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The kidney plays a central role in maintaining the fluid and electrolyte homeostasis
in the body. Bicarbonate transporters NBCn1, NBCn2, and AE2 are expressed at
the basolateral membrane of the medullary thick ascending limb (mTAL). In a
previous study, NBCn1, NBCn2, and AE2 are proposed to play as a regulatory
pathway to decrease NaCl reabsorption in the mTAL under high salt condition.
When heterologously expressed, the activity of these transporters could be
stimulated by the InsP3R binding protein released with inositol 1,4,5-
trisphosphate (IRBIT), L-IRBIT (collectively the IRBITs), or protein phosphatase
PP1. In the present study, we characterized by immunofluorescence the
expression and localization of the IRBITs, and PP1 in rat kidney. Our data
showed that the IRBITs were predominantly expressed from the mTAL through
the distal renal tubules. PP1 was predominantly expressed in the TAL, but is also
present in high abundance from the distal convoluted tubule through the
medullary collecting duct. Western blotting analyses showed that the
abundances of NBCn1, NBCn2, and AE2 as well as the IRBITs and PP1 were
greatly upregulated in rat kidney by dietary sodium. Co-immunoprecipitation
study provided the evidence for protein interaction between NBCn1 and
L-IRBIT in rat kidney. Taken together, our data suggest that the IRBITs and
PP1 play an important role in sodium handling in the kidney. We propose that
the IRBITs and PP1 stimulates NBCn1, NBCn2, and AE2 in the basolateral mTAL to
inhibit sodium reabsorption under high sodium condition. Our study provides
important insights into understanding themolecularmechanism for the regulation
of sodium homeostasis in the body.
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Introduction

The kidney maintains the systemic homeostasis of fluid and
electrolytes in the body, and therefore plays a central role in the
long-term control of arterial blood pressure (Guyton, 1989;
Gonzalez-Vicente et al., 2019). The systemic sodium content is a
key factor that determines the volume of blood and extracellular
fluid. Sodium retention would increase the blood volume, which in
turn would increase the arterial blood pressure. Most of, if not all,
the monogenic forms of hypertension are associated with aberrant
renal function in sodium handling (Wadei and Textor, 2012).

The thick ascending limb (TAL) reabsorbs ~25%–30% of the
NaCl filtered by the glomerulus (Dimke and Schnermann, 2018;
Gonzalez-Vicente et al., 2019). The entry of vast majority of the Na+

anc Cl− into the epithelial cells is accounted for by the apical
furosemide-sensitive Na+-K+-Cl− cotransporter NKCC2
(SLC12A1) and the Na+-H+ exchanger NHE3 (SLC9A3) in the
TAL. In the basolateral membrane, Na+ is extruded by the Na+-
K+-ATPase, whereas Cl− enters the interstitial fluid via the chloride
channel CLC-K (for review, see refs. (Bazua-Valenti et al., 2016;
Gonzalez-Vicente et al., 2019). Loss-of-function mutations in
NKCC2 causes hypotension due to urinary waste of salt, whereas
overactivity of NKCC2 results in hypertension (Ji et al., 2008; Ares
et al., 2011). In the TAL, NKCC2 is stimulated upon
phosphorylation by the SPS/Ste20-related proline-alanine-rich
kinase (SPAK), which is phosphorylated by the with-no-Lys
kinase WNK (Mutig, 2017; Caceres and Ortiz, 2019). Loss-of-
function mutations in WNK and SPAK are associated with
hypotension (Richardson and Alessi, 2008; Murthy et al., 2017;
Shekarabi et al., 2017).

Genetics studies show that a number of bicarbonate transporters
of the solute carrier 4 (SLC4) family are associated with
hypertension. These include SLC4A1 encoding the Cl−-HCO3

−

exchanger AE1 (Kokubo et al., 2006), SLC4A2 encoding AE2
(Sober et al., 2009), SLC4A4 encoding the Na+-HCO3

−

cotransporter NBCe1 (Yang et al., 2012; Guo et al., 2016),
SLC4A5 encoding NBCe2 (Barkley et al., 2004; Carey et al., 2012;
Groger et al., 2012), and SLC4A7 encoding NBCn1 (Ehret et al.,
2011; Lu et al., 2015). SLC4A10 encoding NBCn2 is associated with
the regulation of systemic fluid balance (Boger et al., 2017).

The abovementioned SLC4 family members are all expressed in
the kidney, making a major contribution to the regulation of
systemic acid-base balance in the body. In rat kidney, the
activities of Cl−-HCO3

− exchange and Na+-dependent HCO3
−

transport are both expressed in the basolateral membrane of the
medullary (m) TAL (Kikeri et al., 1990; Bourgeois et al., 2002;
Odgaard et al., 2004). In the basolateral mTAL, the Cl−-HCO3

−

exchange activity is attributable to the expression of AE2 (Alper
et al., 1997), whereas the Na-HCO3

− cotransport actrivity is
attributable to NBCn1 and NBCn2 (Kim et al., 2003; Praetorius
et al., 2004; Guo et al., 2017). AE2 mediates the extrusion of HCO3

−

during the transepithelial HCO3
− reabsorption in the mTAL

(Bourgeois et al., 2002). In rat kidney, the abundances of NBCn1,
NBCn2, and AE2 are upregulated by overload of NaCl or NaHCO3

(Quentin et al., 2004; Wang J. L. et al., 2020). NaHCO3 overload
induces metabolic alkalosis. As an adaptive response to metabolic
alkalosis, the HCO3

− reabsorption in the mTAL would be expected
to be downregulated. The upregulation in AE2 by NaHCO3 appears

to contradict the role of AE2 in HCO3
− reabsorption. Similar to

NaCl, administration of NaHCO3 also causes sodium overload.
Thus, it is proposed that, under high sodium condition, the
NBCs (NBCn1 and NBCn2) together with AE2 inhibit NaCl
reabsorption by counteracting the action of the apical
NKCC2 and the basolateral Na+-K+ ATPase in mTAL (Wang
J. L. et al., 2020).

When heterologously expressed in Xenopus oocytes, the
activities of NBCn1 and NBCn2 are greatly stimulated by protein
interaction with the InsP3R binding protein released with inositol
1,4,5-trisphosphate (IRBIT) and L-IRBIT (Wang J. L. et al., 2020).
Both IRBIT and L-IRBIT could interact with AE2. The expression
and activity of AE2 is stimulated by L-IRBIT, but not IRBIT in
human embryonic kidney HEK-293 cells (Itoh et al., 2021). In rat
kidney, the expression of IRBIT and L-IRBIT is upregulated under
high salt condition (Wang J. L. et al., 2020). In HEK-293 cells, the
activity of NBCn1 is downregulated by SPAK and upregulated by
protein phosphatase 1 (PP1) (Hong et al., 2013).

