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Abstract: Organic anion transporters (OATs) 1 and 3 are,
besides being uptake transporters, key in several cellular metabolic pathways. The underlying mechanisms are
largely unknown. Hence, we used human conditionally
immortalized proximal tubule epithelial cells (ciPTEC)
overexpressing OAT1 or OAT3 to gain insight into these
mechanisms. In ciPTEC-OAT1 and -OAT3, extracellular lactate levels were decreased (by 77% and 71%, respectively),
while intracellular ATP levels remained unchanged, suggesting a shift towards an oxidative phenotype upon
OAT1 or OAT3 overexpression. This was confirmed by
increased respiration of ciPTEC-OAT1 and -OAT3 (1.4-fold),
a decreased sensitivity to respiratory inhibition, and characterized by a higher demand on mitochondrial oxidative
capacity. In-depth profiling of tricarboxylic acid (TCA)
cycle metabolites revealed reduced levels of intermediates
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converging into α-ketoglutarate in ciPTEC-OAT1 and
-OAT3, which via 2-hydroxyglutarate metabolism explains
the increased respiration. These interactions with TCA
cycle metabolites were in agreement with metabolomic
network modeling studies published earlier. Further studies using OAT or oxidative phosphorylation (OXPHOS)
inhibitors confirmed our idea that OATs are responsible
for increased use and synthesis of α-ketoglutarate. In conclusion, our results indicate an increased α-ketoglutarate
efflux by OAT1 and OAT3, resulting in a metabolic shift
towards an oxidative phenotype.
Keywords: α-ketoglutarate; cellular energy metabolism;
OAT1; OAT3; renal proximal tubule epithelial cells; TCA
cycle.

Introduction
Renal excretion of organic anions is mainly mediated
via organic anion transporters 1 and 3 (OAT1, SLC22A6;
and OAT3, SLC22A8), both members of the solute carrier
22 (SLC22) subfamily of membrane transporters, that are
localized to the basolateral side of proximal tubule epithelial cells (PTEC). OAT1 and OAT3 share common endogenous and exogenous substrates, while some differences in
substrate affinity have been found. In general, OAT1 translocates smaller organic anions while OAT3 handles bulkier
and more hydrophobic substrates (Eraly et al., 2006;
Wikoff et al., 2011; Wu et al., 2013, 2017; Bush et al., 2017).
To fulfill the high ATP demand required for active
uptake and efflux of various endogenous and exogenous compounds, renal proximal tubular cells are rich
in mitochondria that tightly control their energetic state
(O’Connor, 2006; Pagliarini et al., 2008). ATP is mainly
produced via the tricarboxylic acid (TCA) cycle and oxidative phosphorylation (OXPHOS), a process that is executed
by the concerted action of five multiprotein complexes.
Complex I to IV are part of the electron transport system
(ETS) and complex V functions as ATP synthase.
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OAT1 and OAT3 are antiporters that mediate organic
anion uptake in exchange for intracellular dicarboxylates,
in particular the TCA cycle metabolite α-ketoglutarate
(Shimada et al., 1987; Pritchard, 1988; Kaufhold et al.,
2011). Dicarboxylates are derived from intracellular pools
and via extracellular uptake through the sodium-dicarboxylate co-transporter 3 (NaDC3, SLC13A3). In turn,
NaDC3 is dependent on the sodium-potassium gradient maintained by Na+,K+-ATPase. In agreement with the
close connection between TCA cycle metabolites and OAT
function, inhibition of mitochondrial complex III by antimycin A and the consequent depletion of intracellular
levels of α-ketoglutarate, resulted in decreased uptake of
p-aminohippurate (PAH), a prototypical organic anion, in
opossum kidney (OK) PTEC (Nagai et al., 1998).
To investigate further the relation between OAT1
and cellular metabolism, whole body oxygen consumption and CO2 production was measured in Oat1-deficient
mice, but no differences were observed (Eraly et al., 2006).
These mice did, however, demonstrate higher urinary concentrations for α-ketoglutarate. Metabolic network-based
predictions using transcriptomic and metabolomic data of
these mice suggested a central role of OAT1 in several metabolic pathways, including the TCA cycle, and the biosynthesis of amino acids, fatty acids, prostaglandins, cyclic
nucleotides, and vitamins (Ahn et al., 2011; Liu et al.,
2016). While this suggests a strong link between OAT1
and energy metabolism in PTEC, this association is less
clear for OAT3, which appears to be important in systemic
metabolism modulating metabolite levels of flavonoids
and bile acids (Bush et al., 2017). These metabolomics and
pathway analyses in knockout models proposed an important role of OAT1 and OAT3 in metabolic pathways, besides
their pivotal role in xenobiotics transport.
Recently, human conditionally immortalized PTEC
(ciPTEC) models overexpressing OAT1 (ciPTEC-OAT1)
or OAT3 (ciPTEC-OAT3) have been established (Wilmer
et al., 2010; Nieskens et al., 2016). Stable expression
and function have been demonstrated, as well as their
use in nephrotoxicity screening (Nieskens et al., 2016;
Fedecostante et al., 2018; Suter-Dick et al., 2018; Vriend
et al., 2018). The availability of these cellular models now
allows investigation of the direct effects both transporters exert on mitochondrial function. Therefore, this study
aims to compare OXPHOS-mediated energy metabolism
in ciPTEC-OAT1 and -OAT3 with ciPTEC-parent, used as
isogenic controls, and to examine the correlation between
levels of TCA cycle metabolites and organic transport
activity in vitro. Hence, we expect to provide enhanced
mechanistic insight into the proposed link between OAT1
and OAT3 and energy metabolism.

