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Abstract. Primary cultures of rabbit renal proximal tubule cells
grown under improved culture conditions were used to study
the transepithelial transport of the nephrotoxic mycotoxin ochratoxin A. The basal-to-apical transepithelial flux, i.e., secretion, of this fluorescence organic acid was measured in primary
cultures of rabbit renal proximal tubule cells. The basal-toapical flux of ochratoxin A increased with time and reached a
steady state after 12 h. On the other hand, the apical-to-basal
flux, i.e., reabsorption, of ochratoxin A was minimal over time.
The secretory flux of ochratoxin A was as much as eightfold
greater than the reabsorptive flux, indicating that net secretion
is the primary mechanism for ochratoxin A clearance by the
proximal tubule. The kinetic analysis of ochratoxin A flux
revealed secretion to be a saturable and very high-affinity
process with an apparent K50 of 0.33 6 0.21 mM. A saturating
concentration of the prototypical organic anion substrate paraaminohippurate (PAH) reduced ochratoxin A secretion by ap-

proximately 75%. The kinetic analysis of PAH inhibition of
ochratoxin A secretion revealed an IC50 of 195 mM, which is
similar to the IC50 for PAH inhibition of peritubular ochratoxin
A uptake in tubule suspensions and the Km values for peritubular PAH uptake. The organic anions probenecid, octanoate,
and a-ketoglutarate reduced ochratoxin A excretion to the
same degree as PAH, whereas the amino acid phenylalanine
had a minimal effect on ochratoxin A secretion. Thus, collectively, these observations indicate that the secretion of ochratoxin A in primary cultures of rabbit renal proximal tubules is
limited to the organic anion secretory pathway. The high
affinity measured for the basal-to-apical flux of ochratoxin A
suggests that at concentrations typical of naturally occurring
exposures, transepithelial secretion by the organic anion transport pathway represents a significant avenue for excretion of
this mycotoxin by the renal proximal tubule.

Contamination of cereals and grains with Aspergillus and Penicillium fungi has resulted in the production of the mycotoxin
ochratoxin A (OTA) (1,2). This contamination with OTA has
been associated with the induction of Balkan nephropathy in
humans and porcine nephropathy in domestic swine, as well as
carcinogenesis (2–4). The proximal tubule of the kidney is a
primary site targeted in OTA-induced nephrotoxicity (5). Secretion of organic anions is one mechanism used by the kidney to
remove endogenous metabolites, drugs, and potentially harmful
xenobiotics from the systemic circulation (6–8). This pathway
has broad substrate specificity, and, hence, interacts with a wide
variety of substrates. Although OTA also was shown to be a
substrate for the organic anion transporter in opossum kidney
(OK) cell cultures (9), apical transport pathways were found to
have a markedly greater affinity for this mycotoxin than the
basolateral PAH transporter. In vivo studies of OTA nephrotoxicity to rats showed that probenecid pretreatment potentiated OTA

toxicity (10), which led to the proposal that renal reabsorption was
more important in OTA pathogenesis. Thus, reabsorptive, rather
than secretory, pathways are suggested to be more important in
OTA accumulation and toxicity.
Recently, our laboratory demonstrated that the basolateral
membrane organic anion transport pathway is involved in OTA
accumulation by the renal cell (11). The affinity for peritubular
OTA transport measured in suspensions of rabbit renal proximal tubules (RPT) is among the highest reported (7), and is
substantially higher than the affinities for basolateral OTA
transport measured in OK cells and canine renal basolateral
membrane vesicles (9,12). However, organic anion transport in
the renal proximal tubule cell is a secretory process, involving
uptake across the basolateral membrane and exit across the
apical membrane. In the canine kidney, OTA has been shown
to interact with the organic anion transporter in both basolateral
and brush border membrane vesicles (12), which suggests that
OTA should be secreted. Although OTA uptake by the peritubular organic anion transport pathway in the intact rabbit RPT
has been demonstrated (11,13), the role of organic anion secretion in the elimination of this mycotoxin by the rabbit RPT
cell has not been clearly established.
The objectives of this study were to determine whether the
nephrotoxic mycotoxin OTA is secreted by the RPT and to
examine the role the organic anion transport system plays in
OTA secretion using primary cultures of rabbit RPT cells. In
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contrast to standard tissue culture systems, these cultures are
grown under improved culture conditions that result in the
retention of more in vivo-like RPT cell oxidative metabolism,
as reported previously by Nowak and Schnellmann (14 –16).
Our results show that organic anion secretion is the primary
pathway involved in OTA elimination by primary cultures of
rabbit RPT cells grown under these improved culture conditions and that renal reabsorption plays essentially a minimal
role in OTA accumulation.

