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Background

Renal'sodium retention.is a central driver of hypertension and fluid overload.
Prostaglandin E2 (PGE2) has long been identified as a potent natriuretic and diuretic
factor. However, the mechanisms governing intrarenal PGE2 signaling and tubular
sodium transport remain incompletely understood.

Methods

Globaliand renal tubule-specific Slco4a1 knockout mouse, as well as renal tubule-
specific Slco4a1 overexpressing mice, were generated to investigate the role of
SLCO4A1 in renal sodium and water homeostasis. Computational docking, cellular
studies, and in vivo functional analyses were performed to evaluate the role of
SLCO4A1in intrarenal distribution of PGE: and its impact on tubular sodium transport.
Results

SLCO4A1 was predominantly localized to the basolateral membrane of multiple renal
tubular epithelial cells. Global and renal tubule-specific Slco4a1 gene deletion
increased urine output and sodium excretion and reduced sodium reabsorption across
multiple nephron segments in mice. This was accompanied by downregulation of key
sodium transporters and channels including SGLT2, NHE3, NKCC2, NCC and ENaC.
In contrast, renal tubule-specific overexpression of Slco4a1 displayed an opposite
effect. Mechanistically, Slco4a1 deficiency led to accumulation of PGE2 in the kidney
interstitum, which suppressed the expression of sodium transporter and channels via
the EP receptors. Specifically, EP1 mediated the PGE2z-induced suppression of
NKCC2, a-ENaC, and B-ENaC. EP2 was responsible for the suppression of NCC,
while EP3 was involved in suppressing SGLT2, NHE3 and y-ENaC.

Conclusions

Collectively, these findings uncovered a previously unrecognized role of SLCO4A1 in
regulating intrarenal PGE: distribution and identified SLCO4A1-PGE-2-EP receptor axis
in fine-tuning renal tubular sodium transport.
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Abstract

Background
Renal sodium retention is a central driver of hypertension and fluid overload. Prostaglandin

E. (PGE,) has long been identified as a potent natriuretic and diuretic factor. However, the
mechanisms governing intrarenal PGE, signaling and tubular sodium transport remain

incompletely understood.

Methods

Global and renal tubule-specific Slco4al knockout mouse, as well as renal tubule-specific
Slcod4al overexpressing mice, were generated to investigate the role of SLCO4ALl in renal
sodium and water homeostasis. Computational docking, cellular studies, and in vivo
functional analyses were performed to evaluate the role of SLCO4ALlin intrarenal distribution
of PGE, and its impact on tubular sodium transport.

Results

SLCO4A1 was predominantly localized to the basolateral membrane of multiple renal tubular
epithelial cells. Global and renal tubule-specific Slco4al gene deletion increased urine output
and sodium excretion and reduced sodium reabsorption across multiple nephron segments in
mice. This was accompanied by downregulation of key sodium transporters and channels
including SGLT2, NHE3, NKCC2, NCC and ENaC. In contrast, renal tubule-specific
overexpression of Slco4al displayed an opposite effect. Mechanistically, Slco4al deficiency
led to accumulation of PGE; in the kidney interstitum, which suppressed the expression of
sodium transporter and channels via the EP receptors. Specifically, EP; mediated the
PGE; -induced suppression of NKCC2, a-ENaC, and B-ENaC. EP, was responsible for the
suppression of NCC, while EP3 was involved in suppressing SGLT2, NHE3 and y-ENaC.
Conclusions

Collectively, these findings uncovered a previously unrecognized role of SLCO4Al in
regulating intrarenal PGE, distribution and identified SLCO4A1-PGE, -EP receptor axis in

fine-tuning renal tubular sodium transport.

Supplemental Digital Content: https://links.lww.com/JSN/G53
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Introduction

The kidney is a key organ in maintaining systemic water and salt homeostasis by precisely
reabsorbing a large amount of water and sodium alone renal tubules [1, 2]. While this process
is mainly regulated by the endocrine pathways such as the antidiuretic hormone
(ADH)-vasopressin receptor axis and the renin-angiotensin-aldosterone system, accumulating
evidence indicates that local paracrine signaling factors within kidney interstitium provides
an additional layer of control over tubular sodium transport. Among these, prostaglandin E,

(PGE; ) has emerged as a critical regulator of renal sodium and water handling [3, 4]. It has
been repeatedly reported that PGE; acts on its receptors including EP;, EP,, EP3 and EP4 in a
compartment-specific manner in the kidney. In microdissected tubules, basolateral, but not
luminal, application of PGE;, potently inhibits sodium and water reabsorption, highlighting
the importance of interstitial PGE, as a spatially restricted signaling molecule in the kidney
[5-7]. These findings suggest that precise regulation of interstitial PGE, availability, rather
than receptor expression alone, is essential for fine-tuning tubular sodium transport. However,
despite extensive characterization of downstream receptor signaling, the mechanisms
governing extracellular PGE, levels within renal microenvironment remain poorly

understood.