Results
To examine the effects of OAT1 and OAT3 on the cellular
metabolic phenotypes, we first determined intracellular
ATP and extracellular lactate concentrations. Intracellular
ATP levels, measured in fully matured monolayers of all
three cell lines, were found to be comparable (Figure 1A).
Extracellular lactate levels were, however, significantly
decreased in ciPTEC-OAT1 and -OAT3 compared to ciPTECparent by 77 ± 7% and 71 ± 3%, respectively (Figure 1B),
suggesting decreased glycolytic activity. Under glycolytic
conditions, intracellular pyruvate levels can increase
and be converted via lactate dehydrogenase (LDH) to
lactate, which is subsequently excreted from the cell. To
further investigate such a shift of the cellular metabolic
phenotype from the glycolytic phenotype in ciPTEC-OAT1
and -OAT3, we measured basal oxygen consumption,
corrected for non-cellular respiration (Figure 1C). The
observed increased respiratory rates in ciPTEC-OAT1 and
-OAT3 (both 1.4 ± 0.1-fold) as compared to ciPTEC-parent
(Figure 1C), is in line with the idea that metabolism is
shifted towards a more oxidative phenotype.
This increased oxidative phenotype was investigated
further upon exposure to antimycin A, a known inhibitor
of OXPHOS complex III (Brandt et al., 1988). No significant differences were observed in response to OXPHOSinhibition by antimycin A, as demonstrated by similar
IC50 values (Table S1). Either direct (10 nm) or prolonged
(10 nm, 24 h) exposure to antimycin A was sufficient to
fully inhibit cellular respiration in all three cell lines
(Figure S1A, B), which is in line with earlier observations in ciPTEC-parent (Peters et al., 2017). To exclude
any cytotoxic effects of the prolonged antimycin A exposure, we assessed cell viability after a 24-h exposure to
a 1000-times higher antimycin A (10 μm) concentration.
Cell viability was comparable to vehicle and thus no
cytotoxic effects were expected up to 10 μm antimycin A
(Figure S1C). To confirm inhibition of cellular respiration
upon antimycin A exposure, gene expression of hypoxiainducible factor 1-alpha (HIF1α) was measured, which
was strongly upregulated after a 24-h exposure to 10 nm
antimycin A in all cell lines (Figure S1D).
Next, we used this antimycin A-inhibited state,
in which the contribution of cellular respiration is
excluded, to get a better understanding of the mechanism by which OAT1 and OAT3 affect the metabolic phenotype. All three cell lines were exposed to antimycin A
(0.05–15 nm, 24 h), which dose-dependently decreased
ATP levels (66 ± 11%) compared to vehicle at concentrations starting from 5 nm in ciPTEC-parent (Figure 1D). In
contrast, ATP levels in ciPTEC-OAT1 and -OAT3 remained
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Figure 1: Overexpression of OAT1 and OAT3 resulted in a more oxidative phenotype.
(A) Total levels of intracellular ATP and (B) extracellular lactate, as measure for glycolytic activity, in ciPTEC-parent, -OAT1 and -OAT3. (C)
Basal oxygen consumption, corrected for non-cellular respiration, was increased in ciPTEC-OAT1 and -OAT3, suggesting a shift of cellular
metabolic phenotype from a glycolytic towards a more oxidative phenotype. Upon exposure to antimycin A (0.05–15 nm, 24 h), (D)
normalized levels of intracellular ATP decreased in ciPTEC-parent, but not in ciPTEC-OAT1 and -OAT3. (E) Extracellular levels of lactate were
strongly increased in ciPTEC-OAT1 and -OAT3. Statistical analysis for cell line comparison (A, B and C): **p < 0.01 compared to ciPTECparent. Statistical analysis for antimycin A exposure (D and E), significant differences of means were compared using two-way ANOVA
followed by Bonferroni’s post-hoc tests, unless indicated otherwise: *p < 0.05 compared to corresponding vehicle, **p < 0.01 compared to
corresponding vehicle, ***p < 0.001 compared to corresponding vehicle.

largely similar compared to vehicle (Figure 1D). In addition, lactate levels increased upon exposure to antimycin A, indicating a shift towards anaerobic metabolism
(Figure 1E). At 5 nm antimycin A, this increase in lactate
was, however, highly elevated in ciPTEC-OAT1 and -OAT3
compared to vehicle (3.8 ± 0.8-fold and 3.3 ± 0.5-fold,
respectively) and less in ciPTEC-parent (2.0 ± 0.2-fold).
The combination of stable ATP levels and increased
lactate levels could be indicative of a compensatory
increase of the glycolytic flux as observed previously
(Liemburg-Apers et al., 2015). The increased capacity of
ciPTEC-OAT1 and -OAT3 to enhance the glycolytic flux is
in agreement with the previously observed high extracellular lactate levels in ciPTEC-parent (Figure 1B). This
could indicate that the glycolytic flux in these cells is
already maximal whereas ciPTEC-OAT1 and -OAT3 have
glycolytic spare capacity under basal (i.e. non-inhibited)
conditions. This confirms our idea that both ciPTECOAT1 and -OAT3 undergo a metabolic shift towards a
more oxidative phenotype.
To examine whether the oxidative phenotype was
associated with an increased capacity of the electron
transferring chain (complexes I–IV), we measured the
maximal respiratory capacity of the mitochondrial ETS.