Materials and Methods
Animals and Materials
New Zealand White rabbits of either gender were purchased from
Big D Rabbitry (Dade City, FL). OTA, probenecid, para-aminohippurate (PAH), octanoic acid (octanoate), piroxicam, DME-F12 culture
media, transferrin, hormones, deferoxamine and L-lactic acid were
purchased from Sigma Chemical Co. (St. Louis, MO). L-Ascorbic
acid-2-phosphate magnesium salt (AscP) was obtained from Wako
Bioproducts (Richmond, VA). Collagenase was purchased from
Worthington Biochemical (Freehold, NJ). All other chemicals were
purchased from standard sources as reported previously and were of
the highest quality available (14 –17).

Isolation of Proximal Tubules and Culture Conditions
Isolation and purification of rabbit RPT were based on the in vitro
perfusion with iron oxide as described previously (18). Renal proximal tubules were plated on 24-mm (4.7-cm2 surface area) TranswellClear polyester membranes inside a Transwell cell culture chamber
(Costar, Cambridge, MA) at 1 mg protein/insert, and 1.5 and 2.5 ml
of medium was added above and below the insert, respectively.
Cultures were grown in a serum-free 50:50 mixture of Dulbecco’s
modified Eagle’s essential medium and Ham’s F-12 nutrient mix
without phenol red, supplemented with 15 mM NaHCO3, 15 mM
Hepes, and 10 mM lactate (pH 7.4, 290 mosmol/kg H2O). Human
transferrin (5 mg/ml), selenium (5 ng/ml), hydrocortisone (50 nM),
bovine insulin (10 nM), and L-AscP (1 mM) were added to the
medium immediately before media change. Cells were cultured in a
humidified incubator under a 95% air/5% CO2 atmosphere at 37°C
and were constantly swirled on an orbital shaker (80 to 85 rpm) to
improve oxygenation of the media (14,15). Culture media were
changed 48 h after seeding and every day from then on with serum/
antibiotic-free culture medium. Renal proximal tubular cells grown to
confluence (days 4 to 5) were used for studies of OTA transport. For
transport studies, culture medium was removed and replaced with an
incubation medium containing (in mM): 110 NaCl, 25 NaHCO3, 5
KCl, 2 NaH2PO4, 1 MgSO4, 1.8 CaCl2, 10 sodium acetate, 8.3
D-glucose, 5 alanine, 0.9 glycine, 1.5 lactate, 1 malate, and 1 sodium
citrate (pH 7.4, 295 mosmol/kg). Because neither the transepithelial
fluxes of OTA nor its fluorescence were affected by the presence of
L-AscP, this agent was added to cultures during all transport measurements.

