenous
metabolites and other compounds. We measured the levels of 1,234 unique metabolites,
including probenecid and multiple unidentified compounds, spanning numerous biochemical
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pathways in 20 healthy participants (Figure 2A, Table S1). The global metabolic profiles
before and after treatment were largely separable by principal component analysis (PCA),
showing that oral dosage of probenecid impacts the plasma metabolome in a consistent
fashion (Figure 2B). Initially, we focused on the levels of metabolites that were elevated,

as they are likely due to the inhibition of OAT1 and OAT3 in the kidney, and this can
potentially be validated by considering metabolites elevated in the OatZ and Oat3 KO mice
previously described by our group (14, 15, 18, 20, 35). We found 354 metabolites that were
significantly elevated (p < 0.05, fold change > 1) (Figure 2C) and that many of them were
present in biochemical pathways implicated in rodent models, such as tryptophan, tyrosine,
phenylalanine, and bile acid metabolism (Figure 2D) (14, 15, 17, 18, 35-37). In addition to
determining the metabolic roles of OAT1 and OAT3, we were also interested in how URAT1
inhibition might impact endogenous metabolism. Since probenecid inhibits URAT1 and
potentially other organic anion reuptake transporters in the kidney, it is possible that certain
metabolites decreased in the plasma are a result of small molecules not being reabsorbed
back into the blood from the urine. We identified 230 metabolites that were significantly
decreased in the urine, suggesting that URAT1 may play an important role in the circulating
levels of compounds in the blood (Figure S1). However, considering the relatively limited
substrate specificity of URATL, it is unlikely that many of these compounds are elevated due
to URATL1 inhibition, and some of these changes may be due to temporal variations.

Metabolites in the urine are mainly decreased following probenecid treatment

Our initial focus was on the plasma of the participants because of the clear implication of
OAT1/OAT3 function, but we were also interested in the urine, as OAT1/OAT3 uptake is
often the rate limiting step for excretion into the urine. Hence, we assumed that OAT1/OAT3
substrates would have lower levels in the urine. In contrast, URAT1 acts by reabsorbing
urate and other compounds from the urine into the proximal tubule, so we also analyzed the
metabolites that were elevated in the urine. We measured 1,315 unique metabolites in the
urine of the same 20 healthy participants before and after probenecid administration (Table
S2). High levels of probenecid were detected in the urine 5 hours after the oral dosage in
all the participants (Figure 3A). PCA revealed a separation between pre and post treatment,
demonstrating the effect on excretion (Figure 3B). Due to the number of metabolites that
were elevated in the plasma, we focused on the metabolites that were decreased in the urine
under the assumption that probenecid also prevents these metabolites from passing through
the tubular secretion system and entering the urine. 622 metabolites were significantly
decreased in the urine (p < 0.05, FC < 1), including multiple metabolites that overlapped
with those altered in the plasma. Indeed, some of the subpathways containing elevated
metabolites in the plasma also had decreased metabolites in the urine, suggesting that their
levels of these metabolites were mediated by probenecid targets (Figure 3C, 3D). While

the exact metabolites and subpathways altered in the plasma and urine slightly differed,
tryptophan, tyrosine, and bile acid pathways were all enriched for decreased metabolites,
which reflected the changes observed in the plasma. In addition, 113 metabolites were
elevated in the urine, some presumably due to the inhibition of URAT1 and other less well
characterized organic anion reuptake transporters, which covered a different set of metabolic
subpathways (Figure S2).
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97 compounds are likely human OAT substrates based on plasma and urine metabolomics

Of the nearly 2,000 metabolites measured across both experiments, 124 were elevated

in the plasma and decreased in the urine, indicating physiologically relevant inhibition

of OAT1/OATS3, as both uptake and excretion were altered in the expected manner. To
better determine which metabolites may be relevant as endogenous biomarkers, we applied
fold change criteria used by regulatory agencies, which generally indicate that for DDI
studies the safety margins are between 80 and 125% (38). Hence, we limited our overlap to
metabolites with fold changes over 1.25 in the plasma and under 0.8 in the urine, resulting
in 97 metabolites, 40 of which have known chemical structures, including 14 with /n vitro
support (Figure 4, Table S3). Many of these metabolites come from a subset of biochemical
pathways, with 7 from tryptophan metabolism, 6 from tyrosine metabolism, 9 from either
primary or secondary bile acid metabolism, and 4 from androgenic steroids, which have

all previously been associated with OAT function. Several of the altered compounds were
characterized by ring structures and negative charges, and many are linked to Phase 11

drug metabolism. Sulfation and glucuronidation are among the most common conjugations
that improve renal excretion, and they are well represented in our subset, with 27 sulfated
compounds and 7 glucuronidated compounds, indicating the close association between the
OATs and drug metabolizing enzymes. 30 unidentified metabolites were also present, but
these have not been linked to any chemical structure or known biochemical role.