Therefore, we first inhibited complex V using oligomycin
A, which indicated that the proton leakage (LEAK) from
the mitochondrial matrix into the intermembrane space
is not different between the three cell lines (Figure 2A).
Subsequent titration with the uncoupling agent carbonyl
cyanide-4-(trifluoromethoxy)phenylhydrazone
(FCCP)
demonstrated a similar FCCP sensitivity (Figure S2) and
maximal respiratory capacity of the mitochondrial ETS
(Figure 2B). This indicates that the increased oxidative
phenotype of the ciPTEC-OAT1 and -OAT3 is possibly due
to an increased use of the mitochondrial respiratory capacity (Figure 2C), illustrated by a trend towards decreased
respiratory reserve capacity in ciPTEC-OAT1 and -OAT3
(47 ± 22% and 58 ± 10%, respectively) compared to ciPTECparent (65 ± 16%).
Mitochondrial coupling was stable in all cell lines
(Figure 2D), as demonstrated by a comparable mitochondrial membrane potential, visualized by the cationic dye
tetramethylrhodamine methyl ester (TMRM). Citrate synthase activity, as measure for mitochondrial content, was
determined to confirm that the mitochondrial capacity
was unchanged. Indeed, similar activity could be observed
in all cell lines, indicating a comparable mitochondrial
content in ciPTEC-parent, -OAT1 and -OAT3 (Figure 2E).
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Figure 2: Increased use of mitochondrial respiratory capacity in ciPTEC-OAT1 and -OAT3.
(A) Oxygen consumption measured at proton leakage (LEAK) from mitochondrial matrix into intermembrane space and subsequent (B)
titration of FCCP to determine maximal respiratory capacity (ETS). Oxygen consumption at LEAK and ETS was similar in all cell lines. (C) Trend
towards decreased respiratory reserve capacities in ciPTEC-OAT1 and -OAT3, possibly indicating increased use of mitochondrial respiratory
capacity. (D) Mitochondrial coupling stable in all cell lines, as indicated by a comparable mitochondrial membrane potential visualized by
the cationic dye TMRM. (E) Citrate synthase activity, as measure for mitochondrial content, showed similar activities in all cell lines.

To better understand the mechanisms underlying the
crosstalk between OAT1 or OAT3 and mitochondrial respiratory rates, we measured TCA cycle metabolites, which
have previously been found to be affected in Oat1- or Oat3deficient mice (Eraly et al., 2006; Wu et al., 2013; Liu et al.,
2016). Cellular steady-state levels of TCA cycle metabolites
in ciPTEC-parent, -OAT1 and -OAT3 were measured using
semi-quantitative liquid chromatography-tandem mass
spectrometry (LC-MS/MS) (Figure 3). Interestingly, levels of
α-ketoglutarate, a high affinity substrate of OAT1 and OAT3
(Kaufhold et al., 2011), were not significantly decreased
(Figure 3B). However, levels of citrate and cis-aconitate,
precursors of isocitrate, were decreased in ciPTEC-OAT1
and -OAT3 (Figure 3F, G), and isocitrate itself was significantly lower in ciPTEC-OAT3 (Figure 3H). As all three
metabolites are consecutive precursors of α-ketoglutarate
in the TCA cycle, this hints towards an increased flux into
α-ketoglutarate. This notion is confirmed by the strongly
decreased 2-hydroxyglutarate levels in ciPTEC-OAT1 and
-OAT3 (Figure 3C), as this metabolite can also be converted into α-ketoglutarate via α-hydroxyacid dehydrogenase (Struys et al., 2007). The latter conversion could also
be linked to the increased respiratory rates observed in
ciPTEC-OAT1 and -OAT3 (Figure 1C), as electrons released
can be transferred to electron-transferring flavoproteins
(Engqvist et al., 2014). This can, subsequently, transfer the
electrons to coenzyme Q10 via electron-transferring flavoprotein dehydrogenase, resulting in an increased reduced
status of the coenzyme Q10 pool.

The increased efflux of α-ketoglutarate via OAT1 and
OAT3 could explain the suggested increased synthesis
of α-ketoglutarate in ciPTEC-OAT1 and -OAT3. A similar
effect could be observed for succinate, a low affinity
substrate of OAT1 and OAT3, as lower levels were found
both in ciPTEC-OAT1 and -OAT3, but levels were only significantly reduced in ciPTEC-OAT1 (Figure 3D). Notably,
the observed increased synthesis of α-ketoglutarate corresponds to the interaction of TCA cycle metabolites with
OAT1 and OAT3 as described in vivo and in metabolic
network modeling studies (Table 1). To further investigate
the role of the dicarboxylates measured here and to understand their origin (either from the TCA cycle or from extracellular sources), we assessed mRNA expression levels
of the dicarboxylate cotransporter NaDC3. Gene expression levels of NaDC3 were found to be low in all three cell
lines (Table S2), but a significantly higher expression was
found in ciPTEC-OAT1. Due to the low expression levels
of NaDC3, the measured TCA cycle metabolites most
likely originate directly from intracellular sources and
not from medium components. This favors our idea that
α-ketoglutarate produced by the TCA cycle is upregulated
to compensate for the increased efflux by OAT1 and OAT3.
To confirm that the effects on the various TCA cycle
metabolites are indeed due to OAT1 and OAT3 transport
function, we investigated the effect of OAT inhibition on
the levels of TCA cycle metabolites (Figure S3). Exposure of cells to the OAT inhibitor probenecid (100 μm,
24 h), led to decreased levels of α-ketoglutarate and
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Figure 3: Enhanced flux into α-ketoglutarate synthesis upon OAT overexpression.
(A) Levels of TCA cycle metabolites decreased compared to ciPTEC-parent, as indicated in this schematic overview. Levels of TCA cycle
metabolites were measured in ciPTEC-parent, -OAT1 and -OAT3 using semi-quantitative LC-MS/MS. Levels of (B) α-ketoglutarate,
(C) 2-hydroxyglutarate and (D) succinate were determined by addition of the corresponding stable isotope, levels of (E) pyruvate, (F) citrate,
(G) cis-aconitate, (H) isocitrate, (I) fumarate and (J) malate were determined related to these isotopes. Statistically significant compared to
ciPTEC-parent: *p < 0.05, **p < 0.01, ***p < 0.001.
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Table 1: Interactions of organic anion transporter 1 and 3 with TCA cycle metabolites and energy metabolism.
Model