Taken together, the above studies suggest the presence of a
potential regulatory network involved in the modulation of NaCl
reabsorption in the mTAL. However, somemajor gaps in knowledge
remain to be addressed. Are IRBIT, L-IRBIT, and PP1 expressed in
the mTAL where NBCn1, NBCn2, and AE2 are localized? Is there an
effect of chloride in the upregulation of renal NBCn1, NBCn2, and
AE2 by NaCl overload? Would the expression of the bicarbonate
transporters and their regulatory partners be affected by varying just
the dietary sodium content? In the present study, we investigated the
localization of NBCn1, IRBIT, L-IRBIT, and PP1 in rat kidney by
immunofluorescence. We also examined the effect of altering dietary
sodium on the protein expression of selected transporters and their
potential regulators in rat kidney. Our data indicate that the
abubndances of these proteins in the kidney are closely
correlated with the dietary sodium intake.

Methods

Animals and ethical approval

Sprague Dawley (SD) rats were purchased from the Hubei
Provincial Center for Disease Control (Wuhan, China) and
housed in rodent cages. Xenopus laevis clawed frogs were
purchased from Shanghai Institute of Biochemistry and Cell
Biology, Chinese Academy of Sciences (Shanghai, China) and
housed in a fish tank at 18°C. All procedures regarding the usage
of experimental animals were approved by the Institutional
Committee on Animal Care and Use at Huazhong University of
Science and Technology.

Rodent chows were purchased from Trophic Animal Feed High-
tech Co. Ltd. (Nantong, Jiangsu, China). The standard chow
(AIN93M) contained 0.1% Na+. The high-sodium chow
contained 1%, 2%, or 3% Na+. All chows with varying sodium
levels were carefully balanced to keep the chloride unchanged in
the chow.

To examine the effect of dietary sodium on the kidney, adult SD
rats weighing 200~300 g were randomly assigned into 4 groups.
Each group contained at least 8 rats. The control group received
standard AIN93 chow containing 0.1% of Na+. The other groups
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received modified chow containing 1%, 2%, or 3% sodium,
respectively. All rats had free access to drinking water. After
10 days of treatment, the rats were anesthetized by subcutaneous
injection of pentobarbital sodium (2% w/v) and sacrificed for tissue
collection. The tissues were immediately frozen in liquid nitrogen
upon isolation and stored at −80°C until usage.

Antibodies

The polyclonal antibody anti-NBCn2 was described previously
(Guo et al., 2017). This anti-NBCn2 was directed against the unique
Nt of MEIK-NBCn2 (Liu et al., 2013) that is expressed at the
basolateral membrane of mTAL (Guo et al., 2017). The
polyclonal antibodies anti-NBCn1 and anti-L-IRBIT were
described in a previous study (Wang J. L. et al., 2020). Polyclonal
rabbit anti-IRBIT was commercially available (catalogue no. 94248S;
Cell Signaling Technology, Danvers, MA, USA). Mouse anti-actin
was purchased from Beyotime (catalogue no. AA128; Haimen,
China). Rabbit anti-AE2 was purchased from ABclonal (catalogue
no. A7729; Wuhan, China). Rabbit anti-PP1Cβ (catalogue no.
ab53315), mouse anti-α1 (catalogue no. AB7671), and mouse
anti-calbindin (catalogue no. ab82812) were purchased from
Abcam (Shanghai, China). Rabbit anti-pNCC for phosphorylated
NCC was purchased from PhosphoSolutions (catalogue no. p1311-
53; Aurora, CO, USA). Mouse anti-NKCC2 was purchased from
Santa Cruz (catalogue no. sc-293222; Santa Cruz, California, USA).

HRP-conjugated goat anti-rabbit IgG (catalogue no. A0218) and
goat anti-mouse IgG (catalogue no. A0216) were purchased from
Beyotime (Haining, Jiangsu, China]. DyLight549-conjugated goat
anti-rabbit IgG catalogue no. A23320 and DyLight488-conjugated
goat anti-mouse IgG (catalogue no. A23210) were purchased from
Abbkine Scientific (Wuhan, China).

Protein preparation and Western blotting

For protein preparation, a rat kidney tissue of about 500 mg was
placed in 6 mL of precooled protein isolation buffer (in mM:
7.5 NaH2PO4, 250 sucrose, 5 EDTA, 5 EGTA, pH 7.0)
supplemented with 1% protease inhibitor cocktail (catalog no.
P8340; Sigma-Aldrich, St. Louis, MO, USA). The tissue was
homogenized for 15 strokes with a Glas-Col Teflon glass
homogenizer (Glas-Col, Terre Haute, IN, USA) bathed in ice.
The crude homogenate was centrifuged at 3,000g for 10 min at
4°C to remove the cell debris. A vial of the resultant supernatant was
saved, representing the “total proteins.” The membrane proteins
were pelleted from the supernatant by ultra-centrifuged at
100,000×g for 60 min at 4°C and resuspended in a buffer
containing 20 mM Tris, 5 mM EDTA, 5% SDS, pH 8.0. Protein
concentration was determined by using Enhanced BCA Protein
Assay Kit (catalog no. P0010; Beyotime). The protein preparations
were stored in aliquots at −80°C until usage.

Proteins were separated by sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) and blotted onto
a PVDF membrane for Western blotting. The blot was blocked with
5% milk in 1 × TBST (1 mM Tris, 150 mM NaCl, 0.1% Tween 20,
pH 7.4) for 1 h at room temperature (RT), incubated with primary

antibody in 1 × TBST containing 1% milk, and then washed five
times with 1 × TBST. The blot was then incubated with HRP-
conjugated secondary antibody in 1 × TBST containing 1% milk at
RT and washed five times with 1×TBST. Chemiluminescence was
performed with SuperSignal West Pico PLUS Chemiluminescent
Substrate (catalogue no. 3580, Thermo Scientific, Rockford, IL,
USA) prior to X-ray film exposure. Densitometry was performed
with ImageJ (National Institutes of Health, USA).

Tissue fixation and immunofluorescence

Adult rats were fixed by transcardial perfusion with 4%
paraformaldehyde (PFA) in PBS (in mM: 77.4 Na2HPO4,
22.6 NaH2PO4, pH 7.4). For immunofluorescence, cryo-sections
of kidney were cut with thickness of 8 µm. The section was
dehydrated overnight at 60°C and then rehydrated for 1 h in 1 ×
TBS (1 mM Tris, 150 mM NaCl, pH 7.4). After five 5-min washes
with 1 × TBS, the section was incubated in Improved Citrate Antigen
Retrieval Solution (catalogue no. P0083; Beyotime) at 98°C for
20 min. After five 5-min washes with 1 × TBS, the section was
then blocked for 1 h with Immunol Staining Blocking Buffer
(catalogue no. P0102; Beyotime) at RT, and incubated with
primary antibody at 4°C overnight. The section was washed five
times with 1 × TBS, incubated with DyLight-conjugated secondary
antibody at room temperature for 1 h followed by five washes with
1 × TBS, and then mounted with Antifade Polyvinyl Pyrrolidone
Medium (catalogue no. P0131; Beyotime). The mounting medium
contains 4,6-Diamidino-2-Phenylindole (DAPI). Images were
acquired on a FluoView FV3000 confocal microscope (Olympus,
Tokyo, Japan).