Measurement of Inulin Diffusion and Transepithelial
Resistance
The movement of FITC-conjugated inulin (FL-I) diffusion across
the monolayer was measured to evaluate monolayer permeability.
Culture medium was removed, and incubation medium containing 100
mM (final concentration) FL-I was added to the basal or apical
compartments and incubation medium alone was added to the opposite compartment. Cultures were incubated at 37°C as described
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above, and at timed intervals up to 4 h, aliquots (600 ml) were
removed from both compartments and FL-I fluorescence (excitation
nm 5 490; emission nm 5 520) was determined using a Hitachi
F2000 fluorescence spectrophotometer (Naperville, IL). Some fluorescence measurements were performed using a Molecular Devices
Fmax fluorescence microplate reader (Sunnyvale, CA), which only
required 100-ml sample aliquots to measure fluorescence. Differences
in calculated inulin diffusion were minimal between these fluorometers.
Before use for permeability or transport studies, monolayer integrity was evaluated by measuring transepithelial electrical resistance
with an EVOM epithelial voltohmmeter equipped with an Endohm
tissue resistance measurement chamber electrode (World Precision
Instruments, Sarasota, FL).

Measurement of Monolayer Viability
To determine monolayer viability, oxygen consumption by primary
RPT cell cultures was measured by gently detaching confluent monolayers from the inserts with a cell scraper. Cells were suspended in
culture medium, and oxygen consumption was measured with a Clarktype electrode as described previously (15). Final concentrations of
nystatin were 0.5 mg/ml.

Measurement of Transepithelial OTA Transport
The transepithelial transport of OTA was studied in confluent
cultures (days 4 to 5) as assessed by measurement of transepithelial
resistance. For transport studies, 2.5 ml of an incubation medium
containing OTA (5 mM) in the presence or absence of inhibitors of
organic anion transport was added to the basolateral side or apical
side, and OTA-free incubation buffer was added to the trans-compartment. Cultures were incubated in a humidified incubator under a
95% air/5% CO2 atmosphere at 37°C and were constantly swirled on
an orbital shaker (80 to 85 rpm). At timed intervals up to 4 h, 600-ml
aliquots of the OTA-free incubation medium were removed from the
trans-compartment and transferred to a Hitachi F2000 for measurement of OTA fluorescence (ex 375 nm, em 440 nm).
The kinetics of transepithelial OTA secretion was measured in
cultures incubated with increasing concentrations of OTA from 0.1 to
10 mM. After 2 h, a 100-ml aliquot of medium was removed from the
apical and basolateral compartments, and OTA fluorescence was
measured using the Fmax fluorescence microplate reader. Cultures
were incubated for 2 h in the presence of 5 mM OTA and increasing
concentrations of PAH (0 to 5000 mM) to examine the kinetics of
inhibition of OTA secretion by this prototypical organic anion substrate. The fluorescence of OTA accumulated in the apical compartment was measured as described.

Calculations of OTA Clearance
To compare transepithelial organic anion transport and fluoresceininulin diffusion, the transepithelial flux of these agents was expressed
as clearance units. The clearance is defined as the volume of medium
that is totally cleared of the test substrate at a time t, normalized to the
surface area (4.7 cm2) of the permeable membrane. The basal-toapical and apical-to-basal transepithelial fluxes of Fl-I, OTA, fluorescein were calculated and expressed as clearance by the following
equations:

C b2a 5

~ F a)(V a)
Fb

(1)
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where Cb 2 a is the clearance from the basal-to-apical side, Fa are
arbitrary fluorescence units/ml measured in the apical compartment,
Va is the volume of incubation medium, typically 1.5 ml, in the apical
compartment, and Fb are arbitrary fluorescence units/ml measured in
the basal compartment.

C a2b 5

~ F b!~ V b!
Fa

(2)

where Ca 2 b is the clearance from the apical-to-basal side, Fb are
arbitrary fluorescence units/ml measured in the basal compartment, Vb
is the volume of incubation medium, typically 2.5 ml, in the basal
compartment and Fa are arbitrary fluorescence units/ml measured in
the apical compartment. The clearance data were normalized to the
surface area of the Transwell culture membrane (4.7 cm2), and the
results were expressed as ml/cm2. All data, except those data expressing the kinetics of OTA secretion and inhibition of OTA secretion by
PAH, were corrected for paracellular leakage by subtracting inulin
diffusion from total OTA transport measured in separate cultures at
each examined time point.