Observed effect

Reference

Oat1-deficient mice

Increased urinary excretion of α-ketoglutarate, no
significant differences in plasma
Interactions of α-ketoglutarate and fumarate

Eraly et al., 2006

Interactions of pyruvate, citrate, isocitrate,
α-ketoglutarate, succinate, fumarate and malate
No significant changes in levels of α-ketoglutarate
in plasma and urine levels
Decreased urinary excretion of α-ketoglutarate and
citrate
No significant changes in plasma levels of TCA cycle
metabolites
Increased synthesis of α-ketoglutarate and
metabolic shift towards oxidative phenotype

Liu et al., 2016

Oat1-deficient mice and in vitro in Oat1-injected
Xenopus oocytes
Oat1-deficient mouse combined with in vitro
data
Oat3-deficient mice
Oat3-deficient mice
Oat3-deficient mice
Human ciPTEC-OAT1 and -OAT3

Ahn et al., 2011

Vallon et al., 2008
Wu et al., 2013
Bush et al., 2017
This study

ciPTEC, Conditionally immortalized proximal tubules epithelial cells; OAT1, organic anion transporter 1; OAT3, organic anion transporter 3;
TCA, tricarboxylic acid.

2-hydroxyglutarate in all three cell lines (Figure S3A, B),
despite the absence of OAT1 and OAT3 in ciPTEC-parent.
As this effect is observed in all cell lines it may relate to
off-target effects of probenecid, including inhibition of
mitochondrial metabolism (Masereeuw et al., 2000). In
general, however, OAT inhibition did not change TCA
cycle metabolite levels between ciPTEC-parent, -OAT1 and
-OAT3, suggesting that the change in TCA cycle metabolites observed in Figure 3 is inherently associated with the
stable expression of OAT1 or OAT3.
Inhibition of OXPHOS will increase levels of NADH
and other TCA cycle metabolites, which inhibits the TCA
cycle flux and thus α-ketoglutarate production. In addition, α-ketoglutarate is no longer consumed upon OXPHOS
inhibition. The resulting condition where α-ketoglutarate
is no longer produced and can only be used by OAT1 and
OAT3, would lead to further depletion of TCA cycle metabolites (i.e. α-ketoglutarate, citrate, cis-aconitate, isocitrate).
Indeed, antimycin A treatment (0.1–10 nm, 24 h) further
reduced levels of these TCA cycle metabolites (Figure 4).
Levels of α-ketoglutarate were lower in ciPTEC-parent as
compared to ciPTEC-OAT1 and -OAT3 (Figure 4B). In comparison to the situation without antimycin A (Figure 3B),
this could mean that α-hydroxyacid dehydrogenase was
unable to donate its electrons to the electron-transferring
flavoproteins due to OXPHOS inhibition, resulting in
higher levels of 2-hydroxyglutarate in ciPTEC-OAT1 and
-OAT3.
Interestingly, the strong decline of TCA cycle metabolites also observed in ciPTEC-parent may have been due
to depletion of most of the metabolites, which efficiently
converged into increased succinate levels (Figure 4D).
A similar effect could also explain the decreased levels

