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Abstract Little is known about oxalate transport in renal
epithelia under basal conditions, let alone in hyperoxaluria
when the capacity for renal oxalate excretion is increased.
Sulfate anion transporter 1 (SAT1, Slc26al) is considered
to be a major basolateral anion-oxalate exchanger in the
proximal tubule and we hypothesized its expression may
correlate with urinary oxalate excretion. We quantified
changes in the renal expression of SATI mRNA and pro-
tein in two rat models, one with hyperoxaluria (HYP) and
one with renal insufficiency (HRF) induced by hyperox-
aluria. The hyperoxaluria observed in the HYP group could
not simply be ascribed to changes in SAT1 mRNA or
protein abundance. However, when hyperoxaluria was
accompanied by renal insufficiency, significant reductions
in SAT1 mRNA and protein were detected in medullary
and papillary tissue. Together, the results indicate that
transcriptional modulation of the SAT1 gene is not a sig-
nificant component of the hyperoxaluria observed in these
rat models.

Keywords Calcium oxalate - Chronic renal failure -
Urolithiasis - Kidney stone

Introduction

Hyperoxaluria is a predisposing factor in the etiology of

calcium oxalate kidney stone disease with some 30 % of
the US stone-forming population exhibiting this clinical
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condition [1]. Hyperoxaluria may be a consequence of
increased hepatic production of oxalate, as in primary
hyperoxaluria [2], or from enhanced enteric absorption [3].
Since oxalate is not metabolized by mammals, an increased
load presents a continuous challenge to both renal and
enteric transport mechanisms involved in its excretion.
Microperfusion studies in rats [4] and rabbits [5] indicate
that there is a net secretion of oxalate in the proximal tubule
under normal conditions, suggestive of active, transepithe-
lial oxalate transport from the blood to the lumen in this
nephron segment. In experimental hyperoxaluria in humans
[6] and rats [7], the renal clearance of oxalate is enhanced
relative to creatinine clearance, which further indicates a
significant capacity for tubular oxalate secretion. Given that
there is bidirectional tubular transport of oxalate [8—10],
elevated excretion of oxalate in experimental hyperoxaluria
could result from increased tubular oxalate secretion and/or
reduced tubular oxalate reabsorption.

Transcellular secretion of oxalate in the proximal tubule
must involve a basolateral oxalate uptake mechanism in
series with an oxalate efflux pathway in the apical mem-
brane. While there may be several avenues for apical
oxalate exchange [6, 11], there is compelling evidence
suggesting that SAT1 (slc26al), a SO4—oxalate exchanger,
is an important component in basolateral oxalate uptake
[8, 11-13] that may contribute to the secretory flux of
oxalate into the renal tubule. SAT1 protein has been
localized to the basolateral membrane in rat proximal
tubule [14] and, when heterologously expressed, it exhibits
robust SO4~Ox exchanger functionality [14—16]. Further-
more, slc26al knockout mice are reported to exhibit
hyperoxaluria and hyperoxalemia [13], suggesting that
SATI1 plays a role in oxalate homeostasis mediated by
renal and/or intestinal epithelia. Based on these observa-
tions, we speculated that enhanced renal oxalate excretion
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in hyperoxaluric rats could be mediated, in part, by
increases in the renal abundance of SATI1. To test this
hypothesis, we employed two rat models with different
degrees of hyperoxaluria promoted by ethylene glycol
ingestion [7, 17]: normal rats and nephrectomized (unilat-
eral) rats, together with their respective controls.

SAT1 protein (immunoblots) and mRNA (real-time
PCR) abundance were determined in the renal cortex,
medulla, and papilla in each group. First, we report here
that SAT1 mRNA and protein are present in all regions of
the normal rat kidney (cortex > medulla » papilla). Sec-
ond, the renal cortical, medullary, and papillary expression
of SAT1 mRNA and protein in hyperoxaluric rats with two
functioning kidneys does not significantly differ from the
expression patterns observed in normal untreated rats.
Third, when hyperoxaluria induced an impairment in renal
function, significant reductions in SAT1 mRNA and pro-
tein abundance were apparent in the medullary and papil-
lary regions. These results suggest that increased urinary
excretion of oxalate in these animal models is not depen-
dent on the abundance of SATI in renal tubular epithelia.