Quantification of Fluorescence
To quantify OTA or fluorescein accumulation in the apical compartment for kinetic measurements, the concentration of OTA or
fluorescein (not corrected for paracellular leakage of fluoresceininulin) was calculated by comparing fluorescence intensity to a calibration curve generated when incubation buffer was spiked with
different known concentrations of the fluorescence substrate. OTA
and fluorescein fluorescence intensity were linearly correlated to OTA
concentration over a concentration range up to 10 mM OTA and 50
mM fluorescein. Apical OTA or fluorescein accumulation is expressed as nmol/cm2 per 2 h.

Statistical Analyses
Data are presented as mean 6 SEM. Each preparation of primary
cultures from a single rabbit represented a separate experiment. Data
from three to five separate experiments were compared for statistical
significance using ANOVA and a post hoc test with Fisher’s protected
least significant difference. P , 0.05 was considered significant.
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ygen consumption in primary cultures also is similar to the
values measured by Nowak and Schnellmann (14,15) for primary cultures of rabbit renal proximal tubule cells grown on
impermeable membranes (plastic). The paracellular flux of Fl-I
from the basal-to-apical compartments was minimal for as long
as 6 h between days 4 and 8 of culture (Figure 2). The
clearance of Fl-I was #2 and 3 ml/cm2 after 1 and 6 h,
respectively. The corresponding apical-to-basal ratios of Fl-I
(as arbitrary fluorescence units/ml) were 0.01 after 1 and 6 h as
well. Although not shown, the apical-to basolateral clearance
of Fl-I was similar to that measured for basal-to-apical clearance as shown in Figure 1.

Transepithelial Flux of OTA in Primary Cultures
The flux of OTA from the basal to the apical compartments
increased with time and was linear for 2 h (Figure 2). The
basal-to-apical transepithelial flux of OTA continued to increase over 4 h (Figure 2) and reached a steady state after
approximately 12 h (data not shown). The addition of 2 mM
probenecid or 2.5 mM PAH reduced the transepithelial flux of
OTA by approximately 80% after 2 and 4 h of incubation. The
apical-to-basal transepithelial flux of OTA was minimal during
the 4-h period and was similar to the basal-to-apical flux of
OTA measured in the presence of probenecid and PAH (Figure
2). The organic anions probenecid and PAH also reduced the
basal-to-apical transepithelial flux of the fluorescence organic
anion fluorescein (a substrate for the PAH pathway; [30]) by
approximately 80%, which was similar to the inhibition produced with OTA (Figure 3).

Kinetics of the Transepithelial Flux of OTA in Primary
Cultures
To evaluate the kinetics of the basal-to-apical transepithelial
flux OTA, the concentration-dependent basal-to-apical trans-

Results
Oxygen Consumption and Monolayer Integrity/
Confluence
At days 4 to 5 of growth, when primary cultures had reached
visible confluence as determined by phase contrast microscopy, transepithelial electrical resistance was measured to examine monolayer integrity. Intact monolayers, as viewed by
phase contrast, displayed an average resistance of approximately 110 V z cm2 before performing transport measurements.
The functional integrity and impermeability of the monolayers were examined by measuring cellular oxygen consumption
and inulin diffusion. Cultures grown in DME-F12 medium
supplemented with lactate, AscP, and shaking have been demonstrated to have improved physiologic functions such as oxygen consumption (14,15). The basal and nystatin-stimulated
oxygen consumption by primary cultures grown on Transwell
membranes is 23 6 0.88 and 31 6 2.0 nmol O2 z mg protein21
z min21, respectively, which is similar to the 17 6 0.6 and
25 6 0.8 nmol O2 z mg protein21 z min21 measured in freshly
isolated proximal tubule suspensions. The value for basal ox-