Molecular biology

Construction of vectors was performed by regular molecular cloning
approaches. For generation of the constructs for yeast-2-hybrid, the
cDNA encodingmouse IRBIT (accession no. NM_145542) was fused in-
frame to the DNA-binding domain of the transcription factor GAL4 in
pGBKT7. The cDNA encoding the amino-terminal portion (residues
1−115) of NBCn1 (accession no. AKS30237.1) was fused in-frame to the
activation domain of GAL4 in pGADT7.

For generation of the constructs for expression in Xenopus
oocytes, the target cDNA was subcloned into pGH19 which
contained the T7 promoter for transcription (Trudeau et al.,
1995). The plasmid containing the cDNA encoding NBCe1-B
tagged with EGFP at the carboxyl-terminus was described
previously (Su et al., 2021). All constructs used for
electrophysiology analysis were tagged with EGFP at the
carboxyl-termini. The constructs were linearized for the
preparation of capped cRNAs by in vitro transcription with
T7 mMessage mMachine kit (Ambion, Austin, TX, USA).

Yeast two-hybrid

Yeast two-hybrid (Y2H) was performed with Matchmaker®
Gold Yeast Two-Hybrid System (catalog no. PT4084-1, Clontech
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Takara, Mountain View, CA, USA) to investigate the protein
interaction between IRBIT and NBCn1. Vectors pGBKT7
(expressing IRBIT) and pGADT7 (expressing NBCn1 Nt) were
transformed into haploid yeast stains Y2HGold and Y187,
respectively. Y187 and Y2HGold were mated to form diploid and
then cultured on either double-dropout (DDO) medium lacking or
quadruple-dropout (QDO) medium containing X-α-gal at 30°C for
3–4 days. Protein interaction was judged by the formation of blue
colonies.

Electrophysiology recordings

Xenopus oocytes were used as expression system for
electrophysiology recordings. For oocyte isolation, a female
Xenopus laevis was anesthetized by immersion in 0.2% ethyl 3-
aminobenzoate methanesulfonate or tricaine (catalog no. A5040,
Sigma-Aldrich, St. Louis, MO, USA). An ovary lobe was isolated and
digested with 2 mg/mL collagenase Type 1A (Sigma-Aldrich, St.
Louis, MO, USA) in Ca2+-free NRS solution (in mM: 82 NaCl, 2 KCl,
20MgCl2, 5 HEPES, pH 7.50) for 90 min at room temperature. Stage
V−VI oocytes were selected for usage. cRNA injection into oocytes
was performed with Nanoject II Auto-Nanoliter Injector
(Drummond Scientific Company, Broomall, PA, USA). For
protein expression, the oocytes injected with cRNA were
incubated at 18°C for 4–5 days in modified GibcoTM Leibovitz’s
L-15 Medium (catalog no. 41300-039, Thermo Fisher Scientific,
Waltham, MA, USA) containing 100 units/mL of GibcoTM penicillin
and 100 μg/mL of streptomycin (Thermo Fisher Scientific,) with
200 mOsm osmolarity.

Two-electrode voltage clamp were performed with an OC-
725C oocyte clamp (Warner Instruments, Hamden, CT, USA)
controlled by pCLAMP10.2 (Molecular Devices, San Jose, CA,
USA). For voltage-clamp recordings, an oocyte was placed in
nominally “HCO3

−-free” ND96 (in mM: 96 NaCl, 2 KCl,
1 MgCl2, 1.8 CaCl2, 5 HEPES, pH 7.5, 200 mOsm) in a
chamber and impaled with two microelectrodes filled with
3 M KCl, one for sensing membrane potential (Vm) and the
other for measuring current. The cell was equilibrated in
ND96 until the Vm reached stable. The activity of NBCe1 was
determined as previously described (Su et al., 2021). Briefly, the
current-voltage (I-V) relationships were first acquired for
ND96 solution and then for a CO2/HCO3

− solution (in mM:
63 NaCl, 2 KCl, 1 MgCl2, 1.8 CaCl2, 5 HEPES, 33 NaHCO3

bubbled with 5% CO2, pH 7.50). The difference between the
current in ND96 and that in CO2/HCO3

− represented the net
HCO3

−-dependent current mediated by NBCe1. The slope
conductance (GNBC) of this net I-V curve between ±40 mV
was an index for NBCe1 activity.

Co-immunoprecipitation

For co-immunoprecipitation, 2.5 mg of membrane proteins of
rat kidney were mixture with 1 μL of antibody against L-IRBIT in
1.2 mL of IP buffer (in mM: 20 Tris, 150 NaCl, 2 EDTA, pH 7.5)
containing 1% (v/v) Triton X-100 and 1% (v/v) protease inhibitor
cocktail (Sigma-Aldrich) and incubated at 4 °C overnight. The

mixture was then added with DynabeadsTM M-280 Sheep anti-
Rabbit IgG (catalog no. 11204D, Thermo Fisher Scientific) and
incubated for 2 h at room temperature. After 3× washes with the IP
buffer, the beads were resuspended in 60 μL of SDS sample buffer
and incubated at 98°C for 10 min. The supernatant was collected for
Western blotting analysis.

Data analysis

Statistical analyses were performed with GraphPad Prism
(GraphPad Software, Inc. URL: www.graphpad.com).

Results

NBCn1 is expressed in mTAL, but not in cTAL
of rat kidney

It has been established that NBCn1 is expressed in the
basolateral membrane of mTAL (Praetorius et al., 2004; Wang
J. L. et al., 2020). What remains uncertain is whether NBCn1 is
expressed in tubular segments beyond the mTAL. In a previous
study, we showed by Western blotting that NBCn1 expression is
largely limited to the outer medulla in rat kidney (Wang J. L. et al.,
2020). A comprehensive RNA-seq study showed that, in addition to
mTAL, Slc4a7 transcripts are also expressed in the descending
(DTL), ascending thin limb (ATL) of the Henle’s loop, and cTAL
in mouse kidney (Chen et al., 2021; URL: esbl.nhlbi.nih.gov/
MRECA/Nephron/). In the present study, we examined the tissue
and cellular distribution of NBCn1 in rat kidney by
immunofluorescence. We used NKCC2 as a specific marker for
the TAL (Ecelbarger et al., 1996; Gimenez and Forbush, 2003;
Bazua-Valenti et al., 2016). Figures 1A−C show the overview of
double staining of anti-NBCn1 and anti-NKCC2 in a kidney section.
The fluorescence signals for NBCn1 were highly enriched in the
outer medulla, but not present in the cortex or the inner medulla.
High magnification view showed that the expression of NBCn1 was
highly abundant inmost of the mTAL (Figure 1D) but becamemuch
lower in the TAL segments approaching the cortex (Figure 1E),
indicating expression heterogeneity in the mTAL. Figure 1F shows
the absence of NBCn1 staining in the cTAL. The present
immunofluorescence data are consistent with our previous
Western blotting data (Wang J. L. et al., 2020), but are somewhat
inconsistent with the RNA-seq data obtained from mouse kidney
(Chen et al., 2021). The inconsistency could be due to the application
of different technical approaches. It could also reflect the species
specificity in the expression of SLC4A7 in the kidney.

