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Abstract The sulfate anion transporter (sat-1, Slc26a1) has
been cloned from rat liver, functionally characterized, and
localized to the sinusoidal membrane in hepatocytes and
basolateral membrane (BLM) in proximal tubules (PT).
Here, we confirm previously described localization of sat-1
protein in rat liver and kidneys and report on gender
differences (GD) in its expression by immunochemical,
transport, and excretion studies in rats. The ∼85-kDa sat-1
protein was localized to the sinusoidal membrane in
hepatocytes and BLM in renal cortical PT, with the male-
dominant expression. However, the real-time reverse-
transcription polymerase chain reaction data indicated no
GD at the level of sat-1 mRNA. In agreement with the
protein data, isolated membranes from both organs
exhibited the male-dominant exchange of radiolabeled
sulfate for oxalate, whereas higher oxalate in plasma and
24-h urine indicated higher oxalate production and excre-
tion in male rats. Furthermore, the expression of liver, but

not renal, sat-1 protein was: unaffected by castration,
upregulated by ovariectomy, and downregulated by estro-
gen or progesterone treatment in males. Therefore, GD
(males > females) in the expression of sat-1 protein in rat
liver (and, possibly, kidneys) are caused by the female sex-
hormone-driven inhibition at the posttranscriptional level.
The male-dominant abundance of sat-1 protein in liver may
conform to elevated uptake of sulfate and extrusion of oxalate,
causing higher plasma oxalate in males. Oxalate is then
excreted by the kidneys via the basolateral sat-1 (males >
females) and the apical CFEX (Slc26a6; GD unknown) in
PT and eliminated in the urine (males > females), where it
may contribute to the male-prevailing development of
oxalate urolithiasis.
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Introduction

Sat-1 (Slc26a1) is a sodium-independent sulfate anion
transporter that operates as an anion exchanger. In rats,
mice, and humans, sat-1 mRNA was detected strongly in
liver and kidney and weakly in brain, skeletal muscle, and
in few other organs [3, 24, 39]. The protein from the rat
liver has been expression-cloned and characterized in
Xenopus oocytes [3]. Due to similar affinities determined
in sat-1-expressing oocytes [3] and more recently in
hepatocyte canalicular membrane vesicles [30], it was
assumed that sat-1 represents the sulfate transport system
of the canalicular membrane. However, with monoclonal
antibodies, the sat-1 protein was immunolocalized to the
sinusoidal membrane of rat hepatocytes [38] and basolateral
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membrane of proximal tubules in the rat kidney cortex [18].
Its expression was later demonstrated in the basolateral
membrane of kidney cell lines MDCK and LLC-PK1, with
dileucine motif as the sorting signal for this membrane
domain [40].

Along with a few other sulfate transporters, such as
sodium-sulfate cotransporter NaSi-1 (Slc13a1) and NaSi-2
(Slc13a4), sat-1 plays a crucial role in intracellular uptake
of inorganic sulfate in specific cells, which is then utilized
in various metabolic and growth processes [31–34]. The
most important metabolic role of sulfate is in conjugation
processes, catalyzed by sulfotransferases, enzymes that are
highest expressed in liver [11, 31]. However, the kinetic
studies in rats indicated that, in the liver, sulfate is also
transcellularly transported and concentrated in the bile, 10–
15-fold above the intracellular sulfate concentration [35].
The major players involved in these processes seem to be
the two Na+-independent anion transporters, the low-
affinity sulfate–anion (chloride, thiosulfate, oxalate, succi-
nate, cholate) exchanger in the hepatocyte sinusoidal
membrane (sat-1; Km for sulfate ∼16 mM) and a high-
affinity sulfate–anion (bicarbonate, thiosulfate, oxalate)
exchanger in the canalicular membrane (Km for sulfate
0.3 mM) [14, 30]. In kidneys, sulfate is freely filtered.
However, under physiological conditions, up to 35% of the
filtered sulfate is reabsorbed by the proximal tubule cells [34].
This reabsorption is mediated byNa+-dependent (NaSi-1) and
Na+-independent processes (anion exchangers, such as
CFEX/Slc26a6 and Slc26a7) at the brush-border and by
sat-1 at the basolateral membrane [17, 31–34, 37]. The
physiological importance of the sat-1-mediated sulfate
reabsorption has been confirmed in experimental chronic
renal failure, which is associated with major downregulation
of the renal sat-1 expression and significant increase of the
fractional sulfate excretion [12].

Operating as an anion exchanger, sat-1 plays a crucial
role in the transport of oxalate, by exchanging oxalate for
sulfate or bicarbonate [6, 17]. Oxalate is a metabolic end
product, generated mostly in the liver; the metabolic
pathways include the glycolate-oxidase-catalyzed transfor-
mation of glycolate to glyoxylate and lactate-dehydroge-
nase-catalyzed oxidation of glyoxylate to oxalate [36]. The
elimination of oxalate from hepatocytes is mediated by sat-
1 in the sinusoidal cell membrane, in exchange for sulfate
or bicarbonate. Most of the endogenous oxalate is finally
eliminated by the kidneys; handling of oxalate in the rat
kidneys includes filtration, partial reabsorption, and addi-
tional secretion in the proximal convoluted tubules, with
the net secretion as the final outcome [19, 46]. The secretory
processes for oxalate in proximal tubules seem to be mediated
by the concerted action of two anion exchangers, e.g., the
basolateral sat-1 (Slc26a1) and the apical CFEX. The latter
transporter functions in multiple exchange modes using

oxalate, chloride, formate, sulfate, or bicarbonate as substrates
[2, 16]. The distal tubule has a minor role in oxalate
secretion in rats [19, 46] and rabbits [44].