of fumarate and malate in ciPTEC-parent and -OAT1
(Figure 4I, J). It is important to note that the response to
antimycin A was similar in ciPTEC-parent and -OAT1, but
not in ciPTEC-OAT3 (Figure 4). Levels of pyruvate were
not decreased in ciPTEC-OAT3 (Figure 4E), whereas levels
of 2-hydroxyglutarate increased (Figure 4C). Furthermore,
levels of α-ketoglutarate, fumarate and malate were slightly
decreased in ciPTEC-OAT3 compared to vehicle, but higher
compared to ciPTEC-parent (Figure 4B, I, J). Together,
this indicates that levels of TCA cycle metabolites were
less affected by inhibition of mitochondrial respiration in
ciPTEC-OAT3 compared to ciPTEC-parent and -OAT1.
In line with the largely depleted α-ketoglutarate levels
in all cell lines (Figure 4B) and the indication that this is
due to increased α-ketoglutarate efflux, OAT1 and OAT3
transport function should also be largely inhibited upon
OXPHOS inhibition. Therefore, uptake of fluorescein,
a fluorescent organic anion and substrate of OAT1 and
OAT3, was measured after inhibition of cell respiration
using mitochondrial inhibitors antimycin A (0.1–10 nm),
rotenone (1–200 nm) and myxothiazol (0.1–100 nm) for
24 h (Figure 5A–C). Organic anion transport was markedly
reduced upon exposure to antimycin A, rotenone and myxothiazol in both ciPTEC-OAT1 and -OAT3. Direct competition between the mitochondrial complex inhibitors and
fluorescein for uptake could be excluded (Figure 5D– F).
Inhibitory potencies of the mitochondrial complex inhibitors used on fluorescein uptake (Table S3) were in a
similar range as found for the effect on cellular respiration
in ciPTEC-OAT1 and -OAT3 (Figure S4, Table S1, S4). Interestingly, the mitochondrial complex III inhibitor myxothiazol had a more potent inhibitory effect on fluorescein
uptake via OXPHOS inhibition in ciPTEC-OAT1 compared
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Figure 4: Depletion of TCA cycle metabolites upon inhibition of OXPHOS.
Upon exposure to antimycin A (0.1–10 nm, 24 h) (A) levels of TCA cycle metabolites were depleted and converged into succinate compared
to vehicle, as indicated in this schematic overview. Levels of TCA cycle metabolites were measured in ciPTEC-parent, -OAT1 and -OAT3
using semi-quantitative LC-MS/MS. Levels of (B) α-ketoglutarate, (C) 2-hydroxyglutarate (D) succinate were quantified via addition of the
corresponding stable isotope. Levels of (E) pyruvate, (F) citrate, (G) cis-aconitate, (H) isocitrate, (I) fumarate and (J) malate were determined
related to these isotopes. (B-J) Levels of TCA cycle metabolites are presented as fold difference versus vehicle. Significant differences
of means were compared using two-way ANOVA followed by Bonferroni’s post-hoc tests. ap < 0.05 compared to ciPTEC-parent in same
condition, bp < 0.05 compared to corresponding vehicle.
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Figure 5: Reduced activity of OAT1 and OAT3 upon inhibition of OXPHOS.
Transport activity determined using fluorescein for ciPTEC-OAT1 (1 μm) and -OAT3 (3 μm), after 24 h exposure to mitochondrial inhibitors (A)
antimycin A (0.1–10 nm), (B) rotenone (1–200 nm) or (C) myxothiazol (0.1–100 nm). Dose-dependent decrease in fluorescein uptake. Direct
interaction of (D) antimycin A, (E) rotenone or (F) myxothiazol not observed, as determined in presence of these mitochondrial inhibitors at
fluorescein uptake.

to -OAT3 (Table S3). These results demonstrate an association between decreased organic anion transport activity
and decreased intracellular levels of α-ketoglutarate and
other TCA cycle metabolites in ciPTEC-OAT1 and -OAT3,
confirming our hypothesized interaction of the OATs and
the use of α-ketoglutarate.

Discussion
We demonstrated a shift of energy metabolism in ciPTEC
upon OAT1 and OAT3 overexpression towards a more
oxidative phenotype, as illustrated by the maintained
intracellular ATP levels, but decreased lactate levels compared to ciPTEC-parent. The notion of such a shift was
substantiated by elevated basal cellular respiration in
ciPTEC-OAT1 and -OAT3. Mitochondrial respiratory inhibition by antimycin A resulted in decreased ATP levels in
ciPTEC-parent, but not in -OAT1 and -OAT3. This clearly
indicates that ciPTEC-OAT1 and -OAT3 were more capable
of maintaining ATP production by increasing glycolysis,
as supported by elevated lactate levels. The maintained
intracellular ATP levels could be explained by a higher
steady-state glucose uptake and subsequent increased
glycolytic flux, as previously shown upon antimycin

A exposure in C2C12 myoblasts (Liemburg-Apers et al.,
2015). In-depth TCA metabolite profiling suggested an
increased flux into α-ketoglutarate in ciPTEC-OAT1 and
-OAT3, which can be linked to a more reduced status
of the coenzyme Q10 pool, resulting in higher respiratory rates (i.e. shift towards oxidative phenotype), as
schematically illustrated in Figure 6. Experiments using
OAT and OXPHOS inhibitors confirmed our idea of
increased α-ketoglutarate use and, as a result, increased
synthesis in OAT-expressing cells.
Organic anion transport in ciPTEC-OAT1 and -OAT3 was
impeded upon OXPHOS inhibition, which is in line with
a previous study in OK cells (Nagai et al., 1998). In our
study, antimycin A-induced inhibition of OXPHOS had a
similar effect on levels of TCA cycle metabolites in ciPTECparent and -OAT1, but not in ciPTEC-OAT3. However, the
reduced levels of most TCA cycle metabolites, such as
α-ketoglutarate, resulted in a starkly decreased uptake of
the organic anion fluorescein, in both ciPTEC-OAT1 and
-OAT3. Out of a selection of dicarboxylates, α-ketoglutarate
showed high affinity for both OAT1 and OAT3 (Kaufhold
et al., 2011). Here, we demonstrated that OAT1 activity, but
also OAT3 activity, were dependent on levels of TCA cycle
metabolites of which α-ketoglutarate seems to provide the
clearest association, while the exchange of α-ketoglutarate