Expression and localization of IRBIT in rat
kidney

The α1 subunit of the Na+-K+-ATPase is expressed in virtually all
segments along the nephron, with the highest abundance from the
mTAL through the cortical connecting tubule (CNT) (Wetzel and
Sweadner, 2001; Bankir et al., 2020). We utilized α1 as a marker to
determine the localization of IRBIT in rat kidney. Figure 2A shows the
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overview of the double staining of anti-IRBIT and anti-α1 in a kidney
section (also see Supplementary Figure S1). IRBIT was predominantly
expressed in the outer medulla and the inner portion of the cortex. The
fluorescence signals of IRBIT were also present in specific structures in
the outer portion of the cortex, but very weak in the inner medulla.

High magnification view showed that the expression of IRBIT
was highly enriched in the mTAL that was intensively labeled by α1
(Figures 2B−D). A double-staining with IRBIT and
NKCC2 confirmed the expression of IRBIT in the mTAL
(Figures 2E−G).

Figures 2H–J shows the double-staining of IRBIT and α1 in the
cortex. Here, strong immunofluorescence signals of IRBITwere observed
in the tubules intensively labeled by anti-α1, indicating IRBIT expression
in the cTAL through the cortical collecting duct (CCD). The expression
of IRBIT in the cTAL was confirmed by double-staining with anti-IRBIT
and anti-NKCC2 (data not shown). In the cortex, IRBIT was also
abundantly expressed in the proximal tubules. The abundance of
IRBIT appeared higher in the PST and the CCD than it was in the
proximal convoluted tubules (PCT). Note that, the abundance of α1 was
highest in the CCD, lower in the PCT, and even lower in the PST. The
fluorescence signal of IRBIT was very faint in the glomeruli.

We further characterized the localization of IRBIT in the cortex
by co-staining with calbindin. The Ca2+-binding-protein calbindin is
a specific marker for the distal convoluted tubules (DCT) through
the CCD, with highest abundance in the CNT, and lower in the DCT
and CCD (Campean et al., 2001; Wetzel and Sweadner, 2001).
Supplementary Figures S2A−C illustrates the representative

staining of IRBIT and calbindin in renal cortex. IRBIT was
highly enriched in the tubules positive with calbindin. In
Supplementary Figures S2D−F, the tubules with the highest
expression of calbindin were presumably the CNT, whereas the
structures with relatively lower level of calbindin were presumably
the CCD. Taken together, the calbindin data show that IRBIT was
abundantly expressed in the DCT through the CNT in the renal
cortex.

Supplementary Figures S3A−D shows the double-staining of
IRBIT and NKCC2 in the cortex of the kidney. Here, IRBIT was
expressed in the NKCC2-positive cTAL reaching the macula densa,
a specialized tubule juxtaglomerular that plays a critical role for
sensing the NaCl content in the tubular fluid (Peti-Peterdi and
Harris, 2010). The tubules with IRBIT expression but lacking
NKCC2 were presumably the CNT. Supplementary Figures
S3E−H shows the double-staining for IRBIT and calbindin
around a glomerulus. Here, the juxtaglomerular structure
strongly labeled by IRBIT but lacking calbindin was presumably
the cTAL, whereas those with both IRBIT and calbindin were
presumably the CNTs.

Expression and localization of L-IRBIT in rat
kidney

Figure 3A shows the overview of the double-staining of L-IRBIT
and α1 in a kidney section (also see Supplementary Figure S4). Our

FIGURE 1
Indirect immunofluorescence of NBCn1 in rat kidney. (A–C)Overview of the double staining of NBCn1 andNKCC2 in a rat kidney section. To provide
a whole view of the tissue distribution of NBCn1 (red) and NKCC2 (green), the figure was generated by overlaying four continuous images acquired from
the inner medulla through the cortex. NKCC2 was present along the whole TAL from the OM through the CX. The fluorescence signal of NBCn1 was
strong in the OM, relatively weak in the OM-CX boundary region, and negligible in the CX. (D)NBCn1 was highly expressed in the basolateral domain
of mTAL. (E) NBCn1 was expressed in relatively lower level in the basolateral domain of the TAL in the OM-CX boundary region. (F) NBCn1 was not
detectable in the cortical TAL. IM, inner medulla; OM, outer medulla; CX, cortex; G, glomerulus. The blue indicates nuclei counter-stained by DAPI.

Frontiers in Physiology frontiersin.org05

Cai et al. 10.3389/fphys.2023.1154694

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2023.1154694


data show that L-IRBIT was widely expressed from the outer
medulla throughout the cortex. Similar to the case of IRBIT, the
immunofluorescence signals of L-IRBIT were weak in the inner
medulla.

Figures 3B–D represent the high magnification view of L-IRBIT
staining in the outer medulla. Here, L-IRBIT was highly enriched in
the mTAL intensively labeled by α1. L-IRBIT expression was also
observed in relatively lower abundance in the outer medullary
collecting duct (OMCD) that was only slightly labeled by α1.
Figures 3E−G show the double-staining of L-IRBIT and
NKCC2 in the outer medulla. Here, strong signals of L-IRBIT
were observed in the mTAL with NKCC2 at the apical domain,
as well as in the OMCD lacking NKCC2.

In the cortex, L-IRBIT was ubiquitously expressed in high
abundance in the PST with the lowest level of α1, the PCT
modestly labeled by α1, and the cTAL and the CCD with the
highest level of α1 (Figures 3H−J). Supplementary Figures S5A−C
shows the double-staining for L-IRBIT and calbindin in the cortex.
The abundance of L-IRBIT was slightly higher in the tubules with
calbindin than those without calbindin. Supplementary Figures
S5D−F shows the expression of L-IRBIT in NKCC2-positive cTAL.

Taking together, we conclude that L-IRBIT was predominantly
expressed from the TAL through the CCD, and was also expressed in
relatively lower level in the PCT and the PST in rat kidney.