Figure 1. Basal-to-apical and apical-to-basal fluorescein-inulin flux
by monolayers of primary cultures of rabbit renal proximal tubule
(RPT) cells grown on Costar Transwell permeable membranes under
improved culture conditions as described in Materials and Methods.
The concentration of fluorescein-inulin added to the basal compartment was 100 mM. Values are the means 6 SEM for a representative
experiment.
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substrate studied. Kinetic data are expressed as the total basalto-apical flux of the measured substrate (OTA or fluorescein
where appropriate, including diffusional and/or paracellular
flux) expressed as nmol/cm2. As shown in Figure 4, the basalto-apical transepithelial flux of OTA was a saturable process
that can be adequately described by an equation of the same
form as that of Michaelis-Menten. This equation included a
saturable term and a second, first-order term:

J5

Figure 2. Time course of the transepithelial flux of ochratoxin A
(OTA) in the presence and absence of para-aminohippurate (PAH)
and probenecid by 4- to 5-d-old monolayers of primary cultures of
rabbit RPT cells. Each clearance value was corrected for the paracellular diffusion of fluorescein-inulin. Data are expressed as mean 6
SEM (n 5 3).

J max@ OTA #
1 D @ OTA #
K 50 1 @ OTA #

(3)

where J is the rate of OTA flux across the monolayer from an
extracellular concentration of [OTA] in the basal medium. The
kinetic parameter Jmax is defined as the total capacity of the
proximal tubule epithelium to effect a net transepithelial flux of
OTA. The parameters K50 and D are defined, respectively, as
the concentration of OTA in the basal medium at 1/2 Jmax, and
a coefficient describing the nonsaturable transepithelial flux of
OTA (paracellular flux, passive diffusion, and/or nonspecific
binding). The average values for the Jmax and K50 generated
from three separate experiments were 0.8 6 0.004 nmol/cm2
per 2 h and 0.33 6 0.21 mM, respectively.
The kinetics of OTA basal-to-apical transepithelial flux were
compared with the values measured for the fluorescence organic anion fluorescein (Figure 5), which is also a substrate for
the organic anion/PAH transport pathway (19). The basal-toapical transepithelial flux of fluorescein was also a saturable
process adequately described by equation 3. From three separate experiments, the Jmax and K50 for fluorescein flux generated were 1.0 6 0.7 nmol/cm2 per 2 h and 23.7 6 11.9 mM,
respectively.
Increasing concentrations of the organic anion substrate
PAH progressively reduced the basal-to-apical transepithelial

Figure 3. Cis-inhibition of fluorescein and OTA basal-to-apical flux
after 1 h by probenecid and PAH in 4- to 5-d-old monolayers of
primary cultures of rabbit RPT cells. Clearance values were corrected
for the paracellular diffusion of fluorescein-inulin. Data are expressed
as mean 6 SEM (n 5 3).

epithelial flux of OTA was measured in monolayers by adding
increasing concentrations of OTA to the basal medium and
measuring the fluorescence that accumulated in the apical
compartment. Because transepithelial OTA flux was linear for
more than 2 h, a 2-h incubation was selected for use in these
studies to ensure sufficient flux of fluorescence material to
provide an adequate signal at the lowest concentrations of

Figure 4. Concentration-dependent basal-to-apical flux of OTA by
primary cultures of rabbit RPT cells. Monolayers were incubated for
2 h in the presence of increasing concentrations of OTA added to the
basal compartment. Each point was corrected for the paracellular
diffusion of fluorescein-inulin. Data are expressed as mean 6 SEM
for duplicate measurements from three separate kinetic experiments.
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itory interaction between these substrates (11). The IC50 generated for PAH inhibition of the transepithelial flux of OTA
from this analysis was 195 6 112 mM, a value similar to the Kt
for peritubular PAH transport in intact proximal tubules, which
is consistent with an interaction of PAH with OTA secretion at
the peritubular membrane.