J. Vriend et al.: Organic anion transporters influence energy metabolism

Figure 6: Expression of OAT1 and OAT3 increased the production of
α-ketoglutarate.
The TCA cycle and 2-hydroxyglutarate metabolism were increased
upon OAT1 and OAT3 expression in PTEC, which resulted in
a shift towards a more oxidative phenotype and enhanced
α-ketoglutarate production. 2-Hydroxyglutarate can be converted
into α-ketoglutarate via α-hydroxyacid dehydrogenase, thereby
releasing electrons. These electrons are transferred to coenzyme
Q10, via electron-transferring flavoproteins and electron-transferring
flavoprotein dehydrogenase, resulting in an increased reduced
status of the coenzyme Q10 pool and higher respiratory rates.
2OHG, 2-hydroxyglutarate; αKG, α-ketoglutarate; CI, complex I; CII,
complex II; CIII, complex III; CIV, complex IV; CV, complex V; cyt c,
cytochrome c; e−, electron; ETF, electron-transferring flavoprotein;
ETFDH, electron-transferring flavoprotein dehydrogenase; NaDC3,
sodium-dicarboxylate co-transporter 3; OA, organic anion; OAT1/3,
organic anion transporter 1/3; PTEC, proximal tubule epithelial cells;
Q, coenzyme Q10; TCA, tricarboxylic acid.

in OAT3-mediated organic anion uptake has been questioned before (Bush et al., 2017).
In Oat1-deficient mice, studies of metabolomics
revealed a higher urinary excretion of α-ketoglutarate,
whereas in Oat3-deficient mice a decreased excretion of
α-ketoglutarate was observed (Eraly et al., 2006; Wu et al.,
2013; Liu et al., 2016; Bush et al., 2017). Together, these
studies demonstrated a pivotal role of OAT1 in energy
metabolism in PTEC, while OAT3 was linked to systemic
metabolism, mostly in the gut-liver-kidney axis (Liu et al.,
2016; Bush et al., 2017). Our in vitro metabolomic data correlated with previous studies demonstrating interactions
of TCA cycle metabolites with the transporters, studied
in Oat1- or Oat3-deficient mice and metabolic reconstructions, as summarized in Table 1. However, these studies
focused on plasma and urine levels of metabolites and
did not provide information on their intracellular levels.
Hence, this study is the first to provide evidence that OAT1
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or OAT3 expression affects cellular energy metabolism
and synthesis of α-ketoglutarate.
Our work supports a mechanism in which overexpression of OAT1 or OAT3 induces a shift in cellular energy
metabolism via an increased metabolite synthesis towards
α-ketoglutarate. The role of OAT1 and OAT3 as key components in oxidative metabolism in PTEC has been proposed
by others (Eraly et al., 2003; Nigam et al., 2015) and confirmed in the current study. Previously, other intracellular
metabolic pathways have also been associated with OAT1
and OAT3 expression, including biosynthesis of amino
acids, fatty acids, prostaglandins, cyclic nucleotides and
vitamins (Wu et al., 2013; Liu et al., 2016; Bush et al.,
2017). The anabolic nature of these metabolic pathways
makes their contribution to the observed increased cellular respiration unlikely. These pathways could, however,
be changed to compensate for the more oxidative phenotype of the cell. Further studies are needed to investigate
whether these pathways are also affected in our ciPTECOAT1 -OAT3 cells and how alteration of these various metabolic pathways are associated with each other.
Taken together, this study underlines the important
role of organic anion transporters in renal cellular energy
metabolism. We demonstrated that energy metabolism
in PTEC in vitro is more dependent on OXPHOS in cell
lines overexpressing OAT1 or OAT3 compared to the isogenic control. Furthermore, transport activity of OAT1 and
OAT3 was impeded following OXPHOS inhibition, which
could be explained by depletion of TCA cycle metabolites. In conclusion, our results indicate an increased
α-ketoglutarate efflux by OAT1 and OAT3, resulting in a
metabolic shift towards an oxidative phenotype.

Materials and methods
Compounds and cell culture materials
All compounds used were purchased from Sigma Aldrich (Zwijndrecht, The Netherlands), unless otherwise stated. Cell culture plates
were obtained from Greiner Bio-one (Alphen aan den Rijn, The Netherlands).

Cell culture and exposures
Human ciPTEC-parent, ciPTEC-OAT1 and -OAT3 were obtained as
described previously (Wilmer et al., 2010; Nieskens et al., 2016).
Stable expression and functionality of OAT1 and OAT3 were demonstrated (Nieskens et al., 2016). Cells were cultured at 33°C and 5%
(v/v) CO2 to allow proliferation and were used from passage number
35–65 for experiments.
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Unless stated otherwise, ciPTEC-parent, -OAT1 and -OAT3 were
seeded in 96-well plates at 55 000, 63 000 or 82 000 cells/cm2, respectively. For cell proliferation, cells were incubated at 33°C and 5% (v/v)
CO2 for 1 day to activate the temperature-sensitive mutant of SV large
T antigen (SV40T). In order to differentiate the cells into an epithelial monolayer, cells were subsequently cultured for 7 days at 37°C
and 5% (v/v) CO2. Cells were cultured in Dulbecco’s Modified Eagle
Medium (DMEM HAM’s F12, Life Technologies, Paisley, UK) supplemented with 5 μg/ml insulin, 5 μg/ml transferrin, 5 μg/ml selenium,
35 ng/ml hydrocortisone (HC), 10 ng/ml epidermal growth factor
(EFG), 40 pg/ml tri-iodothyrine (I3), and 10% (v/v) fetal calf serum
(FCS, Greiner Bio-one), further referred to as PTEC complete medium.
Medium was refreshed every 1–2 days.
Stocks of antimycin A, rotenone and myxothiazol were dissolved in absolute ethanol (Merck, Amsterdam, The Netherlands).
Probenecid was dissolved in dimethyl sulfoxide (DMSO). Cisplatin
was dissolved in PTEC complete medium. Exposures to mitochondrial complex inhibitors antimycin A (0–10 μm), rotenone (0–0.2
μm) and myxothiazol (0–0.1 μm) or OAT-inhibitor probenecid (100
μm) were performed for 24 h on day 6 of maturation, as well for the
corresponding vehicles and medium controls. Concentrations of
DMSO or ethanol did not exceed 0.1% (v/v) or 0.2% (v/v), respectively. All experiments were performed on day 7 of maturation.