Expression and localization of PP1 in rat
kidney

Figure 4A shows the overview of the double staining of anti-PP1
and anti-α1 in a kidney section (also see Supplementary Figure S6).
The inner medulla was slightly labeled by anti-PP1. In the outer
medulla and the cortex, the immunofluorescence signals of PP1 were
most intensive in the tubules with the highest levels of α1, suggesting
that PP1 expression was enriched from the mTAL through the CCD.
Figures 4B−D shows PP1 staining in the outer medulla in high
magnification view. Here, PP1 wasmost abundantly expressed in the
mTAL with high levels of α1. PP1 was also expressed in high
abundance in the OMCD, the basolateral domain of which was
slightly labeled by anti-α1.

In the cortex, strong signals of PP1 were observed in the tubules
intensively labeled by α1, suggesting that PP1 was highly expressed
from the cTAL through the CCD (Figures 4E−G). In the cortex,
PP1 signals were always seen in the tubules positive with calbindin,
confirming the expression of PP1 in the DCT, CNT, and CCD
(Supplementary Figures S7A−C). Taking together, we conclude that
PP1 was predominantly expressed from cTAL through CCD in renal
cortex.

Finally, the expression of PP1 was also present in the glomeruli
(Figures 4E−G; Supplementary Figure S7).

FIGURE 2
Indirect immunofluorescence of IRBIT in rat kidney. (A)Merged overview of double staining of IRBIT (red) and α1 (green) in a rat kidney section. The
original unmerged images of IRBIT and α1 were shown in Supplementary Figure S1. (B–D) High magnification view showing that IRBIT is abundantly
expressed in mTAL. (E–G) Localization of IRBIT and NKCC2 in mTAL. (H–J) Localization of IRBIT (red) and α1 (green) in cortex. G, glomerulus; mTAL,
medullary thick ascending limb; CX, cortex; OM, outer medulla; IM, inner medulla. Blue indicates the nuclei counter-stained with DAPI.
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Effect of dietary sodium on expression of
transporters in rat kidney

We examined the effect of dietary sodium on the expression of
selected transporters in rat kidney. Adult rats were treated for
10 days either with standard rodent chow containing 0.1% Na+

or modified rodent chow containing high sodium. The membrane
preparations of whole kidneys were used for Western blotting
analyses.

Figure 5A shows representative Western blots for the expression
of renal NBCn1. As summarized in Figure 5B, compared to the
control (1.00 ± 0.27), the relative abundances of NBCn1 in the high-
sodium groups were significantly increased to 1.78 ± 0.38 for 1%
Na+, 2.20 ± 1.24 for 2%Na+, and 3.05 ± 0.89 for 3%Na+, respectively.
By regression analysis, the relative abundance of NBCn1 was
significantly positively correlated with the level of dietary sodium
(r2 = 0.485, p < 0.0001).

Shown in Figure 5C are representative Western blots for the
expression of NBCn2 in the kidney. As summarized in Figure 5D,
compared to the control (1.00 ± 0.74), the relative abundances of
NBCn2 were significantly increased to 2.18 ± 0.86 for 1%Na+, 3.09 ±
1.13 for 2% Na+, and 3.74 ± 2.63 for 3% Na+, respectively. Again, by

regression analysis, the relative abundance of NBCn2 was
significantly positively correlated with the level of dietary sodium
(r2 = 0.330, p = 0.006).

Figure 5E shows representative Western blots for the effect of
dietary sodium on the expression of renal AE2. Compared to the
control, the abundances of AE2 were so strikingly increased that the
AE2 in the control was almost invisible even when the AE2 was over-
exposed in the high-sodium groups. Thus, it was not practical to obtain
the relative ratio of AE2 of the high-sodium groups over the control.

Finally, we examined the effect of dietary sodium on the
expression of Na-Cl cotransporter NCC (SLC12A3) in rat kidney.
NCC is the major transporter in the capical DCT responsible for
NaCl reabsorption by the DCT (Murthy et al., 2017; Shekarabi et al.,
2017). Phosphorylation increases the activity of NCC (Glover et al.,
2010). Others have shown that high-salt diet decreases the
abundance of phosphorylated NCC (pNCC) in mouse kidney
(Torres-Pinzon et al., 2021). Shown in Figure 5F are
representative Western blots for the expression of pNCC in rat
kidney. As summarized in Figure 5G, compared to the control
(1.00 ± 0.66), the relative abundances of pNCC in the high-sodium
groups were decreased to 0.66 ± 0.37 for 1% Na+, 0.40 ± 0.28 for 2%
Na+, and 0.24 ± 0.16 for 3% Na+, respectively. The decreases for the

FIGURE 3
Indirect immunofluorescence of L-IRBIT in rat kidney. (A) Merged overview of the double-staining of L-IRBIT (red) and α1 (green). The original
unmerged images of L-IRBIT and α1 were shown in Supplementary Figure S4. (B–D) Localization of L-IRBIT and α1 of Na+ -K+ -ATPase in outer medulla.
(E–G) Localization of L-IRBIT and NKCC2 in outer medulla. (H–J) Localization of L-IRBIT (red) and α1 (green) in cortex. CX, cortex; IM, innermedulla; OM,
outer medulla; mTAL, medullary thick ascending limb; OMCD, outer medullary collecting duct. Blue indicates the nuclei counter-stained by DAPI.
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FIGURE 4
Indirect immunofluorescence of PP1 in rat kidney. (A) Merged overview of the double-staining of PP1 and α1 in rat kidney. The original unmerged
images of PP1 and α1 were shown in Supplementary Figure S6. (B–D) Expression of PP1 and α1 in out medulla. Strong fluorescence signals of PP1 were
observed in the mTAL and the OMCD. (E–G) Expression of PP1 and α1 in cortex. Fluorescence signals of PP1 were observed in the glomerulus and the
cortical collecting duct. G, glomerulus; CCD, cortical collecting duct; mTAL, medullary thick ascending limb; OMCD, outer medullary collecting
duct.

FIGURE 5
Effect of dietary sodium on the expression of NBCn1, NBCn2, AE2, and pNCC in rat kidney. (A) Representative western blots for the expression of
NBCn1 in the kidney. (B) Summary for the relative abundance of renal NBCn1. (C) Representative western blots for the expression of NBCn2 in the kidney.
(D) Summary for the relative abundance of renal NBCn2. (E) Representative western blots for the expression of AE2 in the kidney. The abundance of
AE2 was strikingly increased by dietary sodium. It was not practical to determine the relative ratio of AE2 abundance of high sodium groups over the
control. (F) Representative western blots for the expression of pNCC in the kidney. (G) Summary for the relative abundance of renal pNCC. Western
blotting analyses were performed with the membrane preparations of whole kidney. C: control normal (0.1% Na+). H: high sodium diet. Each data point
(circles) represents an individual rat (n = 8 for each condition). The data points of the control (0.1% of Na+) are presented in red. The crosses in purple
indicate the means of protein levels in each condition. #: significantly different from the control (red) by one-way ANOVA followed by Dunnet’s multiple
comparison (p < 0.05). $: significantly different from the control by Student’s t-test (p < 0.05).
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groups of 2% and 3%Na+ are statistically significant compared to the
control. Moreover, the relative abundance of pNCC in rat kidney
was significantly negatively correlated with dietary sodium level by
regression analysis (r2 = 0.353, p = 0.0003). Our data are consistent
with the previous study on mice (Torres-Pinzon et al., 2021).