Renal interstitial PGE, concentration is tightly controlled by the efflux and influx of PGE;
across the plasma membrane mediated by its membrane transporters in renal tubular
epithelial cells and interstitial cells. Members of the solute carrier organic anion transporting
polypeptide (SLCO/OATP) family have been shown to facilitate the transport of
prostaglandins and other bioactive lipids [8]. To date, several membrane transporters
including SLCO2A1 and SLCO4ALl have been found to be capable of transporting PGE,
across cell membrane [9, 10]. Among them, SLCO4A1 (OATP4Al) is a 722-amino acid
protein which is widely expressed throughout the body, with high expression in the kidney,

stomach, brain and lung. SLCO4A1 exhibits a broad substrate spectrum and is responsible for
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the transport of PGE,, thyroid hormones, taurocholate, and estrogens [11-13]. It has
significant functional specificity across different tissues. In brain, it is primarily expressed in
microglia and implicated in brain development by regulating the transport of thyroid
hormones [14, 15]. In placenta, it is highly expressed on the apical membrane of the
trophoblasts to mediate the uptake of estrogens and bile acids from the maternal circulation
into the fetus [16, 17]. In eye, SLCO4AL is expressed in the corneal epithelium, ciliary body,
iris, and retina, where it facilitates the intraocular cycling of thyroxine from the choroidal
capillaries to the retinal pigment epithelium [18]. SLCO4A1 is also localized to the
basolateral plasma membrane of the pars plana pigment epithelium, participating in
prostaglandin transport [19]. However, the intrarenal localization of SLCO4A1 and its role in
regulating PGE, homeostasis in the kidney, particularly within the tubular-interstitial

compartment, has not been defined.

In the present study, we aimed to determine how PGE; signaling is spatially controlled within
the kidney to fine-tune renal tubular sodium transport. We focused on SLCO4Al, an organic
anion transporter with the capacity to transport PGE, , and tested whether its membrane
transport processes shape intrarenal prostaglandin levels and sodium handling along renal

tubules.

Methods

Experimental animals

All animal procedures were approved by the Ethical Committee of East China Normal
University (Ethics No. m20231204) and conducted in accordance with international
guidelines for the use of animals in research. Wild-type C57BL/6 mice (8-12 weeks old)
were purchased from Beijing Vital River Laboratory Animal Technology Co., Ltd. (Beijing,

China). Global Slco4al knockout (KO) mice were generated on a C57BL/6 background using
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CRISPR/Cas9. Renal tubule-specific Slcod4al knockout (cKO) mice were generated by

crossing Slcodal flox/flox

mice with Ksp-Cre transgenic mice. Renal tubule-specific
Slcodal-overexpressing (OE) mice were generated by tail vein injection of AAV8 carrying
full-length mouse Slco4al cDNA under the kidney-specific KSP promoter (3x10* vg/mouse).

Experiments were performed using age-matched male mice unless otherwise specified for sex

comparison. Additional details are provided in the Supplemental Materials and Methods.

Functional diuretic challenge tests

Diuretic sensitivity tests were performed to assess sodium transporter activity in different
nephron segments as previously reported [20]. Separate cohorts of mice received
intraperitoneal injections of empagliflozin (40 ‘mg/kg), furosemide (40 mg/kg), or a
fixed-dose combination of amiloride and  hydrochlorothiazide (100 mg/kg) to evaluate
sodium transport function in the proximal, tubule, thick ascending limb of the loop of Henle,
and distal convoluted tubule/collecting duct, respectively. Twenty-four-hour urine samples
were collected before and after treatment, and changes in urinary sodium, chloride, or glucose
excretion were determined as indicated. Additional details are provided in the Supplemental

Materials and Methods.

Renal tubule suspension preparation and pharmacological treatment
Renal tubule suspensions were isolated from the cortex or medulla of male C57BL/6 mice by
collagenase digestion as previously reported [21] and equilibrated in DMEM/F-12 medium.

For PGE, stimulation, renal tubules were treated with PGE, (10 uM) for 6 hours. For EP
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receptor inhibition, tubules were pretreated with subtype-selective EP receptor antagonists
(10 nM) for 1 hour, followed by co-treatment with PGE, (10 uM) for 6 hours. For EP
receptor activation, tubules were treated with subtype-selective EP receptor agonists (10 nM)
for 6 hours. The EP receptor-selective agonists and antagonists are listed in Supplementary

Table S2. Detailed procedures are provided in the Supplemental Materials and Methods.

Prediction of the SLCO4A1-PGE, complex structure

The initial three-dimensional structure of SLCO4Al was obtained from an AlphaFold3
prediction [22]. Using AutoDockTools (ADT) [23], the receptor protein was preprocessed:
polar hydrogen atoms were added to maintain hydrogen-bonding capability, Gasteiger
charges were calculated and assigned, and the final structure was saved in PDBQT format for
subsequent docking calculations. The three-dimensional structure of prostaglandin E,
(PGE; ) was downloaded from the PubChem [24]. Gasteiger charges were assigned to PGE,
using ADT, and rotatable bonds were defined (retaining the rigid structure of functional
groups such as the carboxyl and hydroxyl groups, while allowing free rotation of the aliphatic
chain and the side chain of the five-membered ring). The ligand was then saved as a PDBQT
file. Based on prior knowledge of the interaction mechanism between SLCO2A1 and PGE,
and the predicted active pocket of SLCO4A1 [25], the docking region was defined as the
central cavity of SLCO4ALl. The docking search space was defined using the "Grid Box"
function in AutoDockVina [26, 27], with a box size set to 40 A x 40 A x 40 A to ensure
coverage of the binding pocket and surrounding potential interaction regions. After docking,
the optimal binding pose was selected based on two core criteria: 1) Binding energy,
prioritizing the conformation with the lowest binding energy consistent with thermodynamic
stability; and 2) Interaction pattern, analyzing ligand-receptor interactions using PyMOL [28]
to select conformations where PGE, could form specific hydrogen bonds with ASN-121 and
GLN-116, while its hydrophobic tail engaged in stable hydrophobic interactions with