Materials and methods
Animals

Male Sprague-Dawley rats (275-300 g) were utilized in
the current studies and all rats had free access to Purina Rat
Chow 5001 during the entire course of the study. Experi-
mental protocols were conducted in accordance with the
guidelines of the University of Florida Institutional Animal
Care and Use Committee and the NIH Guide for the Care
and Use of Laboratory Animals. Details regarding the rat
models and urinary and serum oxalate and creatinine
determinations have been reported previously [7, 17].
Experimental groups for the gene and protein expression
studies included control rats (CON); rats provided free
access to drinking water containing 0.75 % (vol/vol) eth-
ylene glycol for a period of 4 weeks in order to induce
hyperoxaluria (HYP); unilaterally nephrectomized control
rats (UNI); and, rats with hyperoxaluria-induced renal
failure caused by providing unilateral nephrectomized rats
free access to drinking water that contained 0.75 % (vol/
vol) ethylene glycol for a period of 4 weeks (HRF). An
additional six untreated control rats of comparable age and
weight were used to characterize the expression of SAT1
and GAPDH mRNA in the various regions of the kidney.

RNA isolation

Kidneys were removed, washed in several volumes of ice-
cold saline, decapsulated and stored at 4 °C in 5 volumes
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of RNA later (Ambion; Austin, TX). Each kidney was then
cut longitudinally slightly off-center of the sagittal plane.
The papilla was removed and the adjacent medullary tissue
was excised with scissors. A central core (~3-5 mm?>) of
medullary tissue and cortical tissue from the outermost
3 mm of the kidney perimeter was utilized for RNA
isolation.

Total RNA was isolated from the entire papillary tip
(~35-50 mg) or 100 mg of cortex and medulla were
homogenized in 1 ml of TRIzol (Invitrogen, Carlsbad, CA)
with three 15-s bursts of a polytron. RNA was extracted
with chloroform and separated from the DNA and proteins
by centrifugation at 12,000xg for 15 min. The aqueous
phase was precipitated with isopropanol and the resulting
RNA pellet was washed with 75 % ethanol. Molecular
grade glycogen (Ambion; Austin, TX, USA) was added as
a carrier prior to precipitation of the papillary RNA to
ensure quantitative recovery. The RNA was resuspended in
sterile water and quantified by measuring the absorbance at
260 and 280 nm (A,¢0/Asgo ratios between 1.8 and 2.0 were
considered acceptable). Residual genomic DNA contami-
nation was removed by incubating the RNA with 2 U of
TURBO DNase™ (Ambion; Austin, TX, USA) for 1 h at
37 °C. DNase was removed from the RNA samples by
addition of 0.1 volume of DNase Inactivation Reagent
(Ambion; Austin, TX, USA), incubation at room temper-
ature for 2 min and centrifugation at 10,000 x g for 1 min to
pellet the DNase inactivation reagent. DNA-free total RNA
was quantified as described above and stored at —80 °C.