Inhibition of OTA Transepithelial Flux

Figure 5. Concentration-dependent basal-to-apical flux of fluorescein
by primary cultures of rabbit RPT cells. Monolayers were incubated
for 2 h in the presence of increasing concentrations of fluorescein
added to the basal compartment. Each point was corrected for the
paracellular diffusion of fluorescein-inulin. Data are expressed as
mean 6 SEM for duplicate measurements from three separate kinetic
experiments.

flux of OTA (Figure 6). The highest concentration of PAH,
however, failed to completely block the transepithelial flux of
OTA, which is consistent with the presence of some paracellular flux for OTA. The data represent the total basal-to-apical
flux of the OTA (including diffusional and/or paracellular flux)
expressed as arbitrary fluorescence units. This relationship can
be adequately described by the kinetics of competitive inhibition, and results in an apparent inhibitor constant, which, at the
OTA concentration used, is an overestimate of the true inhib-

In freshly isolated rabbit RPT suspensions, the organic anions probenecid and octanoate produced approximately 50%
more inhibition of the basolateral uptake of OTA compared
with PAH, which suggested that OTA may be transported by a
probenecid- and octanoate-sensitive, but PAH-insensitive pathway (11). In contrast to tubule suspensions, OTA transport
across the basolateral membrane of single S2 segments from
the rabbit kidney involved only the PAH-sensitive organic
anion pathway (12). Consistent with the observation in single
tubules, and as seen in Figure 4, both probenecid and PAH
inhibit the basal-to-apical transepithelial flux of OTA to the
same extent, which suggests that OTA is secreted solely by the
organic anion transport pathway. In contrast, the neutral amino
acid phenylalanine, which also has no effect on peritubular
OTA uptake into tubule suspensions (11), had no significant
effect on the basal-to-apical transepithelial flux of OTA (Figure 7). However, inhibition of the transepithelial flux of OTA
in the presence of the organic anions a-ketoglutarate and
octanoate was not different from that seen with probenecid and
PAH (Figure 7). The net apical-to-basal OTA transepithelial
flux was approximately 80% less than the net basal-to-apical
flux (Figure 7), and the amino acid phenylalanine had no effect
on the apical-to-basal flux of OTA (data not shown). Collectively, the inhibition of OTA by various organic anion substrates supports the observation that OTA secretion is mediated
solely by the organic anion transporter.

Discussion

Figure 6. Cis-inhibition of the basal-to-apical flux of OTA by increasing concentrations of PAH in primary cultures of rabbit RPT cells.
Monolayers were incubated for 2 h in the presence of 5 mM OTA with
increasing concentrations of OTA added to the basal compartment.
Each point was corrected for the paracellular diffusion of fluoresceininulin. Data are expressed as mean 6 SEM from a representative
experiment.

Organic anion secretion is one mechanism used by the
kidney to remove potentially harmful xenobiotics from the
systemic circulation (6). The nephrotoxic mycotoxin OTA has
been shown to be a substrate for the organic anion transporter
in various systems (9,11). However, apical pathways for transport were found to have a greater affinity for OTA in OK cell
cultures (9). To this end, the transepithelial secretion of OTA
in an in vitro model and a clear role for the organic anion
pathway in this transepithelial secretion, i.e. basal-to-apicalflux, have been demonstrated using primary cultures of rabbit
RPT cells.
Primary cultures of rabbit RPT cells grown on permeable
membranes were used as the in vitro model to study transepithelial flux of OTA. Compared with cultures grown on noncoated Millicell HA membranes (20,21), primary cultures of
rabbit RPT cells grown on collagen IV-coated membranes
reached confluence after 5 d and maintained tight monolayers
for up to 15 d in culture (22). However, in the current study,
monolayers grown under improved culture conditions on noncoated Transwell membranes with 1 mM AscP added to the
media reached confluence within 4 to 5 d, had improved