In humans, oxalate is known to be a major cause of
urolithiasis; oxalate stones represent up to 79% of all cases
[8, 48]. Men exhibit higher oxalate excretion levels than
women [26], as well as higher incidence of oxalate stones
[7]; the incidence is two to threefold higher in male patients
in middle age (30–59 years) but similar in both genders in
young and old patients [7, 8, 22, 48]. Furthermore, in a few
studies of experimental nephrolithiasis in rats treated with
ethylene glycol, testosterone stimulated, whereas female
sex hormones inhibited, urine excretion of oxalate and
formation of oxalate stones [15, 25]. These studies thus
indicated sex hormones as possible contributors to gender-
dependent development of oxalate nephrolithiasis in
humans and rats.

Our previous studies in rats and mice indicated the
presence of gender differences in the expression of Oat1
[28], Oat2 [29], Oat3 [28], and SGLT1 [41] in kidneys. We
have also recently reported on higher sat-1 mRNA
expression in kidneys of male rats, as studied by microarray
technique [42]. The liver is a major oxalate producer, and
sat-1 is a key transporter to remove oxalate (mainly in
exchange for sulfate) across the hepatocyte sinusoidal
membrane, whereas, in the renal proximal tubules, sat-1
plays a key role in oxalate transport across the basolateral
membrane, mainly in exchange for intracellular (reab-
sorbed) sulfate. However, besides the previously published
immunolocalization of sat-1 [17, 38], no other studies
related to hormonal or metabolic regulation of sat-1 mRNA
and/or protein expression in the mammalian liver and
kidneys have been reported. The aim of this paper was to
discern whether gender differences of sat-1 expression exist
at the level of protein, mRNA, and its transport activity in
the rat liver and kidneys.

Material and methods

Animals and treatment

Adult male and female Wistar rats from the breeding colony
at the Institute for Medical Research and Occupational
Health in Zagreb were used in these experiments. Animals
were bred and handled in accordance to the Guide for Care
and Use of Laboratory Animals (National Academic Press,
Washington, DC, USA, 1996). The Institutional Ethics
Committee approved these studies.

Animals were used intact or were gonadectomized by
scrotal (males) or dorsal (females) approach at the age of
6 weeks under general anesthesia (Narketan 80 mg/kg b.m.–
Xylapan 12 mg/kg b.m.). Sham-operated animals underwent
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the same procedure but without removal of organs. Both
operated groups were left to recover for a period of
6 weeks before sacrificing. To test the effects of sex
hormones, 3-month-old (intact) males were treated s.c.
with sunflower oil (controls, 0.5 ml/kg b.m.) or estradiol
dipropionate or progesterone (each 2.5 mg/kg b.m. per
day; dissolved in sunflower oil) for 14 days.

Antibodies and chemicals

Monoclonal anti-rat sat-1 antibody (sat-1-ab) was kindly
provided by Dr. L. P. Karniski, University of Iowa, USA.
The antibody was used previously to immunolocalize the
sat-1 protein in rat kidneys [17] and liver [38]. Monoclonal
antibody against α-actin was purchased commercially
(Chemicon Int. Temecula, CA, USA). Commercial second-
ary antibodies included the CY3-labeled donkey antimouse
(DAM-CY3) and alkaline-phosphatase-labeled goat antimouse
IgG (GAM-AP). The secondary antibodies were purchased
from Jackson ImmunoResearch, West Grove, PA, USA.

Narketan and Xylapan were purchased from Chassot
(Bern, Switzerland). Oil solutions of estradiol dipropionate
and progesterone were purchased from RotexMedica
GmbH (Trittau, Germany) and Galenika (Belgrade, Serbia).
Protease inhibitors (antipain, benzamidine, and phenyl-
methyl-sulfonyl-fluoride (PMSF)), calcium chelator ethylene
glycol-bis(β-aminoethyl ether)-N,N,N’,N’-tetraacetic acid
(EGTA), and (N-(2-hydroxyethyl)piperizine-N’-2-ethane-
sulfonic acid (HEPES) were obtained from Sigma (St. Louis,
MO, USA). [35S]-H2SO4 (1,200 Ci/mmol) was provided by
Hartmann (Braunschweig, Germany). Other chemicals used
were of the highest purity available and purchased from
either Sigma or Fisher Scientific (Pittsburgh, PA, USA).

Determination of oxalate in blood plasma and 24-h urine

Three-month-old male and female rats were placed at 9 A.M.

in separate metabolic cages with free access to tap water but
without food. After 24 h, the animals were removed and
their body mass was measured. The 24-h urine volume,
collected from each animal, was measured, and the urine
was centrifuged at 2,500×g for 15 min in order to remove
corpuscular debris. Blood samples were obtained from the
incised abdominal vena cava of anesthetized animals. The
collected blood was left at room temperature for 2 h and
then centrifuged at 3,000×g for 15 min in order to obtain
blood plasma. Oxalate in the urine and blood plasma was
measured by the established method [4, 27].

Tissue fixation and immunocytochemistry

In anesthetized rats, the circulatory system was perfused via
the left ventricle of the heart, first with 50 ml of

temperature-equilibrated and aerated phosphate-buffered
saline (PBS; in mM: 140 NaCl, 4 KCl, 2 K2HO4, pH 7.4)
and then with 100 ml of fixative (4% paraformaldehyde in
PBS). The removed liver and kidney pieces were kept in
the same fixative for 24 h at 4°C, followed by extensive
washing in PBS, and stored in PBS containing 0.02% NaN3

at 4°C until use.
Before cutting cryosections, tissue pieces were infiltrated

with 30% sucrose (in PBS) overnight, embedded in tissue-
freezing medium, frozen at −25°C, and sectioned with a
Leica CM 1850 cryostat (Leica instruments, Nussloch,
Germany). Four-micrometer-thick cryosections were col-
lected on Superfrost/plus microscope slides, dried at room
temperature for a few hours, and stored at 4°C until use.