Oligonucleotide design

Oligonucleotide primers were designed with Primer3 [18]
from NCBI reference nucleotide sequences for SATI
(NM_022287), 18S rRNA (x01117), p-actin (NM_031144),
and GAPDH (NM_017008). Each primer was then com-
pared to all available sequences in the GenBank database
using the BLAST feature of NCBI to ensure specificity.
Resultant sense and antisense primers for SATI were
5'-GGCTTTATCAGGTCCTCATGG-3' and 5'-GATTAG
CCTGTCCCACGTTC-3' corresponding to positions 945—
965 and 1,160-1,141, respectively, in the reference
sequence, and producing a PCR product of 216 nucleotides.
Sense and antisense primers for GAPDH were 5'-TCCCT
CAAGATTGTCAGCAA-3' and 5-AGATCCACAACGG
ATACATT-3' corresponding to positions 1,270-1,289 and
1,577-1,558, respectively, and producing a PCR product of
308 nucleotides. Sense and antisense primers for 18S
rRNA were 5'-CTTTGGTCGCTCGCTCCTC-3' and 5'-CT
GACCGGGTTGGTTTTGAT-3’ corresponding to posi-
tions 118-136 and 248-229, respectively, and producing a
PCR product of 131 nucleotides. Sense and antisense
primers for f-actin were 5-AGCCATCCAGGCTGTGTT
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GTCC-3' and 5-CTCTCAGCTGTGGTGGTGAA-3' cor-
responding to positions 483-504 and 698-679, respec-
tively, and producing a PCR product of 216 nucleotides.
All of these primer sets produced amplicons of the
expected size, as judged by ethidium bromide staining
following agarose gel electrophoresis.

Real-time PCR

Real-time PCR was performed using the QuantiTect™
SYBR® Green RT-PCR kit (Qiagen; Valencia, CA, USA)
with the DNA Engine Opticon Continuous Fluorescence
Detection System (MJ Research, Inc.; San Francisco, CA,
USA). Briefly, total RNA (7.8-500 ng) was added to 25 pl
of 2x QuantiTect SYBR Green RT-PCR Master Mix,
0.5 uM of each gene-specific primer and 0.5 pl of Quani-
Tect RT mix. The reactions were adjusted to 50 pl total
volume with RNase-free water and incubated at 50 °C for
30 min. Reverse transcriptases were deactivated and the
HotStarTaq DNA polymerase was activated by incubation
at 95 °C for 15 min. Reactions were then subjected to 45
cycles of denaturation at 94 °C for 15 s, annealing at 55 °C
for 30 s, and extension at 72 °C for 30 s. Fluorescence data
were collected at each extension step. After each PCR run,
a melting curve analysis was performed using the Opticon
MONITOR software of the DNA Engine Opticon™ Sys-
tem to verify the specificity of the RT-PCR product. In
addition, all PCR runs also included the appropriate con-
trols, including no template controls to enable detection of
contamination and no reverse transcriptase controls to test
for contaminating genomic DNA. The Opticon MONI-
TOR™ software was used to calculate the critical thresh-
old value (Ct) for each sample and the abundance of each
target gene was analyzed using the 27 AAC comparative
method [19].

Initially, we compared the expression levels of the
three most common reference genes (f-actin, 18S rRNA,
and GAPDH) in cortical, medullary, and papillary tissue
obtained from control rats using real-time PCR. Expres-
sion levels of f-actin and 18S rRNA were higher and
lower, respectively, in the medulla compared to the cortex
and papilla, while GAPDH levels did not significantly
differ among the three sites (data not shown). Conse-
quently, GAPDH was used to normalize the real-time
PCR data for the characterization of the spatial distribu-
tion of SATI1 in the control rat kidney. GAPDH was
further validated to ensure that (1) control gene expres-
sion was unaffected by experimental treatment or tissue
being examined and (2) that amplification efficiency of
the target and reference gene was approximately equal, an
assumption for the validity of the 27 AAC comparative
method [19].

SAT1 immunoblots

Immunodetection of slc26al transport protein on Western
blots was performed using a primary antibody to SATI
(Dr. L. Karniski, University of lowa). The membranes were
incubated for 1 h in 5 % blocking solution (w/v) contain-
ing non-fat dry milk and Tris-buffered saline with 0.1 %
Tween-20 and then incubated overnight at 4 °C. This was
followed by a 30-min incubation with a commercial sec-
ondary sheep anti-mouse antibody (Amersham Biosci-
ences; Newark, NJ, USA). Following each incubation
period with primary or secondary antibodies, the blots were
extensively washed with Tris-buffered saline with 0.1 %
Tween-20. For detection, the membranes were reacted for
1 min with chemiluminescence reagent (Amersham, Pis-
cataway, NJ, USA) and exposed to autoradiographic
hyperfilm-ECL (Amersham). The intensity of the resulting
singular band at ~70 kDa was quantified using Image J
(NIH). Membranes were re-probed with a monoclonal
antibody to GAPDH (Ambion; Austin, TX, USA), to
ensure equal loading of the total protein used.