Effect of dietary sodium on expression of
IRBIT, L-IRBIT, and PP1 in rat kidney

Next, we examined the effect of dietary sodium on the
expression of IRBIT, L-IRBIT, and PP1 in the membrane
preparations of whole rat kidney. Shown in Figure 6A are
representative Western blots for the expression of IRBIT in
the kidney. As summarized in Figure 6B, compared to the
control (1.00 ± 0.42), the relative abundances of IRBIT were
increased to 1.58 ± 0.65 for 1% Na+, 1.90 ± 0.65 for 2% Na+, and
2.15 ± 0.49 for 3% Na+, respectively. The increases in the groups of 2%
and 3% Na+ are statistically compared to the control. Moreover, the
relative abundance of renal IRBIT was significantly positively correlated
to the level of dietary sodium by regression analysis (r2 = 0.382, p =
0.0002).

Similar analyses were performed with L-IRBIT. Shown in
Figure 6C are representative Western blots for the expression of
L-IRBIT in rat kidney. As summarized in Figure 6D, compared to

the control (1.00 ± 0.41), the relative abundances of L-IRBIT were
increased to 1.51 ± 0.78 for 1% Na+, 2.05 ± 1.03 for 2% Na+, and
2.54 ± 1.28 for 3% Na+, respectively. The increases in the groups of
2% and 3%Na+ were statistically significant compared to the control.
Moreover, the relative abundance of L-IRBIT was significantly
positively correlated to the level of dietary sodium by regression
analysis (r2 = 0.316, p = 0.0012).

Figure 6E shows representative Western blots for
PP1 expression in rat kidney. As summarized in Figure 6F,
compared to the control (1.00 ± 0.29), the relative abundances of
PP1 were increased to 1.20 ± 0.30 for 1%Na+, 1.38 ± 0.36 for 2%Na+,
and 1.72 ± 0.44 for 3% Na+, respectively. The increases in the groups
of 2% and 3% Na+ are statistically significantly compared to the
control. Again, the relative abundance of renal PP1 was significantly
positively correlated to dietary sodium level by regression analysis
(r2 = 0.380, p = 0.0002).

Interaction of NBCn1 with IRBIT/L-IRBIT

IRBIT and L-IRBIT (collectively the IRBITs) can bind to and
greatly stimulate the activities of many NBCs, such as NBCe1-B,
NBCn1, and NBCn2. These NBCs all contain an auto-inhibition
domain (AID) as well as an IRBIT-binding domain at the flexible
amino-termini (for review, see refs. (Parker and Boron, 2013; Liu

FIGURE 6
Effect of dietary sodium on expression of IRBIT, L-IRBIT, and PP1 in rat kidney. (A) Representative Western blots for the expression of IRBIT in the
kidney. (B) Summary for the relative abundance of renal IRBIT. (C) Representative Western blots for the expression of L-IRBIT in the kidney. (D) Summary
for the relative abundance of renal L-IRBIT. (E) Representative western blots for the expression of PP1 in the kidney. (F) Summary for the relative
abundance of renal PP1. Western blotting analyses were performed with themembrane preparations of whole kidney. C: control normal (0.1% Na+);
H: high sodium diet. Each data point represents an individual rat (n = 7–8 for each condition). The data points of the control (0.1% of Na+) are presented in
red. The crosses in purple indicate the means of protein levels in each condition. #: significantly different from the control (red) of 0.1% Na+ by one-way
ANOVA followed by Dunnet’s multiple comparison (p < 0.05). $: significantly different from the control by Student’s t-test (p < 0.05). In Panel (B) (the
condition of 0.1% Na+), and Panel (F) (the conditions of 0.1% and 2% Na+), several data points were artificially shifted to left because these were virtually
overlapped with other data points.
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et al., 2015). Figure 7A shows an alignment of the amino-termini of
NBCe1-B and NBCn1. The interaction of IRBIT with NBCe1-B
essentially requires the presence of the two acidic motifs “EDE” and
“DEEEVE” as well as the basic cluster “RRRRRHKRK” (Lee and
Boron, 2018; Su et al., 2021).

The amino-terminus of NBCn1 contains three acid motifs and a
much longer basic cluster spanning from Arg61 through Lys77. We
employed yeast-2-hybrid (Y2H) to investigate the structural
determinants in NBCn1 for its interaction with IRBIT. Based on
an amino-terminal fragment of NBCn1 containing residues 1–115,
we generated a series of mutants by modifying the three acid motifs
and/or the basic cluster (Figure 7B). Our data indicate that the
interaction between NBCn1 and IRBIT essentially requires the
simultaneous presence of the acidic motif “DEEAVVD” and the
basic cluster in the amino-terminus of NBCn1. Neither the acidic
motif “EAD” nor “FEKEELE” was essential for the interaction of
NBCn1 with IRBIT. Interestingly, replacing the basic cluster of
NBCn1 with that of NBCe1 abolished the interaction between
NBCn1 and IRBIT (construct #3, Figure 7B).

Removing the AID-containing region (residues 1–85) fully activates
NBCe1-B (McAlear et al., 2006; Lee et al., 2012; Su et al., 2021). We
generated a chimera (designated as AIDn1-ΔN85) of NBCn1 and
NBCe1-B by fusing residues 1–115 of NBCn1 to the amino-terminal
end ofΔN85, anNBCe1-Bmutant lacking residues 1–85.We expressed
AIDn1-ΔN85 in Xenopus oocyte to examine the inhibitory effect of the
AID of NBCn1 on the activity of NBCe1 by electrophysiology. As
summarized in Figure 7C, IRBIT fully stimulated wild-type NBCe1-B
(2.69 ± 0.67 μS without IRBIT vs. 21.63 ± 6.56 μS with IRBIT, p <
0.001). However, IRBIT just modestly stimulated AIDn1-ΔN85 (1.25 ±
0.62 μS without IRBIT vs. 6.17 ± 1.15 μS with IRBIT, p< 0.05). The data
indicate that the AID of NBCn1 elicited much greater inhibition on
NBCe1 than the AID of NBCe1-B. This greater inhibition was
presumably due to the extremely long basic cluster of NBCn1. The
basic cluster has been shown to play a critically important role in the
auto-inhibition of NBCe1 (Lee and Boron, 2018; Su et al., 2021).