Before applying the primary antibody, liver and kidney
cryosections underwent different antigen retrieval techni-
ques, which had been optimized during the course of the
study (data not shown). The liver cryosections were
rehydrated in PBS for 15 min and then heated in a
microwave oven with four cycles at 800 W (5 min each)
in 10-mM citrate buffer, pH 6. After cooling down for
20 min at room temperature in the same buffer, the sections
were washed in PBS (3×5 min) and used in the
immunostaining procedure (steps): incubation in 0.5%
(15 min) and 2% Triton X-100 (in PBS; 30 min), rinsing
with PBS (2×5 min), incubation in 1% bovine serum
albumin (BSA in PBS; 30 min), incubation in sat-1-ab
(diluted in PBS; 1:50) at 4°C overnight, rinsing with 0.1%
Triton X-100 (10 min) and PBS (2×5 min), incubation in
DAM-CY3 (2.5 μg/ml) for 1 h at room temperature, rinsing
with 0.1% Triton X-100 (10 min) and PBS (2×5 min),
mounting in a florescence fading retardant (Vectashield;
Vector Laboratories Inc., Burlingame, CA, USA), covered
with the cover glass, and sealed with nail polish.

The kidney cryosections were (steps): rehydrated in PBS
for 15 min, incubated in 1% sodium dodecyl sulfate (SDS;
in PBS) for 5 min, rinsed with PBS (4×5 min), incubated in
BSA (30 min), incubated in sat-1-ab (1:50) at 4°C
overnight, rinsed with high-salt PBS (1.8% NaCl in BPS,
2×5 min), rinsed with PBS (2×5 min), incubated in DAM-
CY3 for 1 h at room temperature, rinsed with high-salt PBS
(2×5 min) and PBS (2×5 min), and covered with
Vectashield and cover glass.

The immunostaining was inspected with the Opton III RS
fluorescence microscope (Opton Feintechnik, Oberkochen,
Germany). The images were photographed with the
computer-guided Spot RT Slider digital camera and
software (Diagnostic Instruments, Sterling Heights, MI,
USA), and imported in Adobe Photoshop 6.0 for
processing and labeling. Before taking the pictures, the
software parameters were adjusted to the strongest
fluorescence intensity in a set of cryosections, and all
the pictures were then taken using the same parameters.
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The red color of CY3 was converted into black and
white mode in order to get better contrast.

Membrane preparation and Western blotting

Animals were decapitated and exsanguinated. The liver and
kidneys were removed. The main liver lobe was cut off,
minced with scissors, immersed in chilled homogenization
buffer (300 mMmannitol, 5 mMEGTA, 12 mMTris–HCl, pH
7.4, 1 mM PMSF, 0.1 mM benzamidine, 0.1 μg/ml antipain),
and homogenized (10% homogenates) using a Powergen-125
homogenizer (Fisher Scientific, New Jersey, NJ, USA) at the
maximal setting: 1-min homogenization–2-min break–1-min
homogenization. Total cell membranes (TCM) were
isolated from the liver homogenate by differential
centrifugation in refrigerated centrifuges (Sorvall Instru-
ments, Newton, CT, USA); the cell pellet was first
removed by centrifugation in a high-speed centrifuge
(RC-5C, rotor SS34) at 5,000×g for 15 min. The
supernatant was then centrifuged at 150,000×g for 1 h
(OTD-Combi, rotor T-875). The pellet, which represented
TCM, was resuspended in an appropriate volume of
homogenizing buffer and stored at −70°C until use.

The kidneys were sagittally sliced; the cortices were
manually separated and pooled, dispersed, and homoge-
nized in the buffer described above for liver, and the
basolateral membranes (BLM) were isolated by differential
centrifugation and Percoll density gradient [43]. The
isolated BLM were dispersed in the homogenizing buffer
and stored at −70°C until use. The protein was measured by
the Bradford assay [5].

Before electrophoresis, samples were thawed and mixed
with sample buffer (final 1% SDS, 12% vol/vol glycerol,
30 mM Tris–HCl, pH 6.8, 5% β-mercaptoethanol (βME))
and denatured at different heating temperatures (37°C/
30 min or 65°C/15 min or 95°C/5 min). Denatured liver
TCM and renal cortical BLM proteins (60 μg per well)
were separated through 10% SDS-PAGE mini-gels using
the Vertical Gel Electrophoresis System and then electro-
phoretically wet-transferred using a Mini Trans-Blot Elec-
trophoretic Transfer Cell (both from Bio-Rad Laboratories,
Hempstead, Great Britain) to an Immobilon membrane
(Millipore, Bedford, MA, USA). In order to check the
efficiency of protein transfer, the Immobilon membrane was
briefly stainedwith 0.1%Coomassie Brilliant Blue (methanol–
acetic acid–H2O=50:40:10) and partially destained in the
dye-free solution in order to expose and compare protein
bands. The membrane was afterwards further destained in the
same dye-free solution (2×30 min), extensively rinsed with
H2O to remove acidity. The transfer membrane was then
blocked (and finally destained) by incubation in blotting
buffer (5% nonfat dry milk, 0.15 M NaCl, 1% Triton X-100,
20 mM Tris–HCl, pH 7.4), incubated in blotting buffer

containing sat-1-ab (1:20) at 4°C overnight, rinsed with
blotting buffer (4×10 min), incubated in the same buffer
containing 0.5 μg/ml GAM-AP for 1 h at room tempera-
ture, rinsed with the same buffer (3×10 min), rinsed with
PBS (2×10 min), and then stained for alkaline phosphatase
activity using the commercial 5-bromo-4-chloro-3-indolyl
phosphate (BCIP)/nitro blue tetrazolium (NBT) method as
an indicator (Sigma).

To control protein loading on the gels, the lower half of
the Immobilon membrane, after being blocked in blotting
buffer, was separated and incubated with the α-actin-ab
(1:1,000; in PBS) at 4°C overnight, washed, incubated in
GAM-AP (0.5 μg/ml), and visualized using the BCIP/NBT
colorimetric assay.

The labeled protein bands were evaluated by densitom-
etry using the Quantity One 1-D Analysis Software (Bio-
Rad Laboratories, Inc.); an area of the broadest protein
band of sat-1 or α-actin in the blot was marked, and an
equal area was applied to all other bands in the same blot.
The area density of each band was expressed in arbitrary
units, relative to the strongest band density (=1) in the
corresponding control samples.