Statistical analyses

Linear regression analysis was performed on the Cr values
generated from the three serially diluted RNA pools for
each gene using SigmaStat (SysStat Software, Point
Richmond, CA, USA). Amplification efficiencies for a
target gene were compared among the three sites by testing
for homogeneity of regression [20]. Amplification effi-
ciencies between target and reference amplicons were
compared by calculating the ACt (Cr targer— Cr reference) fOr
each point of the serial dilution and then fitting the ACt
versus log mRNA quantity to a linear equation using least-
squares linear regression [19]. Efficiencies were considered
equivalent when the resultant P value for regression
exceeded 0.05. The effect of experimental treatment on
housekeeping gene expression was determined by analysis
of variance on the rank-transformed Ct values. Treatment
sums of squares were partitioned into main effects of
nephrectomy and hyperoxaluria via orthogonal contrasts
using the GLM procedures of the statistical analysis system
[21]. Since the main effect of nephrectomy was significant
in all sites tested for the reference gene, all subsequent
treatment effects were tested against, and expressed rela-
tive to, the appropriate control, i.e., CON for HYP (Fig. 2)
and UNI for HRF (Fig. 3). Differences in mRNA abun-
dance between CON and HYP or between UNI and HRF
groups were tested independently for each site by com-
paring the Cr values after normalizing to the geometric
mean of the internal reference gene with Student’s 7 test
[22]. SATI1-to-GAPDH protein ratios were tested for
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differences between treatments with the Mann—Whitney
rank sum test.

Results
Rat models of hyperoxaluria

As shown in Table 1, both HYP and HRF rat models
exhibit significant hyperoxalemia and hyperoxaluria com-
pared to CON and UNI rats. The HRF rats have compro-
mised renal function as evidenced by a two-fold increase in
serum creatinine and a significant reduction in creatinine
clearance compared to HYP, CON, and UNI. The renal
clearance of oxalate is markedly elevated in both HYP and
HRF models compared to their respective controls CON
and UNI. Oxalate clearance is comparatively lower in HRF
than HYP because of compromised renal function. The
oxalate/creatinine ratios ranged from about 0.3 in CON and
UNI to values >1 in HYP and HRF indicating varying
degrees of net renal oxalate secretion in the latter. The
general findings presented in Table 1 confirm previous
characterizations of these rat models [7, 17, 23].

Validation of real-time PCR amplification efficiencies

As we were interested in comparing gene expression in
three different regions of the rat kidney, we first tested
whether the amplification efficiencies for target and refer-
ence gene transcripts were similar among template RNAs
isolated from the cortex, medulla and papilla. Two-fold
serial dilutions (500 ng—7.8 ng) of each renal RNA pool
were used to generate standard curves for the reference
gene, GAPDH (Fig. la) and the target gene, SATI
(Fig. 1b). Plots were fit to a linear equation by regression
analysis and slopes were tested for homogeneity [20].
Slopes and coefficients of determination obtained for the
cortex, medulla and papilla for each gene are provided in
the inset of the appropriate panel. No significant differ-
ences among the slopes for the three sites were detected for

SAT1 or GAPDH; hence amplification efficiencies are
comparable among the three renal sites.

Regional distribution of slc26A1 in the normal
rat kidney

As an initial step in characterizing the renal expression of
SAT]I, the regional distribution in terms of mRNA abun-
dance in three defined regions of the normal rat kidney was
quantified by real-time PCR. Figure 1lc and d, respectively,
depict the mean amplification profiles = SEM for GAPDH
and SAT1 generated by real-time PCR analysis for cortex,
medulla, and papillary tissues from normal control rats.
From these data, we calculated the expression of SATI
relative to GAPDH as shown in Fig. le. SATI mRNA
abundance was highest in the renal cortex with levels
approximately tenfold higher than in the papilla, while
medullary expression of SAT1 mRNA was intermediate
relative to the other two regions.