Starting from AIDn1-ΔN85, we generated a series of mutants
by introducing mutations to the AID corresponding to the
constructs shown in Figure 7B. We measured the activity of

FIGURE 7
Interaction of IRBIT and L-IRBIT with NBCn1. (A) Alignment of the initial Nt of NBCn1 with the unique Nt of NBCe1 (variant B). (B) Characterization of
structural elements of NBCn1 essential for binding of IRBIT by yeast-2-hybrid assay. (C) Summary for the effect of the auto-inhibition domain of NBCn1
(residues 1–115) on transport activity of NBCe1. (D) Summary for the transport activity of NBCe1 containing variants of AID of NBCn1. (E) Co-
immunoprecipitation analysis showing the interaction of NBCn1 with L-IRBIT in rat kidney. In Panels (C,D), data are presented in mean ± S.D. in
Panels (C,D). The numerals in the parentheses indicate the number of individual oocytes included in each bars. For statistical analysis, one-way ANOVA
followed by Tukey’s comparison was performed. *p < 0.05; ****p < 0.001. ns: not significant.
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these constructs ± IRBIT by electrophysiology. Generally, the
electrophysiology data confirmed the conclusion derived from
the Y2H data (Figure 7D). For example, based on AIDn1-ΔN85,
replacing “DEEAVVD” with “AAAAAAA” (construct #5)
abolished the stimulation of the transporter by IRBIT (1.93 ±
0.80 μS without IRBIT vs. 1.61 ± 0.37 μS with IRBIT, p > 0.05),
suggesting that “DEEAVVD” is essential for the interaction of
NBCn1 with IRBIT. Again, replacing the basic cluster of
NBCn1 with that of NBCe1-B (construct #3) abolished the
stimulation of the transporter by IRBIT (9.34 ± 2.87 μS
without IRBIT vs. 9.75 ± 3.25 μS with IRBIT, p > 0.05).
However, in the absence of IRBIT, the basal activity of
construct #3 is significantly higher than that of wild-type
NBCe1-B, suggesting lower magnitude of auto-inhibition for
construct #3.

Taken together, the above Y2H and electrophysiology data
suggest that the interaction of NBCn1 with IRBIT requires the
acidic motif “DEEAVVD” and the basic cluster in NBCn1.
Moreover, it is essential to maintain sufficient number of alkaline
residues in the basic cluster for the effective interaction between
NBCn1 and IRBIT.

Finally, by co-immunoprecipitation with anti-L-RBIT, we
obtained NBCn1 from rat kidney (Figure 7E). It is proposed that
the IRBITs are involved in the regulation of NBCn1 and NBCn2 in
the kidney (Wang J. L. et al., 2020). The co-immunoprecipitation
data suggest the presence of protein interaction between NBCn1 and
L-IRBIT in rat kidney.

Discussion

In the present study, we performed a careful characterization for
the expression and localization of NBCn1, IRBIT, L-IRBIT, and
PP1 in rat kidney. As summarized in Figure 8, the expression of
NBCn1 is limited to the mTAL along the nephron. IRBIT and

L-IRBIT are expressed almost everywhere along the nephron in rat
kidney. The expression of IRBIT is most abundant from the mTAL
through the CNT, relatively lower in the PST and the CCD, and even
lower in other regions of the nephron. The expression of L-IRBIT is
most abundant from the mTAL through the CCD, relatively lower in
the PCT and the PST, and even lower in other regions of the
nephron. PP1 is most abundant in the TAL, and relatively lower
from the DCT through the MCD. PP1 is also expressed in high
abundance in the glomerulus.

The expression of NBCn1, NBCn2, and AE2 are significantly
stimulated by increasing dietary sodium intake, whereas the
abundance of pNCC is significantly decreased by dietary sodium.
Finally, the abundance of IRBIT, L-IRBIT, and PP1 are positively
correlated to dietary sodium intake.

The role of NBCn1, NBCn2, and AE2 in renal
sodium handling

The SLC4 family transporters NBCn1, NBCn2, and AE2 are all
expressed in the basolateral membrane of mTAL (Alper et al., 1997;
Kim et al., 2003; Praetorius et al., 2004; Guo et al., 2017). In a previous
study (Wang J. L. et al., 2020), the authors have proposed that NBCn1,
NBCn2, and AE2 are involved in the regulation of NaCl handling by
mTAL. According to the model in this previous study, the NBCs
(NBCn1 and NBCn2) by coordination with AE2 mediate the back flux
of Na+ and Cl− under high salt condition, counteracting the NaCl
reabsorption mediated by the apical NKCC2, the basolateral Na+-K+-
ATPase and Cl− channel. Supporting this theory are the following lines
of observations. Firstly, NaCl overload upregulates the expression of
NBCn1, NBCn2, andAE2 in rat kidney (Quentin et al., 2004;Wang J. L.
et al., 2020). Secondly, NaHCO3 overload upregulates the expression of
AE2 in rat kidney (Quentin et al., 2004). Finally, NaHCO3 upregulates
the expression of renal NBCn1 and NBCn2 with a greater effect than
NaCl does (Wang J. L. et al., 2020). The stimulatory effect of NaHCO3

FIGURE 8
Schematic diagram summarizing the localization of NBCn1, IRBIT, L-IRBIT, PP1, NKCC2 along the nephron. The expression localizations of IRBIT,
L-IRBIT, and PP1 in the kidney were systematically characterized for the first time in the present study. The expression of NBCn1, NBCn2 and AE2 in the
mTAL was established previously (Alper et al., 1997; Kim et al., 2003; Praetorius et al., 2004; Guo et al., 2017). The present study confirmed the localization
of NBCn1 in themTAL, but not in other segments of the nephron. The specific localization of NCC inDCTwas established previously (Campean et al.,
2001). NKCC2 is a specific marker for the mTAL and cTAL (Ecelbarger et al., 1996; Gimenez and Forbush, 2003). Calbindin is a specific marker for DCT,
CNT, and CCD (Campean et al., 2001; Wetzel and Sweadner, 2001). G, glomerulus; PCT, proximal convoluted tubule; PST, proximal straight tubule; DTL,
descending thin limb; ATL, ascending thin limb;mTAL, medullary thick ascending limb; cTAL, cortical thick ascending limb;MD,macula densa; DCT, distal
convoluted tubule; CNT, cortical connecting tubule; CCD, cortical collecting duct; OMCD, outer medullary collecting duct.
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on AE2 expression disagrees with its role in HCO3
− reabsorption

inasmuch as an upregulation in AE2 would increase the capacity of
HCO3

− reabsorption of the mTAL, causing further alkalosis. However,
the upregulation of AE2 by NaHCO3 could be well explained by the
proposed role of AE2 in NaCl reabsorption.