18

Journal of the American Society of Nephrology

J Am Soc Nephrol 10: 13–20, 1999

Figure 7. Cis-inhibition by organic anions of the basal-to-apical flux of OTA in monolayers of primary cultures of rabbit RPT cells. Monolayers
were incubated for 2 h in the presence of 5 mM OTA with the organic anion added to the basal compartment. Each bar represents the mean 6
SEM (n 5 3 to 5). An asterisk indicates values significantly different from control.

aerobic metabolism, and maintained tight monolayers for up to
8 d as evidenced by the low paracellular flux of Fl-I. On the
other hand, growth of cultures without L-AscP resulted in
increased paracellular diffusion of OTA and a marked decrease
in substrate inhibition of OTA fluxes (data not shown).
The apical-to-basal ratio of 0.01 for fluorescein-inulin diffusion across primary cultures after 6 h was significantly less
than the ratio of 0.06 for inulin diffusion previously reported
after 4 h in primary cultures of rabbit RPT cells grown on
collagen type IV (22). Also, even in 10- to 12-d-old primary
cultures of rabbit RPT cells grown under the presently described conditions, 5 mM PAH reduced the transepithelial flux
of OTA after 2 h by approximately 70% (data not shown).
Thus, these cultures maintain tight junctions and active transepithelial transport function for extended periods without the
use of a collagen substrate. In contrast, Ford et al. (20) and
Palmoski et al. (21) reported that primary cultures of rabbit
RPT cells seeded at 4 mg/membrane, a density approximately
fourfold higher than that used in this study, and grown on
30-mm Millicell-HA filters without collagen required 10 to
12 d to reach confluence. The basal-to-apical transepithelial
flux of PAH in these cultures was reduced only 55% during a
20-min coincubation with probenecid (21). Thus, in contrast to
previous studies, the cultures grown under the conditions described in the present study reached confluence more quickly
and maintained carrier-mediated organic anion transport for
extended periods.
The growth of primary cultures of rabbit RPT cells on
membranes coated with collagen type IV was documented to
improve their physiologic function (22) compared with cultures characterized by Ford et al. (20) and Palmoski et al. (21).
However, the use of standard high glucose medium for cell
growth and maintenance resulted in increased lactate produc-