nonpolar amino acid residues of the receptor. The final optimal docking conformation for the
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SLCO4A1-PGE, complex exhibited a predicted binding energy of -6.2 kcal/mol and was
consistent with the previously predicted interaction sites, making it suitable for subsequent

mechanistic analysis (Supplementary Table 3).

PGE; sensor AAV injection for monitoring PGE, dynamics in kidney interstitium

To monitor renal PGE, dynamics, an AAV carrying a genetically encoded PGE; sensor
(PGE,-1.0) with high specificity for PGE, when expressed both in vitro and in vivo, was
injected into the kidney parenchyma of wild-type and renal tubule- specific Slco4al gene
knockout mice [29]. The mice were anesthetized by intraperitoneal injection of
2,2,2- tribromoethanol (Avertin, 240 mg/kg body weight, Sigma- Aldrich). Following
anesthesia, a laparotomy was performed to expose the right kidney. Using a microinjection
pump, 12 pL of viral solution (AAV2/9- EFla- PGE,- 1.0, titer 2.68x10%2 vg/mL, packaged
by BrainVTA) was slowly delivered at three sites: the upper, middle, and lower portions of
the kidney. After each injection, the needle was kept in place for 1 minute before withdrawal.
In vivo fluorescence imaging was conducted 2 weeks post- injection to visualize

PGE,- dependent fluorescence signals.

Statistical analysis

Statistical analysis was performed using GraphPad Prism v7 (GraphPad Software, San Diego,
CA). Data analysis was performed in a blinded manner where applicable. Two-tailed t test
was used for comparison between two groups. One-way ANOVA, followed by a Tukey
multiple comparisons test, was used to analyze the differences between means. P value <0.05

was considered significant. Error bars show +SEM.
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Results

Basolateral localization of SLCO4AL along renal tubules

Given its proposed role in prostaglandin transport, we first sought to define the intrarenal
localization of SLCO4Al. Analysis of publicly available single-cell transcriptomic data
revealed that the mRNA expression of Slcod4al was highly abundant in the nephron
epithelium (Figure 1A). To precisely define its subcellular localization in various renal
tubule segments, we performed immunofluorescence staining on frozen sections of mouse
kidney, co-staining SLCO4A1 with segment-specific markers for different tubular segments.
The results showed that SLCO4A1 was widely expressed on the basolateral membrane across
various renal tubule segments including the proximal tubule (Figure 1B), thick ascending
limb (Figure 1C), distal tubule (Figure 1D), and collecting duct (Figure 1E). This staining
was absent in the kidneys from Slco4al gene knockout (Slco4al-KO) mouse, confirming
antibody specificity (Figure 1F). Collectively, these data indicate that SLCO4ALl protein is
broadly expressed on the basolateral membrane of epithelial cells in almost all renal tubule

segments.

Renal tubule-specific Slco4al gene ablation induced natriuresis and diuresis

To determine the role of SLCO4A1 in tubular water and sodium handling, we generated renal
tubule-specific Slco4al knockout mice (cKO) and confirmed efficient deletion (Figure
2A&B). Under baseline conditions, cKO mice exhibited increased urine sodium (Figure 2C)
and chloride excretion (Figure 2D), which was accompanied by a marked increase in urine
volume, but unaltered expression of renal aquaporins (Figure 2E, Supplemental Figure 1A).
This phenotype was associated with a significant increase in water intake (polydipsia)
(Figure 2F) without alterations in food intake and body weight (Figure 2G&H). cKO mice
also showed a decrease in urinary potassium excretion and an increase in urinary calcium and
phosphate output (Supplemental Figure 2A-C). However, no change in major blood
electrolyte levels was observed between wild-type (WT) and cKO mice (Supplemental
Figure 2D-H). Consistent with this salt-losing phenotype, cKO mice exhibited significantly

reduced systolic blood pressure (Supplemental Figure 3A), accompanied by increased renal
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aldosterone content (Supplemental Figure 3B) and upregulated prorenin and PRR
expression (Supplemental Figure 3C), suggesting compensatory activation of the intrarenal
RAAS. Given the well-recognized sex differences in renal prostaglandin biology, we also
examined the urine volume and urinary excretion of sodium and chloride in female mice.
Consistent with male mice, female cKO mice exhibited increased urinary sodium and
chloride excretion and urine volume, accompanied by increased water intake, whereas food
intake and body weight were unchanged (Supplemental Figure 4A-F). Together, these
findings demonstrate that renal tubule-specific Slco4al gene deficiency induces natriuresis

and diuresis in mice.