Probenecid has a specific drug-metabolite interaction with urate

While the nature of the compounds that were elevated in the plasma and decreased in the
urine suggested inhibition of OAT1/OAT3, we also aimed to understand the potential effect
of URAT1 inhibition. Along with OAT1 and OAT3, URAT1 is considered a primary /n vivo
target of probenecid, and its mechanism of action is blocking reabsorption of urate from

the urine into the proximal tubule and back into the blood. We compared the metabolites
decreased in the plasma and elevated in the urine and found that three compounds (urate,
quinate, N-acetylglycine) satisfied both criteria. However, when the more stringent fold
changes (FC < 0.8, FC >1.25) were applied only one compound, urate, satisfied both
conditions (Figure 5). Since probenecid was highly elevated in the urine, it was able to exert
its inhibitory effect, which led to a specific drug-metabolite interaction between probenecid
and urate at URAT1. Again, we find it remarkable that of the hundreds of metabolites
analyzed in both plasma and urine, only one was elevated in the urine and decreased in the
plasma, as might be inferred from clinical, knockout, and 7 vitro data.

Probenecid treated humans and Oat1/3 knockout mice metabolomics reveal candidate
endogenous biomarkers

While OAT1, OAT3, and URAT1 are widely accepted as the main /n vivo targets of
probenecid, there is the possibility of effects on other transporters (SLC and ABC) which are
inhibited /n vitro by probenecid. That said, /7 vivo evidence is lacking for a major role for
these other transporters in probenecid-sensitive organic anion transport. Thus, we focused

on OAT1, OAT3, and URATL, for which considerable in vitro, in vivo, and ex vivo support
exists (12, 14, 15, 17, 18, 20, 35, 39). Previous work by our group has focused on the roles
of these transporters in in vivo endogenous metabolism using genetically engineered mice.
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We analyzed global metabolic profiling data from the serum of OatZ and Oat3 knockout
mice from multiple studies by our group and found changes that support the important
physiological role of the OATs (15, 17, 18, 20, 35, 40, 41). Though there are differences

in general physiology, gene expression patterns, and microbiome composition between mice
and humans, it was expected that there would be overlap between the knockout mice and
humans treated with probenecid. Indeed, there were multiple metabolites that were elevated
in the human plasma, the knockout mouse serum, and decreased in the urine (indicative of
OAT-mediated transport).

When using the 124 metabolites elevated in the plasma and decreased in the urine, we found
that 52 and 48 of these metabolites were measured in the OatZ and Oat3 knockout mice,
respectively. We focused on the metabolites that were elevated in each knockout mouse and
52% (27/52) for the Oatl and 48% (23/48) for the Oat3. However, we mainly focused on
the 97 metabolites that fit the fold change criteria previously described. For this subset,
55% (21/38) of the metabolites measured in humans and OatZ mice had /n vivo knockout
mouse support. With respect to OAT3, 56% (19/34) had in vivo knockout mouse support.
Fifteen metabolites were elevated in both knockout mice, while 6 were unique to OAT1,
and 4 were unique to OAT3 (Figure 6). This work demonstrates that Oat knockout mice

can be used to predict potential DMIs at the site of transporters and produce candidates

for endogenous biomarkers. While these compounds would need to be further characterized
(rate of synthesis, metabolic breakdown, other routes of clearance, etc.) to prioritize for
usefulness as endogenous biomarkers, many of them have been shown to be impacted by
OAT perturbation /n vivo (humans and mice) and in vitro.

DISCUSSION

We found that probenecid, a drug used to treat gout and hyperuricemia and increase levels
of OAT-transported drugs (e.g., antibiotics, antivirals), had a major impact on the levels of
endogenous metabolites and diet-derived compounds in the plasma and urine. The altered
pathways spanned several biochemical pathways and functional clusters based on chemical
structures, such as bile acids and aromatic amino acids. These biochemical pathways were
generally similar to those altered in Oat? and Oat3knockout mice (14, 15, 18, 42, 43).
Among the surveyed metabolites in the plasma and urine, we noted that many metabolites
were elevated in the plasma and decreased in the urine, indicating that inhibition of OAT1
and OAT3 by probenecid leads to a much more pronounced systemic impact than URAT1
inhibition. However, use of probenecid’s known mechanism of action (inhibition of urate
reabsorption at URAT1) was also apparent, as urate alone was both elevated in the urine and
decreased in the plasma.