Levels of intracellular ATP and extracellular lactate
Exposures were performed as described above; exposure to cisplatin
(150 μm, 24 h) was used as a positive control. Supernatant from cells
was collected after 24 h of exposure and stored at −80°C until measurement. Intracellular ATP was measured immediately after exposures using the ATP bioluminescence assay kit CLS II (Roche, Almere,
The Netherlands) following the manufacturer’s protocol. Briefly,
after 24 h exposure boiling Tris-EDTA buffer [100 mm Tris, 4 mm EDTA
(Merck), pH 7.75] was added. Samples were incubated (5 min, 95°C)
and centrifuged (5 min, 16 200 g, 4°C). Samples were added to a white
96-well plate, diluted in Tris-EDTA buffer (1:1, v/v), 30 s after addition
of luciferase reagent (1:1, v/v) bioluminescence signal was measured
on a Victor X3 multiplate reader (Perkin Elmer, Waltham, MA, USA).
To measure extracellular lactate, samples were first diluted
(1:10 and 1:20, v/v) in MilliQ (MQ), 20 μl of the diluted samples were
added to a clear 96-well plate. A dilution series of D-L-lactic acid
(60%, w/w from syrup) was used as calibration curve. A mixture of
glycine (57 mm, Invitrogen, Landsmeer, The Netherlands), hydrazine
(145 mm) and NAD+ grade I (0.88 mm, Roche) at pH 9.5 was added to
the samples (1:8, v/v) so that total volume was 180 μl per well. Background absorbance was measured at 340 nm on a BioRad microplate
spectrophotometer (BioRad, Veenendaal, The Netherlands). Then,
20 μl of L-LDH (Roche) was added at a final concentration of 10 U/ml
and incubated for 1 h at room temperature. To determine final concentration of NADH formed, absorbance was measured at 340 nm,
and corrected for lactate present in cell culture medium. Levels of
ATP and lactate were corrected for mg cellular protein.

High-resolution respiration and citrate synthase activity
Cells were seeded at 55 000 or 40 000 cells/cm2 in T75 cell culture
flasks for cellular respiration measurements and determination of
citrate synthase activity. Respiration was measured in thermostated

(37°C) chambers of an Oxygraph-2k provided with Datlab 5 recording
and analysis software (Oroboros Instruments, Innsbruck, Austria),
using 2.0 * 106 cells per chamber. After a stable level of basal respiration was determined (10 min), LEAK from the mitochondrial matrix
and respiration at resting level were assessed using complex V inhibitor oligomycin (1 μg/ml). To stimulate uncoupling and to determine
maximal capacity of the ETS, a titration was performed using 0.05 μm
FCCP per step.
Titrations with rotenone, myxothiazol or antimycin A were performed after reaching stable basal respiration (10 min), titrations
with rotenone, myxothiazol or antimycin A were performed until
complete inhibition of respiration was observed. For 24 h respiration,
cells were treated with antimycin A (10 nm) or corresponding vehicle.
Stable basal respiration was determined (10 min).
After all experiments, non-cellular respiration was measured
after inhibiting complex I using a final concentration of 0.5 μm rotenone and by inhibiting complex III using a final concentration of
2.5 μm antimycin A.
Citrate synthase activity was measured to determine mitochondrial mass per cell line. Per cell line, 2.0 * 106 cells were harvested and
stored at −80°C until further processing. Cell pellet was resuspended
in 100 μl ice-cold Tris-HCl (Invitrogen, Carlsbad, CA, USA) buffer
(10 mm pH 7.6) and pottered. Homogenate was added to a new vial
with sucrose (Acros Organics, Bleiswijk, The Netherlands) (250 mm)
and was centrifuged (10 min, 600 g, 4°C) to remove cell debris. Supernatant was collected, subsequently centrifuged (10 min, 14 000 g,
4°C) to isolate mitochondrial fraction and resuspended in 150 μl TrisHCl. Citrate synthase activity was measured spectrophotometrically,
as earlier described (Janssen et al., 2006).

Cell viability and mitochondrial membrane potential
Cells were seeded in black/clear flat bottom 96-well plates (Corning,
Amsterdam, The Netherlands), cultured and exposed as described
already. For cell viability, nuclei, necrotic and apoptotic cells were
stained for 20 min at 37°C using Hoechst33342 (20 μg/ml, Life Technologies), propidium iodide (1 μg/ml) and YO-PRO-1 (2 μm, Life Technologies), respectively. Images were acquired using a 10 × objective
Becton Dickinson (BD) Pathway 855 high-throughput microscope (BD
Bioscience, Breda, The Netherlands). Images were analyzed using Fiji
(version 1.51n) (Schindelin et al., 2012). Hoechst images were counted
and then used as mask to determine propidium iodide and YO-PRO-1
positive cells. Cell viability was calculated as percentage of propidium
iodide and YO-PRO-1-stained cells compared to total nuclei count.
To determine mitochondrial membrane potential, cells were
stained with 25 nm TMRM (Life Technologies) and Hoechst33342 (20
μg/ml) for 30 min at 37°C. Images were acquired using a 40× objective
on a BD Pathway 855. TMRM images were corrected for background
and uneven illumination and were then analyzed by masking a binarized image for mitochondrial area using Image Pro Plus 6.3 software
(Media Cybernetics, Silver Spring, MD, USA), as previously described
(Koopman et al., 2005).