To determine whether this phenotype is preserved at the whole-organism level, we generated
global Slco4al gene knockout (KO) mice (Figure 3A-C), and measured urine sodium and
chloride excretion. We found that urine sodium and chloride excretion was also significantly
increased, accompanied by a marked increase in urine output and water intake (Figure 3D-G),
with little change in food intake and body weight (Figure 3H-1). Similar to cKO mice, global
Slcodal gene deficiency also significantly reduced urinary potassium excretion and markedly
increased urinary calcium and phosphate excretion (Supplemental Figure 5A-C). KO mice
exhibited unaltered major blood electrolyte levels, except for a slight increase in serum
calcium levels (Supplemental Figure 5D-H). Although KO mice exhibited polyuria, little
change in renal expression of aquaporins was evident (Supplemental Figure 1B).
Collectively, these results demonstrate that SLCO4A1, in particular renal tubular SLCO4Al,
is essential in regulating sodium reabsorption in the kidney and SLCO4A1 modulates renal

sodium handling possibly through the regulation of sodium ion transport.

Renal tubule-specific Slco4al gene ablation inhibited the function and expression of key
sodium transporters and channels alone renal tubules

To further define the role of SLCO4ALl in tubular sodium handling, we evaluated the
functional activity of major sodium transporters using pharmacological approaches as
previously reported [20]. The natriuretic and glucosuric response to the SGLT2 inhibitor

empagliflozin was blunted in renal tubule-specific Slco4al gene knockout (cKO) mice,
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indicating a reduced SGLT2 activity (Figure 4A&B). Similarly, the natriuretic and
chloruretic response to the NKCC2 inhibitor furosemide was attenuated, implying a reduced
NKCC2 activity (Figure 4C&D). Consistently, the natriuretic response to a combination of
ENaC and NCC inhibitor (amiloride+hydrochlorothiazide) was also diminished, in line with
a reduced NCC and ENaC activity (Figure 4E). Furthermore, western blot assays
demonstrate that cKO mice exhibited a marked downregulation of SGLT2, NHE3 and NCC
(Figure 4F, Supplemental Figure 6A-C), as well as NKCC2 and all three ENaC subunits (a,
B, v) (Figure 4G, Supplemental Figure 6D-G) at the protein level, which was further
confirmed by immunofluorescence analysis (Supplemental Figure 7A-E). Collectively,
these findings indicate that SLCO4AL is required to maintain the activity and expression of

key sodium transporters and channels along renal tubules.

Kidney-specific Slco4al overexpression increasesd renal sodium reabsorption

To further investigate the role of SLCO4AL in renal salt metabolism, we generated an
AAV-mediated kidney-specific mouse Slco4al-overexpressing mouse model (AAV-Slcodal)
(Figure 5A-C). Kidney-specific Slcod4al overexpression reduced 24-hour urine sodium and
chloride excretion (Figure 5D&E), accompanied by decreased urine volume and water intake
(Figure 5F&G), without changes in food intake and body weight (Figure 5H&I). In addition,
the AAV- Slcodal mice exhibited increased urinary potassium excretion and reduced
phosphate excretion (Supplemental Figure 8A&C), with a trend of increase in calcium
excretion (Supplemental Figure 8B). Circulating electrolyte levels remain largely
unchanged (Supplemental Figure 8D-H). Despite reduced urine output in the AAV-Sico4al
mice, renal expression of AQP1-4 remains unaltered (Supplemental Figure 1C). Consistent
with these physiological changes, major sodium transporters and channels were upregulated
in the AAV-SIcod4al mice (Figure 5J&K, S9A-G&S10A-E). Collectively, these findings
demonstrate that SLCO4A1 promotes renal sodium reabsorption through upregulation of

sodium transporters and channels along renal tubules.
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SLCOA4A1 promoted basolateral uptake of PGE; in renal tubular epithelial cells
SLCOA4AL1 has been reported as a critical transporter for PGE,, however, its specific role in
renal PGE; transport and spatial distribution remains undefined. To understand how
SLCOA4AL1 specifically recognizes PGE,, we utilized AlphaFold3 to predict the structure of
SLCO4AL1 and simulated its docked complex with PGE, (Figure 6A). The central cavity of
the SLCO4ALl-PGE, structure opened towards the extracellular space, adopting an
outward-open conformation. The predicted complex structure revealed detailed interactions at
the PGE; binding site within SLCO4Al (Figure 6A). Specifically, the carboxyl group of
PGE, formed hydrogen bonds with GLN-116 and ASN-121. The hydrophobic tail inserted
into a small subpocket on the opposite side, engaging in hydrophobic interactions with
ALA-369, ILE-399 and VAL-622. These hydrophobic interactions, cooperated with the
hydrogen bond network, stabilized PGE, within the 19678 A3 central active pocket of
SLCO4AL, resulting in a tight and specific binding mode (Figure 6A), suggesting its strong
PGE; transporting potential.