Overall, the profound metabolite alterations support the view that OAT1 and OAT3 are
“hubs” in a Remote Sensing and Signaling Network of transporters and enzymes regulating
metabolism; in particular, the Remote Sensing and Signaling theory emphasizes the

roles of these multi-specific “drug” transporters in inter-organ communication mediated

by endogenous small organic compounds such as key metabolites, antioxidants, gut
microbiome products and signaling molecules that activate GPCRs and nuclear receptors
(16, 24, 26).
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Many of the impacted metabolites were also altered in the serum of OatZ and Oat3 knockout
mice, supporting the view that the resulting changes are due to the inhibition of OATSs.

Thus, in the process of analyzing human data, we further validated the usefulness of
previous mouse knockout models. In particular, the Oatknockout mice may be useful

in predicting drug-metabolite interactions at the site of these transporters and identifying
potential endogenous biomarkers of transporter function. Since probenecid is known to
target both OAT1 and OAT3, the endogenous biomarkers implicated here would be for
general OAT function rather than for one specific transporter. Nonetheless, by comparison
with the knockouts, we identified metabolites that may be OAT1 or OAT3 selective, as
previously described (17).

While probenecid is not known to have notable short or long term side effects, it is striking
that within hours of taking probenecid so many metabolites are elevated in the plasma, such
as bile acids and indole derivatives, which have important signaling roles in the body (44,
45). Their increases in circulation can lead to the activation of signaling cascades in organs
that interface with the blood, as their bioavailability is elevated. For example, bile acids
activate bile acid-specific receptors (i.e., TGR5) and the nuclear receptor FXR (expressed in
liver and kidney), which govern many key processes in the gut-liver-kidney axis (46, 47).
Consistent with the Remote Sensing and Signaling Theory, the elevated levels of tryptophan
and tyrosine metabolites could also play be physiologically important, as they each have
distinct signaling roles in different organs (48, 49).

It is important to point out that this increase in OAT-regulated metabolites may also occur
with other drugs that inhibit the OATS at varying levels, which could lead to a wide range of
metabolic side effects via drug-metabolite interactions at the level of the transporter. While
the main targets of probenecid are the renal transporters (OAT1, OAT3, URAT1), several
other proteins are known to interact with the drug /n vitro, including multi-specific SLC
(often SLC22) and ABC transporters (MRPs) and enzymes that also play important roles in
key aspects of endogenous metabolism (50). Whether these other proteins are /n vivo targets
of probenecid in humans is far from clear, but it is conceivable that the inhibition of these
proteins may lead to drug-metabolite interactions that are reported in this work.

In the kidney, many metabolites must be salvaged from the urinary filtrate and reabsorbed
into the blood. Hundreds of measured compounds in the urine were decreased by
probenecid, likely due to the lack of tubular secretion by the OATS, the rate-limiting step
in urinary clearance for many organic anions. These metabolites, which include purine
derivatives, aromatic amino acid derivatives, and others are primarily excreted through

the urine. Steroids were also decreased in the urine, which is consistent with the use of
probenecid to mask levels of androgenic steroids in urine samples (51). Like the plasma, it
appears that the urine metabolome is more influenced by the inhibition of the OATSs than
URATL1. In the context of OAT1/3 (basolateral uptake transporters) vs URAT1 (apical uptake
transporter), metabolites elevated in the plasma and decreased in the urine are linked to
OAT1/3, while metabolites decreased in the plasma and elevated in the urine are linked to
URAT1. However, we must also consider the possibility that probenecid may inhibit efflux
and retro-transporters expressed on the apical membrane of the proximal tubule, although
this remains to be established /in vivo.
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Recent work by our group and others has highlighted the endogenous role of OAT1

and OAT3 in regulating uremic toxins, amino acid derivatives, lipids, and several other
classes of metabolites using genetically engineered knockout mice (14, 15, 17, 18, 20). We
hypothesized that the inhibition of these physiologically important proteins with probenecid
in humans would lead to similar changes and found that while not all metabolite alterations
were reproduced, several classes of metabolites were consistently altered in both the plasma
and the urine, namely the metabolites known to interact with OAT1 and OAT3. URATL, on
the other hand, is more specific, with only a few known unique interacting small molecules.
While knockout mice appear to be useful models in determining potential drug-metabolite
interactions, the inter-species differences in gene expression, diet, and gut microbiome
should also be considered, particularly considering that many of the metabolites altered

in the mice and humans originate from the gut microbiome. Nonetheless, some of these
compounds are strong candidates for endogenous biomarkers used in predicting drug-drug
interactions at the site of the OATSs.