Gene expression
CiPTEC-parent, -OAT1 and -OAT3 were seeded in 6-well plates at
60 000, 55 000 or 32 000 cells/cm2, respectively. RNA extraction
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was performed using the RNeasy Mini Kit (Qiagen, Venlo, The Netherlands). Complementary DNA (cDNA) was obtained via Moloney
Murine Leukemia Virus (M-MLV, Invitrogen) reverse transcriptase
following the manufacturer’s protocol. Gene expression levels of
GAPDH (hs99999905_m1), HPRT1 (hs02800695_m1), HIF1α (HIF1A,
hs00153153_m1) and SLC13A3 (hs00955744_m1) were quantified
using gene-specific primer-probe sets and TaqMan Universal polymerase chain reaction (PCR) Master mix from Applied Biosystems
(Bleiswijk, The Netherlands). Quantitative PCR reactions were measured using CFX96-Touch Real-Time PCR System (BioRad) and analyzed with BioRad CFX Manager (version 3.1). GADPH was used as a
reference gene.

TCA cycle metabolites
Levels of TCA cycle metabolites were determined using semi-quantitative LC-MS/MS. Cells (6-well plates) were exposed to antimycin
A or probenecid, washed twice with ice-cold Hanks’ Balanced Salt
Solution (HBSS, Life Technologies) and incubated with 1 ml absolute methanol (LC-MS grade) (Boom, Meppel, The Netherlands) for
5 min on ice. Cells were harvested using a plastic scraper, samples
were centrifuged (10 min, 1500 g, 4°C), and supernatant was collected and stored at −80°C until measurement. Prior to measurement, methanol was evaporated. The extracts were redissolved by
adding 20 μl of 4% (w/w) formic acid, 100 μl of d4-α-ketoglutarate
(Cambridge Isotope Laboratories, Buchem, Apeldoorn, The Netherlands) (2 μm in H2O), 10 μl of 13C5-2-hydroyxglutarate (Chiralix,
Nijmegen, The Netherlands) (9 μm in H2O) and 50 μl of d4-succinate
(Cambridge Isotope Laboratories) (3 μm in H2O) and passed through
a 30 kDa centrifugal filter (30 min, 14 000 g, 15°C). Five microliters
of the filtrate were injected into the HPLC-MS/MS system consisting
of a Waters I-Class Acquity (Breda, The Netherlands) fitted with a
peek-lined InertSustain AQ-c18 (GL Sciences, Eindhoven, The Netherlands) (2.1*100 mm dp 3 μ) column connected to a Waters Xevo
TQSμ mass spectrometer. The column was run at 40°C in gradient
mode using 0.5% (v/v) acetic acid in H2O and acetonitrile (VWR,
Amsterdam, The Netherlands), with initial conditions 100% acetic
acid (0.5%, v/v) in H2O at 250 μl/min. The column flow was directed
to the Xevo TQSμ fitted with an electrospray ionization probe operating in the negative mode at unit resolution. The capillary voltage
was set at 0.6 kV. The temperature settings for the source and ion
block were 550°C and 150°C, respectively. As a drying gas nitrogen
was used at a flow rate of 800 l/h. The cone gas flow was set at 50
l/h. The collision cell was operated with argon as the collision gas
at a pressure of 0.35 Pa. An area response of the TCA cycle metabolites of interest was recorded using retention time depending
multiple reaction monitoring (MRM) transitions. α-Ketoglutarate,
2-hydroxyglutarate and succinate were quantified using their added
corresponding stable isotope. The other TCA cycle metabolites,
lacking an added stable isotope, could not be quantified. Their area
response was merely normalized and reported in arbitrary units. All
levels were corrected for mg cellular protein.

Fluorescein uptake
Activity of OAT1 and OAT3, in ciPTEC-OAT1 or -OAT3, was measured
as previously described (Nieskens et al., 2016). Cells were exposed to
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fluorescein for OAT1 (1 μm) and OAT3 (3 μm) after exposure (direct or
24 h) to mitochondrial complex inhibitors.

Data and statistical analysis
Statistical tests were performed using GraphPad Prism version 5.03
(San Diego, CA, USA). Data is presented as mean ± SEM of at least
three independent experiments (n = 3). Unless stated otherwise,
means were considered to be statistically significant different if
p < 0.05 using one-way analysis of variance (ANOVA) followed by
Dunnett’s multiple comparison post-hoc test. For fluorescein uptake
and respiration titration of mitochondrial inhibitors, after background subtraction, data was normalized to activity of untreated
control cells or basal respiration, respectively. Inhibition curves were
plotted as log (concentrations of mitochondrial complex inhibitor)
versus fluorescein uptake or respiration in GraphPad Prism. Data was
fitted with non-linear regression with variable slope constraining the
bottom to >0.
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