To further define the role of SLCO4Al in PGE; transport, we manipulated SLCO4Al
expression in mIMCD3 cells by either gene overexpression or knockdown. PGE;
measurement of intracellular and culture media showed that adenovirus-mediated human
SLCO4AL overexpression significantly increased intracellular PGE; levels, but markedly
decreased PGE, contents in culture media (Figure 6B&C). In contrast, knockdown of
Slcod4al showed an opposite effect (Figure 6D&E). These results suggested that SLCO4A1
mediated PGE, uptake rather than efflux and may play an important role in intrarenal PGE,
distribution and metabolism. In support of this speculation, we measured PGE, contents in
the kidney and urine. AAV-Slcod4al mice exhibited a significant decrease in renal PGE,
contents (Figure 6F), but markedly increased 24-hour urinary PGE, excretion (Figure 6G).
Conversely, cKO mice showed opposite changes (Figure 6H&I). Similarly, female renal
tubule-specific Slco4al gene knockout mice exhibited increased renal PGE, levels,
accompanied by decreased urinary PGE, excretion (Supplemental Figure 11 A&B). To
further determine intrarenal distribution and level of PGE,, we used an AAV-based PGE,

sensor to visualize its spatiotemporal dynamics in vivo. Renal tubule-specific Slco4al gene
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deletion increased the PGE; levels in kidney interstitium, suggesting basolateral expression of
SLCOA4AL is responsible for the uptake of PGE; in renal tubules (Figure 6J). Importantly,
Slcodal gene deletion did not substantially alter the renal expression of PGE, -metabolizing
enzymes or EP receptors at either the mRNA or protein level (Supplemental Figure 12
A&B). Collectively, these findings define SLCO4A1 as a key transporter that mediates PGE;

uptake in renal tubular epithelial cells and determines renal interstitial PGE; levels.

SLCOA4A1 attenuated intrarenal PGE; infusion-induced natriuresis and diuresis

Acute renal medullary PGE, infusion is known to induce natriuresis and diuresis [4]. To
investigate whether SLCO4A1 directly modulates these processes via PGE, transport, we
conducted PGE; acute infusion studies. As expected, intrarenal PGE, robustly increased urine
output and sodium excretion in wild-type (WT) mice. However, the natriuretic and diuretic
effect of PGE, was significantly blunted in the AAV-Slcod4al mice (Supplemental Figure
13A&B). In contrast, although urine and sodium excretion rates are greater in cKO mice than
that in WT mice, no difference was observed between two genotypes after PGE, infusion
(Supplemental Figure 13C&D). Taken together, these findings indicated that SLCO4Al
attenuated intrarenal PGE; infusion-induced natriuresis and diuresis, likely through its PGE,

transport activity.

PGE;, suppressed sodium transporters and channels in an EP receptor-dependent
manner

PGE; exerts it biological actions via four G protein-coupled receptors (EP1-EP4). To further
confirm the role of SLCO4Al1-mediated PGE, transport in the regulation of renal sodium
reabsorption, we treated renal tubule suspensions of wild-type mice with PGE, with or
without various EP receptor agonists and antagonists and measured the protein expression
levels of several major sodium transporters and channels. The results showed that PGE;
suppressed the expression of multiple sodium transporters and channels in an EP receptor
subtype-dependent manner (Figure 7A-N). Specifically, PGE, downregulated SGLT2
(Figure 7TA&H), NHE3 (Figure 7B&I) and y-ENaC (Figure 7G&N) protein expression
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mainly via EP3, inhibited NKCC2 (Figure 7C&J, a-ENaC (Figure 7E&L), and B-ENaC
(Figure 7TF&M) expression via EP;, and lowered NCC (Figure 7D&K) expression via EP-.
These findings demonstrated that PGE; broadly suppressed tubular sodium transport through
distinct EP receptor-mediated signaling pathways. Together with the regulation of interstitial
PGE; by SLCO4Al, this mechanism provideds a molecular basis for SLCO4Al-mediated

control of renal sodium reabsorption along renal tubules.

Discussion

The present study uncovered an essential role of SLCO4ALl in the regulation of renal water
and salt homeostasis. SLCO4A1 was found to be localized to-the basolateral membrane of
epithelial cells along multiple renal tubules. By utilizing global Slco4al gene knockout, renal
tubule-specific Slco4al gene deletion or overexpression mice, we found that SLCO4AL1 plays
a critical role in the regulation of renal sodium reabsorption by modulating the expression and
function of several major sodium transporters and channels including SGLT2, NHES3,
NKCC2, NCC and ENaC in multiple renal tubular segments. We further revealed that
SLCO4A1 mediated the basolateral uptake of PGE, in renal tubular epithelial cells to
fine-tune the levels of interstitial PGE,, which suppressed the expression of major sodium
transporters and channels by acting on the EP,, EP, and EP3 receptors in various renal tubules.
These findings established SLCO4A1 as a critical regulator of PGE,-driven natriuresis and
highlighted SLCO4Al inhibition as a potential therapeutic strategy for sodium

retention-associated diseases, including hypertension and heart failure.