Of the 25 compounds altered across human and knockout mouse experiments, 6 of these
(2-hydroxyphenylacetate, 3-acetylphenol sulfate, 4-acetamidobutanoate, 4-methylcatechol
sulfate, N-formylmethionine, 4-methoxyphenol sulfate) are unique to OAT1 and they differ
from the compounds currently being tested as endogenous biomarkers for OAT1 (52). As
for OAT3, 3 of 4 unique compounds (gentisate, N-acetylphenylalanine, N-acetyltryptophan)
altered in humans and Oat3 knockout mice are novel--except for indoleacetate, which

has been shown to be a potential endogenous biomarker for OAT function (53). We also
compared our results to other potential OAT biomarkers identified by other groups, and we
found that our results supported the use of p-cresol sulfate and pyridoxate, in that both of
these compounds were elevated in the plasma and decreased in the urine (53, 54). Further
criteria, including consistent levels throughout the day, stable production independent of
diet, minimal interactions with other proteins, and /7 vitro support for specificity to

OAT1/3 would further support these compounds as strong endogenous biomarkers. The
altered compounds could potentially be used as biomarkers for organic anion-related tubular
transport, which is largely mediated by OATSs and is gaining more attention in the context of
renal diseases (55).

Our results suggest that drugs handled by the OATs produce several simultaneous drug-
metabolite interactions. The main mechanism of action of probenecid is as an inhibitor

of key renal transporters; thus, its impact on the plasma and urine metabolomes is

likely stronger than drugs with other targets (1, 4). However, the absorption, distribution,
metabolism, and excretion (ADME) of nearly every drug and xenobiotic is handled by a
subset of drug transporters and drug metabolizing enzymes (56). It is possible that other
drugs cleared by OAT1 or OAT3 could lead to similar consequences in humans if they
inhibit the transporter strongly enough. OAT1 and OAT3, in particular, are among the
most multi-specific drug transporters, with each interacting with over 100 unique drugs,
including NSAIDs, antivirals, antibiotics, and others (19). Chronic treatment with drugs that
interfere with the function of transporters could lead to long term metabolic side effects. In
HIV patients taking anti-retroviral therapy drugs (many of which are OAT1/3 substrates),
it is common to see metabolic side effects relating to lipids after several months (57).
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Similar situations have been reported with NSAIDs and antibiotics, many of which are OAT
substrates (58, 59).

Finally, we note again that tubular secretion and glomerular filtration both contribute to
overall kidney function but in many contexts, only glomerular filtration rate is considered.
In recent years, there has been a new emphasis on assessing tubular secretion, which is,
however, complicated by the fact that renal disease state (CKD, AKI, etc.), genetics and
other factors all influence tubular secretion. In light of this, and the data presented in

this article, we propose a “probenecid stress test” to evaluate the transport capacity of

the proximal tubule, as there is a need to assess organic anion-related tubular function,
preferably without the administration of furosemide, a strong diuretic (60).

The probenecid stress test, as we currently envision it, is similar in design to the studies
performed here. It would measure the plasma and urine levels of the ~100 metabolites
identified here as potential human OAT substrates before and after a single dose of
probenecid. With this, a quantitative measure of how compromised organic anion-related
tubular function is can be calculated to influence drug dosing and help assess disease state.
It can also be used to follow progression of disease. From the pharmaceutical perspective,
the test can be used determine how similar a novel drug entity is to probenecid (a complete
inhibitor of OATS). Patients may also need to avoid (or be differently dosed) drugs that

are primarily secreted through OAT1 and OAT3. Indeed, many drugs that are prescribed

in the setting of renal disease (e.g., antibiotics, antivirals, antihypertensives, diuretics) are
substrates of OAT1 and OAT3. The use of probenecid in late stage renal disease to isolate
tubular function has previously been demonstrated in animal models (40). From the disease
perspective, the proposed OAT substrates can be used as biomarkers to assess renal OAT1
and OAT3 tubular function, which comprise the bulk of organic anion transport in the
proximal tubule of the kidney and serve as indicatiors of interact drugs, toxins, endogenous
metabolites, natural products, and several other classes of small molecule compounds. By
focusing on endogenous metabolites, it is possible to assess the physiological function of
the organic anion handling proteins in the proximal tubule without (or before) subjecting
the tubular system to one or more drugs that may pose risks, especially in the context of
declining renal function. The probenecid stress test can also be used as a novel clinical test
to measure tubular secretion relative to glomerular filtration rate. Finally, administration of
probenecid can also be useful for determining and following organic anion tubular function
responsiveness as CKD progresses.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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STUDY HIGHLIGHTS
What isthe current knowledge on the topic?