SAT1 mRNA and protein in hyperoxaluria

Patterns of mRNA expression for SAT1 in HYP rats did
not differ from CON rats irrespective of the renal site
examined (Fig. 2a—c). These results would suggest that a
significant modulation of the slc26al gene does not cause
hyperoxaluria or result from chronic hyperoxaluria. In
contrast, however, SAT1 does appear to be significantly
modulated in the various regions of the rat kidney when the
hyperoxaluria is associated with renal insufficiency. Thus,
renal expression of SAT1 mRNA in HRF rats was signif-
icantly lower than in UNI rats in cortex (Fig. 3a), medulla
(Fig. 3b) and papilla (Fig. 3c).

To establish whether the SAT1 protein expression pro-
files paralleled those observed for the mRNA, Western
blot analysis was performed using protein isolated from
each renal segment for a subset (n = 4) of the rats in each
experimental group. Levels of SAT1 protein were similar
among CON, HYP and UNI rats in the renal cortex
(Fig. 4a), medulla (Fig. 4b) and papilla (Fig. 4c). In

Table 1 A comparison of serum concentrations and renal handling of oxalate (Ox) and creatinine (Cr) in CON, UNI, HYP and HREF rats

Group Serum Ox (pumol/L) Ox excretion (1umol/24 h) Ox clearance (ml/min) Serum Cr (pmol/L) Cr clearance (ml/min)
CON 92 +£09 8.9+ 04 0.69 £ 0.12 489+ 14 2.40 + 0.09

HYP 25.9 + 5.4% 54.0 &+ 8.9% 2.25 + 0.25% 515+ 1.5 2.18 £ 0.14

UNI 123 £ 0.8 10.8 + 0.6 0.65 £ 0.06 395+ 54 290 + 0.13

HRF 457 + 4.9%1 90.9 & 6.1% " 1.42 + 0.19%F 109.0 + 5.9%7 1.00 + 0.15%"

Results are presented as the mean £ SEM for n = 8-11 rats per treatment group

* Significant difference from CON, p < 0.05
f Significant difference between HRF and HYP, p < 0.05
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Fig. 1 Analysis of slc26al gene expression in rat kidney. a, b Validate
the 2t Aac comparative method used in the analysis of gene
expression with real-time PCR for slc26al. Equal masses of total
RNA isolated from the renal cortex (filled circles), medulla (open
circles), and papilla (filled triangle) of six normal control rats were
combined to produce RNA pools for each segment. Real-time PCR
amplifications were performed with gene-specific primers and
standard curves were constructed from twofold serial dilutions
(500 ng—7.8 ng) of each renal RNA pool. Each point represents the
mean = SEM of duplicate wells from two independent real-time
assays. Plots were fit to a linear equation by regression analysis and
the resultant slopes (insets) were tested for homogeneity [20] to
ensure the amplification efficiencies were similar. No significant
differences (p > 0.05) among the slopes for the three sites were
detected for either GAPDH (a) or SAT1 (b). Panels ¢ (GAPDH) and
d (SAT1) represent the mean amplification profiles £ SEM generated
by real-time PCR analysis for cortex (filled circles), medulla (open
circles), and papilla (filled triangle) obtained from normal control rats
(n = 6). In panel e, the abundance SAT1 gene expressed is presented
relative to the cortex as computed from the Ct value obtained for each
individual sample and corrected for GAPDH by the 2724 compar-
ative method [19]. Bars without a common superscript differ p < 0.05

contrast, SATI1 protein abundance was significantly
reduced in the medulla and papilla of HRF rats. A similar
trend was observed for cortical expression of SAT1 in HRF
rats, but this reduction did not achieve statistical signifi-
cance. Nevertheless, the concomitant reduction in SAT1
protein levels does ascribe functional significance to the

somewhat modest decreases (20-40 %) in mRNA abun-
dance depicted in Fig. 3.