Isolation of RNA, synthesis of cDNA, and real-time
RT-PCR

After decapitation and exsanguination of an animal, a slice of
liver was promptly removed and immersed into RNAlater
solution (Sigma). Kidneys were removed and decapsulated
and a middle slice from each kidney was immediately
submerged into the RNAlater solution (Sigma). The renal
cortex was then dissected manually and used in further RNA
isolation. Total cellular RNA from corresponding tissues was
extracted using Trizol (Invitrogen, Karlsruhe, Germany)
according to the manufacturer’s instructions. RNA concen-
tration and its purity were estimated by measuring the optical
density at 260 and 280 nm. The integrity of RNAs was
verified by agarose gel electrophoresis after staining with
ethidium bromide and visualizing under UV light. Isolated
RNAs were stored at −70°C until further use.

First strand cDNA synthesis was performed using the
First Strand cDNA Synthesis Kit (Fermentas Int., Ontario,
Canada) in accordance with manufacturer’s guidelines.
Total cellular RNA (3 μg) was denatured at 70°C for
5 min in the reaction mixture containing 0.5 μg oligo dT
(18) and reverse-transcribed in total volume of 20-μl
reaction mixture containing 1× reverse-transcription (RT)
buffer, 20 units of ribonuclease inhibitors, 1 mM of dNTP
mix, and 40 units of Moloney murine leukemia virus
reverse transcriptase. The reaction mixture was incubated at
37°C for 60 min and 72°C for 10 min, respectively. cDNAs
were diluted 5× in DNase–RNase-free water (Gibco-BRL,
Grand Island, NY, USA) and stored at −20°C until use.
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Real-time polymerase chain reaction (PCR) was per-
formed in a 50-μl volume using 3.3 μl (100 ng) of the first
strand cDNA template, 2.5 μl of 20× TaqMan Gene
Expression Assay mix, 25 μl of the 2× TaqMan Universal
PCR Master Mix (all from Applied Biosystems, Foster
City, CA, USA), and 19.2 μl of nuclease-free water.
Primers and probes were designed by Applied Biosystems
and supplied as TaqMan Gene Expression Assay mix
containing a 20× mix of unlabeled PCR forward and
reverse primers as well as TaqMan MGB probe. Assay IDs
were Rn01637788_m1 and Rn00667869_m1 for sat-1 and
β-actin, respectively (http://www.appliedbiosystems.com).
Amplification and detection were performed using the 7500
Real-Time PCR System (Applied Biosystems). Thermal
cycling conditions were: 50°C/2 min and 95°C/10 min,
followed by 40 two-step cycles of denaturation (95°C/15 s)
and annealing–extension (60°C/1 min). No template control
reactions, where the cDNA was substituted with nuclease-
free water, were included in each run to screen for possible
contaminations. To standardize the input of cDNA amount,
an endogenous control, i.e., the housekeeping gene β-actin,
was quantified and results were normalized to these values.
Each sample was measured in duplicate. The quantification
of sat-1 mRNA expression was accomplished by compar-
ative Ct method using the Relative Quantification Study
Software supplied by Applied Biosystems.

Transport of [35S]sulfate in membrane vesicles
from the liver and kidney cortex

To prepare liver TCM vesicles for [35S]sulfate transport
measurements, male and female Wistar rats were sacrificed
by cervical dislocation under CO2 anesthesia. The liver
(10 g of organ) was immediately removed and homoge-
nized in 30 ml buffer (300 mM mannitol, 5 mM EGTA,
0.1 mM PMSF, 12 mM Tris–HCl, pH 7.4). Homogeniza-
tion was performed in an ice bath for 2×1 min by an Ultra-
Turrax. Subsequently, 70 ml of the same buffer were added,
and the homogenate was centrifuged for 15 min at 5,000×g.
The supernatant was saved and spun for 2 h at 48,000×g.
The pellet with the liver TCM was resuspended in
preloading buffer (300 mM mannitol, 10 mM HEPES–Tris,
pH 7.4 with or without 10 mM oxalic acid) and stored in
liquid nitrogen. Renal BLM vesicles from kidney cortex
were prepared as described in [43] and preloaded with the
same buffer, with or without 10 mM oxalic acid.

Uptake of [35S]sulfate into liver TCM vesicles was
initiated by diluting 5 μl of vesicle suspension (50 μg
vesicle protein) with 95 μl buffer containing 300 mM
mannitol, 20 μM (TMA2)SO4, 10 mM HEPES–Tris,
pH 7.4, and 37 kBq of [35S]sulfate. Uptake was conducted
at 37°C and terminated after 10 s by addition of 1 ml ice-
cold stop solution (300 mM mannitol, 20 μM (TMA2)SO4,

10 mM HEPES–Tris, pH 7.4,). Uptake of [35S]sulfate into
renal cortical BLM vesicles was initiated by diluting 70 μl
of vesicle suspension (25 μg vesicle protein) with 430 μl
buffer containing 150 mM NaCl, 20 μM Na2SO4, 10 mM
HEPES–Tris, pH 7.4, and 167 kBq of [35S]sulfate. Uptake
was conducted at 37°C and terminated after 10 s by
addition of 1-ml ice-cold stop solution (150 mM NaCl,
20 μM Na2SO4, 10 mM HEPES–Tris, pH 7.4,). TCM or
BLM vesicle suspensions were transferred to nitrocellulose
filters (0.45-μm pore size, Sartorius, Göttingen, Germany),
which were kept under suction in order to separate vesicles
from the surrounding buffer. After rinsing with 10 ml of
stop solution, the radioactivity retained with vesicles on the
filters was determined by liquid scintillation counting.
Nonspecific binding of [35S]sulfate to filters was deter-
mined in the absence of vesicles and subtracted from the
counts found in the presence of vesicles.