PGE; is a predominant prostaglandin synthesized in the kidney and has been well known as a
natriuretic and diuretic lipid mediator [30, 31]. It is produced from arachidonic acid via three
sequential enzymatic processes involving a few enzymes including two cyclooxygenases
(COX1 and COX2) and three PGE synthases (MPGES1, mPGES2 and cPGES) [32]. Once
synthesized, PGE; is released into kidney interstitium and acts on its four G protein-coupled
receptors (GPCR) including EP;, EP,, EP3; and EP,4 to regulate the expression, subcellular

translocation and function of multiple sodium transporters and channels along various
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segments of renal tubules, ultimately leading to natriuresis, diuresis, and a reduction in blood
pressure [33-36]. To avoid overactivation on its receptors, timely termination of PGE,
signaling is critical to prevent potential damages. Excessive PGE;, has to be removed from
kidney interstitium presumably by the uptake of renal tubular epithelial cells, where it is
intracellularly inactivated by 15-ketoprostaglandin dehydrogenase (encoded by HPGD) [37].
However, the transporter responsible for the uptake of PGE; in renal tubular epithelial cells
remains largely unknown. It has been increasingly recognized that solute carrier organic
anion transporter family member 2A1 (OATP2A1, encoded by the SLCO2A1 gene) acts as a
prostaglandin transporter (PGT) mediating the influx transport of PGE, [38, 39].
Nevertheless, since SLCO2A1 was reported to be localized on the apical membrane of renal
tubular epithelial cells, where it facilitates PGE, transport in the apical-to-basolateral
direction [40], it is unlikely that SLCO2A1 is responsible for basolateral uptake and

metabolic clearance of PGE; along renal tubules.

The present study identified, for the first time, SLCO4A1l as a key transporter mediating
basolateral uptake of PGE; along various renal tubules. We found that SLCO4ALl is localized
at the basolateral membrane of renal tubular epithelial cells in the proximal tubule, thick
ascending limb, distal tubule and collecting duct. Using the cryo-EM structure of SLCO2A1
as a model [41], AlphaFold3 structural prediction revealed a high-affinity PGE, binding site
in SLCO4A1, supporting SLCO4A1 as an inward transporter of PGE, [12, 42] This
speculation is further supported by the findings that overexpression of SLCO4A1 significantly
increased, while knockdown of Slcod4al markedly reduced, intracellular levels of PGE; in
cultured mIMCD3 cells. As expected, renal tubule-specific knockout of Slco4al resulted in
PGE, accumulation, whereas renal tubule-overexpression of Slcod4al led to reduced PGE;
contents in kidney tissues. To further determine the spatiotemporal distribution of PGE,, the
AAV particles carrying a genetically encoded PGE, sensor (PGE;-1.0) with high specificity
for PGE, were injected into the kidney parenchyma of wild-type and renal tubule- specific
Slco4al gene knockout mice, allowing to visualize PGE,- dependent fluorescence signals in
kidney interstitium with high spatiotemporal resolution. The results clearly showed a marked

increase in PGE; contents in renal extracellular spaces in renal tubule-specific Slco4al gene
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knockout mice. The increased PGE; contents in renal interstitial space appear not to be a
result of altered expression of PGE,-metabolizing enzymes, since little change was observed
in their expression in the kidneys of renal tubule-specific Slco4al gene knockout mice.
Together, these findings demonstrated that SLCO4A1 precisely controlled renal interstitial
PGE; levels by fine-tunning the uptake of PGE, across basolateral membrane of epithelial

cells in multiple renal tubule segments.

It has been well known that intrarenal infusion of PGE, causes natriuresis and diuresis [4, 43].
Therefore, altered renal interstitial PGE; level is expected to change urine sodium and water
excretion. In fact, mice with renal tubule-specific Slco4al ‘gene deletion exhibited a
significant increase, while mice with renal tubule-selective Slco4al overexpression displayed
a marked decrease, in urine sodium excretion and urine volume. Although renal water
reabsorption primarily depends on proximal tubule aquaporin 1 (AQP1) and collecting duct
AQP2-AQP4, little change in their expression was evident upon Slco4al gene manipulations
in renal tubules, suggesting changes in urine output is likely a result of altered urine sodium
excretion. As expected, natriuretic effect of renal tubule-specific Slcod4al gene deletion or
anti-natriuretic action of renal tubule Slco4al overexpression was associated with a marked
decrease or increase in protein expression and biological function of several major sodium
transports and channels including SGLT2, NHE3, NKCC2, NCC and ENaC, respectively.
Collectively, these findings indicated that renal tubule SLCO4ALl plays a critical role in
modulating the expression and function of several major sodium transporters and channels by

fine-tuning the basolateral uptake of PGE; along renal tubules.

PGE; is the major prostanoid synthesized in the kidney where it potently regulates the salt
and water transport [44]. However, the cellular and molecular basis of PGE,-induced
natriuresis is only partially understood. As previously reported [4, 45-48], renal medullary
infusion of PGE, significantly increased urine sodium excretion and urine output,
accompanied by a marked reduction in protein expression of several major sodium
transporters and ENaC, suggesting that PGE,-induced natriuresis and diuresis result from