tion by the monolayers (22), whereas the culture conditions
used in the present study have been well documented to stimulate more in vivo-like aerobic metabolism and lactate consumption, rather than production (14 –16). Since RPT cells in
vivo also consume lactate as a respiratory substrate (23), the
improved culture model represents a system that appears to
maintain a significantly higher level of physiologic function
than previously shown. Thus, the current culture system provides a method for the study of the transepithelial transport of
substrates in which physiologic function more closely resembles the in vivo RPT cell.
The transepithelial basal-to-apical flux of OTA was up to
eightfold greater than the apical-to-basal flux, and is consistent
with the net secretion of this mycotoxin by primary cultures of
rabbit RPT cells. Thus, in contrast to OTA transport in OK
cells where luminal reabsorptive pathways were suggested to
be predominant in cellular accumulation (9), in rabbit RPT
cells transepithelial secretion appears to be a predominant
mechanism for OTA excretion. However, in the microperfused
rat nephron, approximately 70% and 20% of the OTA infused
appeared to be reabsorbed by the proximal and distal segments,
respectively (24). The reabsorption of OTA in the rat nephron
was mediated in part by the H1-dipeptide cotransport and
nonionic diffusion (24). Similar mechanisms were demonstrated to account for OTA reabsorption using the distal tubule
cell lines MDCK-C7 and MDCK-C11 (25). The proximal
tubule and distal tubule reabsorption of OTA by the rat kidney
has been proposed to contribute to the long T1/2 for OTA in
vivo (24). However, OTA reabsorption by primary cultures of
rabbit RPT cells was minimal compared with secretion and,
hence, does not appear to contribute significantly to OTA
accumulation. The differences observed between these studies
also might be due to species differences, model differences, or
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differences in the experimental conditions. Notably, the lack of
proximal tubule cell reabsorption of OTA in the rabbit kidney
does not preclude the possibility of significant distal tubule
reabsorption of OTA.
The secretion of OTA was substantially reduced by the
prototypical organic anion substrate PAH. Interestingly, the
IC50 value measured for PAH inhibition of OTA secretion in
primary cultures was 195 mM and was similar to the measured
Kt for basolateral PAH transport measured in suspensions of
rabbit RPT (11) and isolated rabbit proximal tubule segments
(19,26,27). The similarities in these values support the contention that the basolateral membrane PAH transport pathway
mediates the entry step in the secretion of OTA. However,
probenecid inhibition of OTA uptake across the basolateral
membrane in suspensions of rabbit renal proximal tubules was
approximately 40 to 50% greater than the inhibition produced
by saturating concentrations of PAH. Thus, the basolateral
transport of OTA appears to be mediated by both a PAHsensitive as well as a PAH-insensitive pathway in this model
(11). Similarly, the in vivo basolateral transport of OTA in the
nonfiltering toad kidney involves two separate pathways, the
organic anion and the neutral amino acid carrier (28). In
contrast, basolateral transport of OTA in single rabbit renal S2
segments and in renal basolateral membrane vesicles from
canine cortex is functionally limited to the organic anion transporter, since PAH and probenecid both completely inhibited
OTA uptake (12,13). Consistent with these observations, probenecid or PAH addition to the basal compartment reduced
OTA secretion in primary cultures of rabbit RPT cells by
approximately 75 to 80%. The organic anions a-ketoglutarate
and octanoate, which inhibit PAH and fluorescein transport
across the basolateral membrane (19,29), also decreased OTA
secretion by approximately 70 to 75%. In contrast, the amino
acid phenylalanine, which significantly reduced the luminal
uptake of OTA in OK cells (9) and reduced transepithelial
OTA secretion in the nonfiltering toad kidney by 75% (28),
had a minimal effect. Thus, the secretion of OTA by primary
cultures of rabbit RPT cells also appears to be limited to the
organic anion, i.e., PAH secretory pathway.
Our previous work has demonstrated that peritubular OTA
uptake, the first step in secretion, is a high-affinity process with
a Kt of 1.4 mM (11,13). Consistent with this observation, OTA
secretion was found to be a saturable process with an affinity
of approximately 300 nM. The affinity measured for secretion
was substantially lower than that measured for peritubular
uptake in tubule suspensions and single S2 segments. This
affinity for OTA secretion in primary cultures of rabbit RPT
cells is similar to the affinity of 630 nM measured in situ for
OTA secretion in the nonfiltering toad kidney (28). On the
other hand, the affinity for secretion of the fluorescence organic anion fluorescein in primary cultures, although a highaffinity process with a K50 of 23 mM, still is substantially lower
than that measured for OTA. Similarly, the affinity for PAH
secretion by OK cell cultures is as much as 400-fold lower than
for OTA (30). Thus, OTA appears to be the highest-affinity
substrate handled by the organic anion secretory pathway.
The approximately 99% plasma protein binding for OTA
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(31,32), which is greater than the 80% plasma protein binding
for fluorescein (33), coupled with the reported proximal and
distal tubule reabsorption of OTA (24), may account for the
prolonged excretion of OTA in the rat kidney. However, the
current study demonstrates that in the absence of plasma protein binding, the in vitro removal of OTA from the basolateral
compartment in primary cultures of rabbit RPT cells appeared
to be greater than fluorescein due to the significantly higher
affinity of the organic anion transporter for OTA transport.
In summary, the net secretion of OTA by the PAH pathway
is the predominant excretory mechanism for this mycotoxin by
rabbit RPT cells in primary culture. Thus, from the low micromolar and nanomolar concentrations representative of renal
exposures to xenobiotic agents, the secretion of OTA represents a substantial avenue for removal of this mycotoxin from
the systemic circulation.
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