Presentation and statistical evaluation of the data

Immunocytochemical, immunoblotting, and transport data
are representative for the findings in three to four animals in
each experimental group. The real-time PCR study was
performed with cDNAs of independent RNA preparations
from three (kidney) and four (liver) animals of both sexes.
Oxalate was determined in the plasma and 24-h urine from
five male and five female rats. The numeric data were
expressed as means ± SEM and were statistically evaluated
with Student t test at the 5% level of significance.

Results

Immunochemical characterization of sat-1-ab in rat liver
and kidneys

We have first verified the previously described localization of
sat-1 in rat liver [38] and kidneys [18] by immunofluores-
cence cytochemistry. In order to optimize the staining, in
preliminary experiments, we have tested various antigen
retrieval techniques including detergent (SDS) treatment and
microwave heating in citrate buffer pH 3, 6, or 8, with and
without pretreating cryosections with delipidators xylol and
ethanol. With liver cryosections, the highest staining inten-
sity was obtained with heating in citrate buffer, pH 6, while
kidney cryosections required only the SDS treatment. As
shown in Fig. 1a; in the liver, the sat-1 antibody strongly
labeled the hepatocyte sinusoidal membrane (arrows),
whereas the membrane of bile canaliculi was not stained
(Fig. 1a, inset; arrowheads). In the renal cortex, the antibody
strongly stained the BLM of proximal convoluted tubules
(Fig. 1c). The incubation of cryosections only with the
secondary antibody gave no staining (Fig. 1b,d).
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In immunoblots, in the absence of βME, the sat-1-
related ∼85-kDa protein band was very weak at all
denaturing temperatures (data not shown). Under reducing
conditions (with βME), the sat-1-ab labeled the tempera-
ture-sensitive protein band of ∼85 kDa in both liver TCM
(Fig. 1e, sat-1+GAM-AP) and renal cortical BLM (not
shown). The reducing conditions at 37°C/30 min were
optimal for presenting sat-1 in the liver TCM, whereas the
conditions at 65°C/15 min were optimal for presenting sat-1
in the renal cortical BLM. These conditions were used in all
further experiments. In the transfer membranes blotted only

with the secondary antibody, the specific protein bands
were not observed (Fig. 1e, GAM-AP).

Gender differences in the expression of liver and kidney
sat-1 protein

In cryosections of male and female rat livers, we observed
clear gender differences in the intensity of sat-1 staining; as
shown in Fig. 2a, the hepatocyte sinusoidal membrane in
males was stained stronger than in females. Accordingly, by
Western blotting of TCM, the liver in male rats exhibited
approximately threefold stronger 85-kDa protein band
density than in females, whereas the α-actin band exhibited
similar density in both sexes (Fig. 2b,c).

Gender differences in the sat-1 protein expression were also
observed in the renal cortical convoluted tubules and in BLM
isolated from the renal cortex (Fig. 3). As shown in Fig. 3a,
the sat-1-ab strongly stained BLM of the cortical proximal
convoluted tubules, while the overall staining intensity in the
tubules of female kidneys was weaker. By Western blotting of
isolated BLM, the male animals exhibited approximately
twofold stronger 85-kDa protein band than females, whereas
the α-actin was gender independent (Fig. 3b,c).

Expression of sat-1 mRNA in the rat liver
and kidney cortex

Contrary to the clear male-dominant gender differences in
the expression of sat-1 protein in liver and kidney cortex,

Fig. 1 Immunochemical characterization of sat-1-ab in rat liver and
kidneys. a Immunocytochemistry. In the liver, the sat-1-ab strongly
stained the hepatocyte sinusoidal membrane (arrows), while the
canalicular membrane remained unstained (a, inset, arrowheads). c
In the kidney cortex, strongly stained were the basolateral invagina-
tions of proximal convoluted tubules (PT). b and d Incubation of
cryosections with the secondary antibody only, gave no specific
staining. CV, central vein; G, glomerulus. Bar, 20 μm. e Western
blotting. In reducing conditions (presence of βME), and after heating
liver TCM at 37°C for 30 min, or 65°C for 15 min, or 95°C for 5 min
(LIVER), and kidney BLM at 65°C for 15 min (K), the sat-1-ab
labeled only the ∼85-kDa protein band (sat-1+GAM-AP). The band in
the liver membranes was strongest at 37°C/30 min. In nondenaturing
conditions (absence of βME), the 85-kDa protein band was hardly
visible at any heating temperature (data not shown). The optimal
denaturation conditions for the kidney BLM (+βME, 65°C/15 min)
were determined in preliminary experiments (data not shown).
Incubation with the secondary antibody alone weakly labeled the
nonspecific ∼50-kDa band in both liver and kidney membranes
(GAM-AP), which was also visible in blots labeled with both primary
and secondary antibodies

Fig. 2 Gender differences in the expression of rat liver sat-1 protein. a
The sat-1-ab stained the sinusoidal membranes of hepatocytes, strongly
in males and weakly in females. Bar, 20 μm. b. In Western blots, the
sat-1-related 85-kDa protein band in TCM from the male liver was
stronger than that in females. The α-actin protein band, used as a
loading control, showed no gender difference in intensity. Each band
represents an independent membrane preparation from a separate
animal. c Densitometric evaluation of the protein bands shown in b.
Each bar is mean ± SEM of the data obtained with four independent
membrane preparations. Asterisk, versus the sat-1 data in males, P<0.05
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the real-time RT-PCR data, obtained with cDNA samples
from four independent liver and three independent kidney
cortex RNA preparations from male and female rats
revealed: (a) about 40-fold lower expression of the sat-1
mRNA in the kidney (the comparison not shown) but (b)
similar expression of sat-1 mRNA in livers from both sexes
(Fig. 4, liver) and (c) similar expression of sat-1 mRNA in
the kidney cortex of both sexes (Fig. 4, Kidney). These data
indicate an absence of gender difference in sat-1 at the
mRNA level.