Discussion

Sodium-independent, stilbene-sensitive, sulfate—oxalate
exchange has been observed in proximal tubule basolateral
membrane vesicle preparations from the mammalian kid-
ney [8, 24]. It has been argued that this basolateral sulfate—
oxalate activity provides for the final cellular exit step in
tubular sulfate reabsorption and the initial cellular uptake
step in transepithelial oxalate secretion [14, 16, 24]. The
sulfate—oxalate exchange process (or part thereof) has been
shown to be mediated by a renal SAT1 protein [14] which
is targeted to the basolateral membrane in rat proximal
tubule [14] and in renal cell lines (OK and LLC-PK1) [25].
When SAT1 mRNA is expressed heterologously, many of
the resultant transport characteristics resemble the sulfate—
oxalate exchange process observed in basolateral mem-
brane vesicles [14, 16].

Given its potential role in tubular oxalate handling, we
hypothesized that SAT1 expression may be altered in hy-
peroxaluric conditions to affect an increase in tubular
oxalate secretion; an adaptive response similar to that
reported for NaSi (SLC13al) in rat renal cortex following
dietary sulfate changes [26, 27]. That a single SLC26 gene
product can influence oxalate homeostasis has been clearly
demonstrated in slc26a6 null mice wherein intestinal oxa-
late absorption is greatly enhanced in the absence of this
oxalate exchanger [28]. Using two rat models with differ-
ing severity of hyperoxaluria,we observed that (1) hyper-
oxaluria, per se, is not associated with altered renal
expression of the SATI1 anion transporter; (2) increased
urinary excretion of oxalate in rats with renal insufficiency
induced by hyperoxaluria is accompanied by significant
reduction in the expression of the SAT1I mRNA and its
protein product in the medulla and papilla; and (3) there is
a significant distribution of SAT1 in extra-cortical regions
of the kidney.

SATI in hyperoxaluria

Although SAT1 may have a constitutive role in basolateral
oxalate exchange, and hence, in renal tubular oxalate
secretion, hyperoxaluria alone (HYP) was not associated
with any significant changes in SATI mRNA or protein
abundance in any of the renal segments examined.
Hyperoxaluria in the context of renal insufficiency (HRF)
was, however, associated with a significant decrease in
both SAT1 mRNA and protein in medullary and papillary
tissues. While these findings do not preclude a role for
SAT1 in the urinary excretion of oxalate, they clearly
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Fig. 2 Hyperoxaluria alone (HYP) has a minor impact on the mRNA
expression levels for Slc26al in three regions of the kidney.
Experimental groups included normal control rats (CON; n = 11)
and hyperoxaluric rats (HYP; n = 11). Quantitative real-time PCR
was performed with primers specific to SAT1 using 100 ng total RNA
isolated from the renal cortex (a), medulla (b) and papilla (c) of each

rat as detailed in “Materials and methods”. Critical threshold (Ct)
values obtained for each sample were normalized to the geometric
mean of the internal reference gene GAPDH [22]. Data are presented
relative to CON rats. No difference in mRNA abundance was detected
for any region examined, p > 0.10

Cortex Medulla Papilla
81.5-A 15 B 15+ C
<3
Z O | | *
%é 1.0 * 1.0 * 10}
-<
|<T: _g 0.5 0.5 05
N
©
O 0.0 0.0 0.0
UNI HRF UNI HRF UNI HRF

Fig. 3 Hyperoxaluria in the context of renal insufficiency (HRF) is
accompanied by significant reductions in SAT1 mRNA abundance in
medullary and papillary tissues. Experimental groups included
unilateral-nephrectomized rats (UNI; n = 11) and rats in chronic
renal failure induced by hyperoxaluria (HRF; n = 11). Real-time
PCR was performed with primers specific to SAT1 using 100 ng total

demonstrate that the potential role of SAT1 in contributing
to hyperoxaluria in rats is more complex than simple
changes in mRNA and protein abundance. Although little
is known about the regulation of SAT1 and oxalate trans-
port in the kidney, it was recently reported that an ethylene
glycol metabolite and oxalate precursor, glyoxylate, can
induce an up-regulation of SAT1 mRNA in HepG2 cells
[29]. Glyoxylate was also identified as a substrate of SAT1
in the same study. While we did not measure urinary
glyoxylate excretion in the present study, we presume the
excretion of this ethylene glycol metabolite was elevated
and apparently did not correlate with an upregulation of
SATI mRNA in renal tissue.