suppressed sodium reabsorption along renal tubules. However, Slco4al gene deletion or
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overexpression in renal tubules had little effect on the expression of four PGE; receptors in
the kidneys, implying that altered sodium reabsorption is not due to the change in the
expression of the EP receptors. To further determine the EP receptor subtype responsible for
PGE,-mediated suppression of sodium reabsorption in each segment of renal tubules, we
pretreated renal tubule suspension with various EP subtype-selective agonists and agonists,
followed by PGE, treatment. The results showed that multiple EP receptors are involved in
PGE,-mediated inhibition of sodium reabsorption. In the proximal tubules, PGE, suppressed
SGLT2 and NHE3 protein expression mainly via the EP3 receptor. In the thick ascending
limbs PGE, selectively activated the EP; receptor to reduce NKCC2 protein expression,
while in the distal renal tubules PGE,-mediated suppression of NCC protein expression was
mainly through the activation of the EP, receptor. In terms of ENaC, PGE, downregulated
ENaCa and ENaCp protein expression via the EP; receptor, but reduced ENaCy through the
EP3; receptor in renal collecting ducts. Together, these - findings suggested that
SLCO4A1l-depedent PGE, transport affected renal tubular sodium reabsorption via multiple
EP receptors located on the basolateral membrane of epithelial cells across various renal
tubules. Since each EP receptor has its unique G protein-coupled signaling pathway(s)
[49-53], it would be important to elucidate the underlying mechanism by which PGE,
suppresses sodium absorption- via its receptors in each segment of renal tubules in the future.
In the present study, we did not use EP receptor subtype-deficient mice or selective receptor
antagonists to confirm the specific receptor subtypes involved in PGE,-elicited natriuresis.
Future studies employing genetic or pharmacological EP receptor blockade will be important
to further define the receptor-mediated pathways underlying the natriuretic effect of

SLCO4A1 deficiency.

The present study has several limitations. First, while we demonstrated that SLCO4Al
broadly affected the expression and function of several major sodium transporters and
channels by fine-tuning PGE; levels in kidney interstitium, the genetically manipulated
mouse lines employed do not allowed us to pinpoint the tubule segment-specific contribution
of SLCO4AL. The generation of conditional knockout models specifically targeting proximal

tubule, thick ascending limb, distal tubule and collecting duct would be required to dissect the
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precise roles of SLCO4Al in these locations. Second, as a multi-specific solute carrier,
SLCOA4AL transports substrates beyond PGE,, including taurocholate, thyroid hormones, and
estrogen. Whether and how these alternative substrates contribute to the observed phenotypes
in water-salt metabolism remains an open question for future investigation. Third, although
our findings established a mechanistic role of SLCO4AL1 in regulating renal sodium handling
in experimental models, validation in human populations remained limited. Future studies
integrating human kidney transcriptomic data, genetic association analyses, and clinical
cohorts are required to further substantiate the translational relevance of SLCO4AL1 in sodium

retention-related diseases.

In conclusion, the present study reported a critical role of SLCO4ALl in maintaining intrarenal
PGE, homeostasis and fine-tuning sodium reabsorption along renal tubules. SLCO4Al is a
potent inward PGE; transporter and was selectively localized on the basolateral membrane of
renal tubular epithelial cells in various renal tubule segments, where it facilitated the uptake
of PGE; to help remove PGE, from the kidney interstitium and timely terminated PGE,
signaling via the EP receptors (Visual Abstract). Pharmacological blockade of SLCO4A is
expected to raise extracellular levels of PGE; in the kidney to suppress the expression and
function of multiple majorsodium transporters and ENaC, leading to natriuresis and diuresis.
Our findings not only revealed a previously unrecognized mechanism involved in
spatiotemporal regulation of PGE; in the kidney but also identified SLCO4ALl as an attractive
molecular target to develop novel natriuretic and diuretic drugs to treat diseases with sodium

and fluid retention.
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Figure Legends

Figure 1. Basolateral localization of SLCO4A1 along mouse renal tubules.

(A) The expression of SLCO4ALl in various kidney cell populations based on a mouse
single-cell RNA-seq database (https://cello.shinyapps.io/kidneycellexplorer/). (B-E)
Immunofluorescence staining of mouse kidney sections demonstrated co-localization of
SLCO4A1 (red) with renal tubule segment-specific markers (green) including LTL for
proximal tubule (B), NKCC2 for thick ascending limb (C), NCC for distal tubule (D), and
AQP2 for collecting duct (E). (F) Negative control using a kidney section from a global

Slcodal gene knockout (KO) mouse. Nuclei are stained with DAPI (blue). Scale bars, 25um.
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Figure 2. Renal tubule-specific Slco4al gene deletion promoted natriuresis and diuresis
in mice.

(A) Schematic of the strategy for generating a renal tubule-specific Slco4al gene knockout
mouse line (Slco4al®™®). (B) PCR-based genotyping for the floxed allele (242 bp) and
Ksp-Cre transgene (413 bp). (C-D). 24-h urinary excretion of Na* (C) and CI~ (D) in
Slco4al™ and Slco4a1“® mice (n = 10). (E-H). Measurement of 24-h urine output (E), daily
water intake (F), daily food intake (G) and body weight (H) using metabolic cages in the
Slco4al™ and Slco4al®®® mice (n = 10). Data were presented-as mean + SEM. Statistical

comparisons were performed using an unpaired two-tailed Student's t test.
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Figure 3. Global Slcod4al gene knockout caused natriuresis and diuresis in mice.