Oxalate–sulfate exchange in liver TCM and renal cortical
BLM vesicles

The data on uptake experiments in isolated membrane
vesicles from the liver and kidney cortex are summarized in
Fig. 5. [35S]sulfate uptake was followed for 10 s into
membrane vesicles from male and female liver TCM and
renal cortical BLM preloaded with 300 mM mannitol with
or without 10 mM oxalate. With four independent liver
TCM preparations from each sex, in the absence of oxalate
(−oxalate), the sulfate uptake was relatively high and
similar in membranes from both animal groups, whereas
the oxalate-related sulfate uptake (+oxalate) was higher in
the vesicles from male than from female rats; sulfate uptake
in the presence of oxalate was stimulated by 81.1±29.8%
and 27.5±18.0%, respectively. This stimulation was much
higher in preparations of the renal cortical BLM vesicles,

where the intravesicular oxalate uptake in the absence of
oxalate was very small in the membranes from both sexes,
whereas, in the presence of oxalate, the uptake increased by
10,481±1,207% and 401±12% in males and females,
respectively.

Oxalate in the blood plasma and urine of male
and female rats

The preceding experiments clearly indicated the male-
dominant gender differences in functional expression of
sat-1 protein in hepatocytes and renal cortical convoluted
proximal tubules. Considering the crucial importance of
this transporter for the extrusion of metabolically produced
oxalate from hepatocytes and for the renal excretion of
oxalate, we have tested if gender differences in the sat-1

Fig. 3 Gender differences of sat-1 expression in the rat kidney cortex.
a The sat-1-ab strongly stained the BLM of proximal convoluted
tubules in the male kidney cortex, while, in females, the staining was
clearly weaker. G, glomerulus; S1, the initial proximal tubule segment;
PT, proximal convoluted tubules. b In Western blots, the sat-1 protein
band was strong in males and weak in females. The α-actin protein
band was similar in both genders. Each band represents an
independent membrane preparation from a separate animal. c
Densitometric evaluation of the protein bands shown in b. Each bar
is mean ± SEM of the data obtained with four independent membrane
preparations. Asterisk, versus the respective data in males, P<0.05

Fig. 4 Expression of sat-1 mRNA by real-time RT-PCR in the liver
and kidney cortex of male and female rats. Each bar is the mean ±
SEM of duplicate determinations with cDNA prepared from the liver
or kidney cortex tissue of a separate animal. The summarized data in
each experimental group (N=4 for the liver data and 3 for the kidney
data) are given numerically above the bars. The relative expression of
sat-1 mRNA in male and female livers and kidneys was similar
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expression are reflected in the plasma and urine oxalate.
Indeed, from the data listed in Table 1, we can conclude
that: (a) adult male rats exhibited ∼80% higher oxalate
levels in the plasma, (b) male and female rats excreted
similar amounts of 24-h urine, (c) male rats contained

approximately twofold higher concentration of oxalate in
the urine, and (d) male rats excreted approximately twofold
higher amount of oxalate in 24-h urine. In addition, ∼10%
higher oxalate-to-creatinine ratio in the male urine indicates
a higher rate of oxalate secretion by the male kidney.

Defining sex hormone(s) responsible for the observed
gender differences in sat-1 protein expression in the rat liver
and kidney cortex

In order to determine the sex hormone(s) responsible for the
observed male-dominant gender differences in the expres-
sion of liver and kidney sat-1 protein, we have performed
immunochemical experiments in gonadectomized male and
female rats and in intact male rats treated with estradiol and
progesterone for 2 weeks.

To test for the effect of castration on liver sat-1 protein,
male rats were either sham-operated or castrated at an age
of 6 weeks. Six weeks later, the animals were sacrificed and
their livers were used for immunocytochemical studies and
isolation of TCM for Western analysis. The sham-operated
and castrated males exhibited similar intensity of the sat-1-
related staining in hepatocytes (Fig. 6a) and similar density
of the sat-1 and α-actin protein bands in TCM (Fig. 6b,c).
This experiment revealed androgens as an unlikely factor
causing male-dominant gender differences in the expression
of sat-1 protein in rat hepatocytes.

To test the effect of ovariectomy on the liver sat-1
protein, female rats were sham-operated or ovariectomized

Fig. 5 Comparison of [35S]sulfate uptake (mean ± SEM) in TCM and
BLM membrane vesicles isolated from the liver and kidney cortex,
respectively, of female and male rats. The 10-s [35S]sulfate uptake in both
liver TCM vesicles and renal cortical BLM vesicles, preloaded without
(−oxalate) or with 10 mM oxalate (+oxalate), was measured at a total
sulfate concentration of 20 μM. Asterisks, versus “−oxalate,” P<0.05
(N=4 in each group)

Fig. 6 Effect of castration on the expression of liver sat-1 protein. a
The intensity of sat-1-related immunostaining of the hepatocyte
sinusoidal membrane in sham-operated (Sham) and castrated males
(Castration) was similar. Bar, 20 μm. b In Western blot, the protein
bands of sat-1 and α-actin in the liver TCM from sham-operated and
castrated rats were similar. Each band represents an independent
membrane preparation from a separate animal. c Densitometric
evaluation of the protein bands shown in b. Each bar is mean ±
SEM of the data obtained with four independent membrane
preparations

Table 1 Body mass, serum oxalate, 24-h urine volume, and urine
oxalate in adult male and female rats

Parameter Males Females

Body mass (g) 286±6.8 186±3.1*
Plasma oxalate (μmol/l) 30.4±2.38 16.6±2.21*
Urine volume (ml per 24 h) 27.9±4.28 24.7±1.66
Urine oxalate (μmol/l) 546±204 254±48
Urine oxalate–creatinine (mmol/mol) 130±8.1 117±6.3
Urine oxalate (μmol per 24 h) 11.9±1.36 6±0.77*

Shown are means ± SEM of the data collected from five male and five
female rats. Urine was collected by keeping animals in individual
metabolic cages for 24 h. Body mass was measured, and the venous
blood was taken immediately following removal of the animals from
the cages
*P<0.05 versus the respective data in males
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at an age of 6 weeks, and, 6 weeks later, their livers and
isolated TCM were used in the respective immunochemical
studies. As shown in Fig. 7a, the hepatocytes from
ovariectomized females exhibited higher staining intensity

compared to that of sham-operated animals. Furthermore,
the sat-1-related protein band in isolated liver TCM from
ovariectomized females was 130% stronger than that of
sham-operated females, while the α-actin protein band was
not affected by ovariectomy (Fig. 7b,c). This experiment
showed that the female sex hormones may inhibit rat liver
sat-1 protein expression.