Probenecid is believed to inhibit three kidney proximal tubule transporters /7 vivo.
URAT1 mainly transports urate from the urine into the cell, while the basolateral
uptake transporters, OAT1 and OAT3, regulate endogenous metabolism as evidenced by
alterations in OatZ and Oat3knockout mice.

What question did this study address?

What alterations in metabolism does probenecid cause, presumably by drug-metabolite
interactions (DMI), and are they occurring at the level of OAT1, OAT3, or URAT1?

What does this study add to our knowledge?

We have identified /n vivo DMI potential endogenous biomarkers for OAT1 and OAT3,
as well as potential biomarkers for more general tubular function. We also propose a
“probenecid stress test” to assess tubular function.

How might this change clinical phar macology or trandational science?

These findings could prove helpful in drug development, and in assessing a patient’s
tubular function in acute kidney injury and chronic kidney disease. We have also shown
that a drug that is considered quite safe nonetheless leads to hundreds of simultaneous
drug-metabolite interactions and suspect this to be the case for other drugs, which could
explain some drug side effects or adverse drug reactions.
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Probenecid inhibits the function of URAT1 on the apical membrane of the proximal tubule.
Unfiltered probenecid goes through the peritubular capillaries and inhibits the function of

OAT1/OATS.
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Figure 2: Probenecid treatment alter sthe plasma metabolome.
A) Probenecid levels in the plasma were significantly elevated 5 hours after oral

dosage in all participants. B) Principal component analysis (PCA) reveals separation
between pre and post treatment with probenecid plasma metabolomes. C) Hundreds of
metabolites were significantly altered (elevated and decreased) following treatment with
probenecid. D) Among the significantly elevated metabolites, 21 subpathways with at

least 5 metabolites were enriched, including subpathways traditionally associated with OAT-
mediated transport (Primary Bile Acid Metabolism, Phenylalanine Metabolism, Tyrosine
Metabolism, Tryptophan Metabolism, etc.).
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Figure 3: Probenecid treatment altersthe urine metabolome.
A) Probenecid levels in the urine were significantly elevated 5 hours after oral dosage

in all participants. B) Principal component analysis reveals separation between pre and

post treatment with probenecid urine metabolomes. C) Hundreds of metabolites were
significantly altered following treatment with probenecid, with most being decreased. D)
Among the significantly decreased metabolites, 23 subpathways with at least 5 metabolites
were enriched, including subpathways traditionally associated with OAT-mediated transport
(Secondary Bile Acid Metabolism, Tryptophan Metabolism, Phenylalanine Metabolism,
etc.).
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Figure 4: Metabolites elevated in the plasma and decreased in theurine arelikely OAT1/3
substrates.

Metabolites were further filtered by fold change criteria, with only plasma metabolites

1duosnue Joyiny

with fold changes over 1.25 and urine metabolites with fold changes under 0.80 included.
Overall, 97 metabolites fit these criteria, with 40 having known chemical structures. 34 of
these 40 compounds had a total negative charge, and many were also supported by existing
in vitro data (Table S3).
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Figure 5: Presumed inhibition of uratereuptaketransporters such as URAT 1 led to a specific
drug-metabolite interaction between probenecid and urate.

A) Urate was the only metabolite to be significantly decreased in the plasma (fold change

< 0.8) and increased in the urine (fold change > 1.25) with more selective fold change
criteria. B) The chemical structure for urate. C) Urate levels were significantly decreased in
the plasma following treatment with probenecid (p-value: 1.20E-10, fold change: 0.606). D)
Urate levels were significantly increased in the urine following treatment with probenecid
(p-value: 0.008, fold change: 1.705).
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Figure 6: Multiple metabolites suggested to be OAT substrates are supported by in vivo Oatl and

Oat3 knockout mice.

Twenty-five metabolites elevated in the probenecid-treated human plasma, decreased in
the probenecid-treated urine, and elevated in one or both knockout mice. Twenty of these
metabolites had associated chemical structures. Fifteen (13 with chemical structures) were
common to both knockout mice, while 6 (3 with chemical structures) were unique to the
Oat1 knockout mice, and 4 were unique to the Oat3 knockout mice.
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