The decrease in SAT1 message and protein abundance
observed in the medullary and papillary tissues of HYP rats
is in agreement with earlier findings in a different rat model
of chronic renal failure (CRF) produced by 4/5 nephrec-
tomy [30]. This observation suggests that factors other than
hyperoxaluria/hyperoxalemia may underlie the reduction in
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RNA isolated from the renal cortex (a), medulla (b) and papilla (¢) of
each rat as detailed in “Materials and Methods”. Critical threshold
(Ct) values obtained for each sample were normalized to the
geometric mean of the internal reference gene GAPDH [22]. Data are
presented relative to UNI rats. Differences in abundance are denoted
by an asterisk, p < 0.05

SAT1 observed in the HRF rats used in the present study. In
this regard, results from another study we conducted [31]
indicated that experimental hyperoxaluria induced by eth-
ylene glycol causes enzymuria suggesting a degree of renal
injury. Thus, it is possible that the reduced SAT1 expression
in HRF is a consequence of renal damage. We have also
previously reported [17] that there is a nascent metabolic
acidosis in the HRF model which is also apparent in CRF
[30] hence it is also possible that the changes in SATI
abundance correlate with the acid—base status of the animal.
In Xenopus oocytes, the rat liver isoform of SAT1 has been
shown to mediate robust SO,—~HCO5; exchange [11, 32] in
addition to its SO4—Ox exchanger activity. A variety of
other transport mechanisms, independent of SAT1 abun-
dance, may also be involved in enhanced urinary oxalate
excretion in hyperoxaluria. These include increases in
SATI functional activity not revealed by total mRNA and
protein abundance determined here; a reduction in tubular
oxalate reabsorption, (since there is bidirectional transport
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in the proximal tubule [8, 24]); or by changes in tubular
secretion mediated by other oxalate exchangers. These
possibilities need to be examined in future studies.

SAT1 in medullary and papillary tissue

Our finding of significant expression of SAT1 mRNA and
protein in the medulla and slight expression in the papilla
of control and hyperoxaluric rats is novel, in that previous
studies have localized SAT1 protein to the renal cortex [14,
33]. Such differences could be related to differences in the
sensitivities of the methods employed or inclusion of non-
tubular cells harvested in the present study. Indeed, the
latter may well be the case in the papilla where expression
levels were <10 % of that found in the renal cortex.
However, it would be difficult to attribute the relative
abundance of SAT1 message and protein in the medullary
region (65 % of that measured in cortical tissue) as a non-
tubular contaminant. Further studies are required to resolve
these issues.

While it has been generally assumed that the bulk of
oxalate secretion occurs along the early portions of the

CON HYP UNI HRF
Treatment

nephron [9, 34], significant expression of SAT1 mRNA and
protein in the medulla, and to a lesser degree in the papilla,
is a reason to reconsider this assumption. Further indication
that renal handling of oxalate does not reside solely in the
renal cortex comes from studies of dispersed renal papil-
lary cells which exhibited enhanced oxalate uptake in
stone-forming rats [35] and studies employing isolated
sheets of renal papillary epithelium which were also shown
to support net oxalate absorption [36].

In summary, hyperoxaluria, per se, does not appear to be
a result of altered expression patterns of the slc26 trans-
porter, SAT1. Moreover, in the context of chronic renal
failure, a significant reduction in both SATI mRNA and
protein levels is observed, despite a ~ 10-fold increase in
urinary oxalate excretion. Together, these data indicate that
the increased excretion of oxalate in these rodent models of
hyperoxaluria is not modulated by changes in the tran-
scriptional activity of the SAT1 gene.
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