In order to determine which of the female sex
hormones inhibited sat-1 expression in the liver, adult
males were treated with estradiol dipropionate or pro-
gesterone for 2 weeks. The immunostaining showed that,
in comparison with the oil-treated controls, the sinusoidal
membrane of hepatocytes in rats treated with estradiol
dipropionate and progesterone was weakly stained
(Fig. 8a). Similar results were obtained by Western
blotting; the sat-1 protein band in TCM was strongly
diminished in animals treated with estradiol dipropionate
or progesterone, while the density of the α-actin protein
band remained unchanged after hormonal treatment
(Fig. 8b,c). This experiment therefore showed that both
estradiol and progesterone are able to downregulate the
expression of sat-1 protein in the rat liver.

We have also performed similar studies of the renal sat-1
expression in gonadectomized male and female rats.
However, in three independent renal cortical BLM prepa-
rations from sham-operated, castrated, and ovariectomized
animals, for unresolved reasons, we could not demonstrate
significant differences in the expression of sat-1 protein
(data not shown).

Fig. 7 Effect of ovariectomy on the expression of liver sat-1 protein.
a The intensity of sat-1-related immunostaining of the hepatocyte
sinusoidal membrane in ovariectomized females (ovariectomy) was
higher than that in sham-operated animals (Sham). Bar, 20 μm. b In
Western blot, the sat-1 protein band in the liver TCM from
ovariectomized females was stronger than that in sham-operated
controls, while the α-actin band remained unchanged. Each band
represents an independent membrane preparation from a separate
animal. c Densitometric evaluation of the protein bands shown in b.
Each bar is mean ± SEM of the data obtained with four independent
membrane preparations. Asterisk, versus data in sham-operated
animals, P<0.05

Fig. 8 Effect of estradiol and progesterone treatment in adult male rats
on the expression of liver sat-1 protein. a The intensity of sat-1-related
immunostaining of the hepatocyte sinusoidal membrane was strong in
oil-treated and weak in estradiol-dipropionate- and progesterone-
treated rats. Bar, 20 μm. b In Western blot, the sat-1 protein band
was strong in oil-treated and weak in estradiol-dipropionate- and

progesterone-treated rats, while the α-actin protein band remained
unchanged. Each band represents an independent membrane prepara-
tion from a separate animal. c Densitometric evaluation of the protein
bands shown in b. Each bar is mean ± SEM of the data obtained with
three independent membrane preparations. Asterisks, versus the
respective data in oil-treated animals, P<0.05
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Discussion

Liver is the organ where most sulfotransferases exhibit their
greatest expression compared to other organs and thus is a
major site of sulfation in the body [11]. All sulfotrans-
ferases utilize 3’-phosphoadenosine 5’-phosphosulfate
(PAPS) as the major and rate-limiting source of sulfate in
the sulfation reactions [20]. PAPS is formed from inorganic
sulfate with the help of PAPS synthase (PAPSs). In mice,
two isoforms of PAPSs (PAPSs1 and PAPSs2) have been
previously examined for gender differences in various
organs; only the kidneys and liver showed the statistically
significant female-dominant mRNA expression [1]. In the
rat liver, however, some sulfotransferases, like estrogen
sulfotransferase in males and dehydroepiandrosterone sul-
fotransferase in females, tend to be much higher expressed
than in the opposite gender [10]. In male and female rats,
various sulfotransferases exhibited different modes of
mRNA expression after hypophysectomy and after injec-
tions or infusions of the growth hormone [21], thus
showing that some sulfotransferases may be regulated by
growth hormones, whereas some others could possibly be
affected by the sex and/or other hormones. In the human
liver, however, estrogen sulfotransferases exhibit significant
individual variations in protein expression but lack gender
differences, indicating that, in humans, sex hormones may
play only a minor role in the expression of these enzymes,
while environmental and genetic factors may have a much
greater impact [45]. Therefore, although there are limited
indications of gender differences in the expression of some
liver sulfotransferases in rats, there is no obvious relation of
these sulfate-using enzymes–processes to the male-domi-
nant expression of major sulfate-transporting protein sat-1
observed in this study.

The male-dominant gender differences in sat-1 protein
may rather be related to the production and handling of
oxalate in liver and kidneys. Accordingly, in the rat liver,
glycolate oxidase, an enzyme which catalyzes production of
oxalate, shows higher activity in males, and its activity is
stimulated by testosterone and inhibited by estrogen [47].
Although it appears that these differences in enzyme
activity have no significant impact on oxalate synthesis
under physiological conditions, the differences become
apparent under loading rats with ethylene glycol, a
condition which induces hyperoxaluria and represents an
experimental model to study formation of kidney stones.
These experiments in rats have shown that: (a) males have a
greater tendency to develop kidney stones than females, (b)
ovariectomized females have higher rates of urinary oxalate
excretion than sham-operated or female sex-hormone-
treated animals, and (c) testosterone enhances while
estrogen inhibits formation of calcium oxalate stones
[13, 15, 25].