(A) Schematic of the CRISPR/Cas9 strategy used for targeting the exon 4-6 of mouse
Slco4al gene. (B) PCR-based genotyping for wild-type (WT, 850 bp) and knockout (KO, 474
bp) alleles. (C) Western blot assay confirmed the absence of SLCO4AL1 protein in the tissues
of the KO mice including heart, kidney and lung. (D&E). 24-h urinary excretion of Na* (D)
and CI~ (E) in WT and KO mice (n = 10). (F-1). Measurement of 24-h urine output (F), daily
water intake (G), daily food intake (H) and body weight (1) by using'-metabolic cages in WT
and KO mice (n = 10). Data were presented as mean = SEM. Statistical comparisons were

performed using an unpaired two-tailed Student's t test.
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Figure 4. Renal tubule-specific Slco4al gene ablation inhibited the function and
expression of several major sodium transporters and channels along renal tubules.

(A&B) Natriuretic (A) and glucosuric (B) response to the SGLT2 inhibitor empagliflozin
showed attenuated urine Na* and glucose excretion in renal tubule-specific Slco4al gene
knockout (Slco4a1®®) mice (n = 6). (C&D) Natriuretic (C) and chloruretic (D) response to
the NKCC2 inhibitor furosemide showed reduced urine Na® and CI= excretion in the
Slco4al™® mice (n = 6). (E) Natriuretic response to the NCC and ENaC inhibitor

(amiloride+hydrochlorothiazide) showed reduced Na* excretion-in the Slco4a1®<®

mice (n =
6). (F&G) Representative western blots of SGLT2, NHE3, NCC, NKCC2 and a-, -, y-ENaC
subunits in kidney cortex (F) and medullas (G) of the Slco4al™ and Slco4a1“® mice. Data

were presented as mean + SEM. Statistical comparisons were performed using an unpaired

two-tailed Student's t test.
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Figure 5. Kidney-specific Slcodal gene overexpression resulted in decreased urine
sodium and water excretion and increased expression of major sodium transporters and
channels along renal tubules.

(A) Quantitative PCR analysis showed the Slco4al mRNA expression levels in the kidneys of
mice injected with control AAV (AAV-CON) and AAV- Slcodal (AAV- Slcodal). (B)
Immunoblot assay demonstrated a significant increase in SLCO4ALl protein levels in the
AAV- Slcodal mice. (C) Quantification of SLCO4A1 protein levels in (B). (D&E). Daily
urinary excretion of Na* (D) and CI= (E) in control (AAV-CON) and kidney-specific
Slcodal gene overexpression (AAV-Slcodal) mice (n = 6). (F-1). Measurement of 24-h urine
output (F), daily water intake (G), daily food intake (H) and body weight (I) in AAV-CON
and AAV- Slco4al mice (n = 6). (J&K) Representative western blots of SGLT2, NHE3, NCC,
NKCC2 and a-, B-, y-ENaC subunits in kidney cortex (J) and medullas (K) of AAV-CON and
AAV- Slcodal mice. Data were presented as mean + SEM. Statistical comparisons were

performed using an unpaired two-tailed Student's t test.
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Figure 6. SLCO4ALl promoted basolateral uptake of PGE; in renal tubular epithelial
cells.

(A) AlphaFold3 prediction revealed high-affinity PGE; binding site in the SLCO4AL1 protein
structure. (B&C) Human SLCO4Al overexpression (ad-SLCO4Al) in mIMCD3 cells
resulted in increased intracellular PGE, levels (B) and reduced supernatant PGE;
concentrations (C) (n = 4). (D&E) Mouse Slcod4al gene knockdown (si- Slcodal)
significantly decreased intracellular PGE;, levels (D) and increased supernatant PGE,
concentrations (E) (n = 4). (F&G) The AAV-Sico4al mice exhibited decreased kidney tissue
PGE, content (F) and increased 24-h urinary PGE, excretion (G) (n = 6). (H&I) The
Slco4al®™® mice exhibited increased kidney tissue PGEj content (H) and decreased 24-h
urinary PGE; excretion (1) (n = 6). (J) A representative in vivo fluorescence imaging of the
interstitial PGE, distribution and content in‘the Slco4al™ (left) and Slco4al1<® (right) mice
after injection of the PGE,-1.0 AAV sensor for 2 weeks. Data were presented as mean £ SEM.

Statistical comparisons were performed using an unpaired two-tailed Student's t test.
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Figure 7. PGE, treatment suppresseed the expression of major sodium transports and
channels in kidney tissue suspensions.

Kidney tissue suspensions were pretreated for 1 hour with vehicle (CON) and the EP receptor
subtype-selective antagonists (anta, 10 nM), followed by co-treatment with or without PGE,
(10 uM) or agonists alone (ago, 10 nM) for 6 hours. (A-G) western blot analysis showed that
PGE; suppressed the protein expression of SGLT2 (A), NHE3 (B), NKCC2 (C), NCC (D),
and a-ENaC (E), B-ENaC (F) and y-ENaC (G) subunits. (H-N) Semi-quantification of protein
expression of major sodium transporters and channels in A-G (n = 3). Statistical comparisons

were performed using one-way ANOVA followed by Tukey's multiple-comparison test.
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