In this report, in isolated membranes from the rat liver
and kidney cortex, the sat-1 protein was labeled as the 85-kDa
band, which is comparable to the previously detected 80-kDa
protein band in membrane fractions from the rabbit and
rat renal cortex [18], probably reflecting the glycosylated
form of the nascent, 704 amino acid protein (calculated Mr
of ∼75 kDa) [18, 24, 39]. Our immunochemical studies
further demonstrated clear male-dominant gender differ-
ences in sat-1 protein expression in the membranes from
both rat organs, and these data were supported by the
comparable transport (oxalate–sulfate exchange) in isolated
membranes. However, at this point we would like to
emphasize that, while our transport studies in isolated renal
cortical BLM vesicles reflect the activity of sat-1 protein
localized to the basolateral invaginations in proximal
tubules, the studies in isolated liver TCM may reflect a
cumulative transport in the vesicles of both sinusoidal and
canalicular membranes, with an unknown ratio of contri-
bution. The sulfate–anion (oxalate) exchangers, with
slightly different substrate specificity and affinity for sulfate,
have been described in the liver membranes; a low-affinity
(Km for sulfate of 16 mM) and a high-affinity (Km for sulfate
of 0.3 mM) exchanger has been detected in the sinusoidal
and canalicular membranes, respectively [3, 30]. Since our
immunocytochemical study showed an absence of sat-1 in
the hepatocyte canalicular membrane and gender differences
in sat-1 protein expression (males > females) were clearly
shown in the sinusoidal membrane and isolated TCM, the
comparable gender-dependent sulfate transport in isolated
TCM (males > females) most probably reflects the transport
in sat-1-positive sinusoidal membrane vesicles. Therefore, in
the male liver, a higher activity of glycolate oxidase in
hepatocytes [47], a higher sat-1 protein expression in the
sinusoidal membrane and in isolated TCM (this report), and
a higher rate of oxalate–sulfate exchange in the same
membranes (this report) overall indicate a higher production
and extrusion of oxalate in exchange for extracellular
sulfate (or bicarbonate) than in the female liver. These
phenomena could consequently lead to an enhanced level
of oxalate in the blood of male rats, and this is exactly
what we have observed; the concentration of oxalate in
the blood plasma of male rats was significantly (∼80%)
higher than that in female rats. In further experiments in
gonadectomized rats and in male rats treated with
estradiol and progesterone, we showed that gender
differences in the liver sat-1 protein expression were
caused by the inhibitory action of female sex hormones,
whereas androgens had no significant effect. Although
the levels of oxalate in blood plasma in these rats was
not measured nor we were able to find relevant data in
the available literature, some previous finding in rats
showed that the oxalate excretion in 24-h urine increases
after ovariectomy and decreases in ovariectomized rats
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treated with female sex hormones [13, 15]. The phenomena
that: (a) castration had no significant effect and (b)
ovariectomy upregulated while (c) estradiol and progesterone
treatment downregulated the sat-1 protein expression in the
liver, as found in our study, may have contributed to the
inversely related rates of urinary oxalate excretion observed
in previous studies.

A higher level of oxalate in the blood plasma in male
rats represents a driving force for the higher excretion of
oxalate in the urine; males and females excreted similar
volume of the 24-h urine, but the urine of male rats
contained approximately twofold higher concentration of
oxalate and thus eliminated approximately double amount
of oxalate in 24 h in comparison with females. In the rat
kidney proximal tubules, handling of oxalate includes
glomerular filtration, partial reabsorption via several
brush-border transporters [23, 32], and secretion via the
sat-1 protein across the basolateral membrane and via the
CFEX protein across the brush-border membrane [16, 19,
32, 46]. The male-dominant gender differences in the sat-1
protein expression in basolateral invaginations of the
cortical proximal convoluted tubules, as detected by
immunocytochemical methods and confirmed by transport
(oxalate/sulfate exchange) in isolated BLM vesicles, indi-
cate the sat-1 protein as an important contributor to the
enhanced secretion of oxalate in male kidneys. Our data
indicate a perfect correlation among the plasma oxalate
level, expression of the sat-1 protein in the renal cortical
proximal tubules, and urine oxalate; in comparison with
females, male rats exhibited higher plasma oxalate level,
higher renal expression of sat-1, and higher excretion of
oxalate in the urine. At this point, it is worth noting that the
male-dominant expression of the renal sat-1 protein may
contribute to the development of oxalate nephrolithiasis in
male rats; in the cases of elevated plasma oxalate due to
increased production and/or intestinal absorption, the
increased tubular load of oxalate enhances a chance of
supersaturation and oxalate precipitation in the urinary
system and formation of kidney stones. The results in our
present study may well correspond to the data in ethylene-
glycol-loaded rats, which showed higher incidence of
oxalate stone formation in males [13, 15]. Possible gender
differences in Cl−–oxalate exchanger CFEX, which in the
proximal tubules works in a concert with sat-1 and which
has also been shown to play an important role in the
development of urolithiasis [2, 32], have not been reported.

As shown in our real-time RT-PCR study, gender differ-
ences in sat-1 expression in both liver and kidney cortex were
present at the level of protein but not at the level of mRNA,
indicating posttranscriptional regulation as the major determi-
nant of hormonal action. At the present, we cannot say if the
female sex hormones inhibit the transporter synthesis and/or
stimulate its degradation, or both, and whether these hormones

act directly or via affecting the levels of some other hormones.
The sex-hormone-driven mRNA-independent regulation of
sat-1 protein expression is at odd with the recently described
sex-hormone-driven regulation of numerous other renal
transporters in rat and mouse kidneys via their mRNA
expression [28, 29, 41, 42]. Furthermore, in our microarray
study of gender differences in various renal transporters in
rats, the sat-1 mRNA expression was higher in males than in
females [42]. These findings could not be reproduced in the
present real-time RT-PCR study. However, the absence of
gender differences for the sat-1 mRNA expression in liver
was observed in both this and our microarray study (our
unpublished data).

The male-dominant gender differences in the urine
oxalate excretion and incidence of oxalate stones have also
been observed in adult but not in young and old human
patients [7–9, 22, 26, 48], thus indicating that sex hormones
could be an important contributor to gender-dependent
incidence of this disease in adult humans [22]. However,
possible differences in the expression of sat-1 in liver and
kidneys, as well as the correlation with the plasma and
urine oxalate in humans, to our knowledge have not been
reported. Furthermore, a number of the kidney-stone-
forming diseases are known due to mutations of various
genes in human population [8], but possible differences in
the expression of sat-1 in liver and kidneys in these patients
is also not known.
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