In the previous study (Wang J. L. et al., 2020), the greater effect of
NaHCO3 on the expression of NBCn1 andNBCn2 than NaCl indicates
a net effect of sodium. In the present study, we find the abundances of
renal NBCn1 and NBCn2 are proportionally upregulated by increasing
dietary sodium intake. The abundance of renal AE2 is also strikingly
upregulated by increasing dietary sodium. These new findings further
corroborate the idea that NBCn1 andNBCn2 together with AE2 inhibit
renal reabsorption of NaCl under high salt condition. Moreover, the
new findings indicate that sodium is the major factor that accounts for
the upregulation of these bicarbonate transporters under high salt
condition.

Dysfunctions of SLC4A2 encoding AE2 and SLC4A7 encoding
NBCn1 are associated with hypertension (Sober et al., 2009; Boedtkjer
et al., 2011; Ehret et al., 2011; Wang et al., 2017). The inhibitory role of
NBCn1 and AE2 in renal sodium reaborption indicates that the
development of hypertension associated with the dysfunction of
SLC4A7 and SLC4A2 could be the result of renal sodium retention.
Nevertheles, the development of hypertension is often a multifactorial
event. Others have shown that NBCn1 is involved in the regulation of
the contraction of blood vessel smooth msucle (Boedtkjer et al., 2011;
Jiang et al., 2019), indicating the presence of a cardiovascular
component in the development of hypertension caused by the
dysfuction of SLC4A7.

The role of IRBIT in renal sodium handling

IRBIT is able to interact with and regulate the function of a series
of proteins with distinct physiological functions. The binding
partners of IRBIT include membrane channels, such as the
endoplasmic reticulum Ca2+ channel (InsP3R) and cystic fibrosis
transmembrane conductance regulator (CFTR), and membrane
transporters such as NHE3 (He et al., 2008; He et al., 2010; Tran
et al., 2013; He et al., 2016), NBCe1-B (Shirakabe et al., 2006),
NBCn1 (Hong et al., 2013; Wang J. L. et al., 2020), NBCn2 (Wang
J. L. et al., 2020), AE2 (Itoh et al., 2021), SLC26A6 (Park et al., 2013;
Khamaysi et al., 2019), SLC13A2, Na+-succinate cotransporter
SLC13A3 (Khamaysi et al., 2019), etc. IRBIT can also interact
with protein kinases, such as calcium calmodulin-dependent
kinase II alpha (CaMKIIα) (Kawaai et al., 2015), as well as lipid
kinases, such as PIPKIα and PIPKIIα (Ando et al., 2015).

Virtually all the above-mentioned channels and transporters
that interact with IRBIT are expressed in the kidney. For example,
NHE3 (SLC9A3) is expressed in the apical membrane of the
proximal tubules and TAL, playing a major role in the regulation
of acid-base balance and the reabsorption of Na+. NHE3 activity is
stimulated by angiotensin II (Ang II) in a manner dependent on
IRBIT and CaMKIIα (He et al., 2010). NHE3 in the proximal tubule
is shown to be involved in the development of hypertension induced
by Ang II (Nwia et al., 2022). The apical SLC26A6 in the proximal
tubule plays a dispensible role in the regulation of NaCl homeostasis
in the body (Knauf et al., 2001; Knauf et al., 2019). The Na+/
dicarboxylate cotransporter SLC13A2 is expressed in the apical

membrane of the proximal tubule in human kidney (Lee et al.,
2017). Here, SLC13A2 forms complex with SLC26A6 (Ohana et al.,
2013). The Na+-succinate cotransporter SLC13A3/NaDC-3 is
abundantly expressed at the basolateral membrane of renal
proximal tubule (Burckhardt et al., 2005; Breljak et al., 2016). In
the distal segments of the nephron, CFTR in concert with
SLC26A4 is involved in the regulation of HCO3

− secretion under
metabolic alkalosis (Berg et al., 2021a; Berg et al., 2021b).

In the present study, we find that IRBIT is almost ubiqitously
expressed along the nephron. The wide distribution of IRBIT and its
interaction partners in the kidney implies profound significance of
IRBIT in renal physiology. It is conceivable that, in the kidney, IRBIT is
involved in the regulation of many different physiological processes by
regulating diverse target proteins. In the previous study (Wang J. L.
et al., 2020), the authors have shown that NaCl overload generally
upregulates the expression of IRBIT in rat kidney. In the present study,
we show that the abundance of IRBIT is proportionally increased with
the level of dietary sodium, indicating that sodium is the major factor
that modulate the expression of renal IRBIT under high salt condition.
We propose that IRBIT plays an important role to inhibit renal sodium
reabsorption.

Given the demonstrated stimulatory effect of IRBIT on NBCn1,
NBCn2 (Hong et al., 2013; Wang J. L. et al., 2020), it is possible that,
under high sodium condition, IRBIT stimulates the activities of the
basolateral NBCn1 and NBCn2—the expressions of which are
upregulated under high sodium condition—to inhibit NaCl
reabsorption in the mTAL.

IRBIT activates NBCe1-B by abolishing the action of the auto-
inhibition domain at the amino-terminal end of NBCe1-B (Lee et al.,
2012; Lee and Boron, 2018; Su et al., 2021). The auto-inhibition
domains of NBCn1 and NBCn2 are homologous to that of NBCe1-
B. It is very likely that IRBIT activates NBCn1 and NBCn2 by a
molecular mechanism similar to that for NBCe1-B.

The role of L-IRBIT in renal sodium handling

L-IRBIT is highly homologous to IRBIT with more than 93% of
sequence identity regardless of their unique Nt appendages. Given the
high degree of sequence identity, it is very likely that L-IRBIT can interact
withmost of the binding partners of IRBIT (Kawaai et al., 2017). Previous
studies have shown that L-IRBIT interacts with and stimulates the
activities of NHE3 (Kawaai et al., 2017), NBCe1-B (Yamaguchi and
Ishikawa, 2014; Wang M. et al., 2020), NBCn1 (Wang J. L. et al., 2020),
NBCn2 (Wang J. L. et al., 2020), and AE2 (Itoh et al., 2021). L-IRBIT can
also interact with CaMKIIα and InsP3R (Kawaai et al., 2017).

In the present sudy, we find that L-IRBIT is almost ubiquitously
expressed in the kidney. The broad distribution of L-IRBIT implies that
L-IRBIT play diverse roles in renal physiology. Considering the fact that
the abundance of L-IRBIT is proportionally upregulated by increasing
dietary sodium, we propose that L-IRBIT plays an inhibitory role in
renal sodium reabsorption under high sodium condition. Given the
demonstrated stimulatory effect of L-IRBIT on NBCn1, NBCn2, and
AE2 (Hong et al., 2013;Wang J. L. et al., 2020; Itoh et al., 2021), L-IRBIT
could do so by stimulating the basolateral NBCn1, NBCn2, and
AE2—the expressions of which are all upregulated under high
sodium condition—in the mTAL, therefore increasing the back flux
of Na+ and Cl−, thus decreasing the reabsorption of Na+ and Cl−.

Frontiers in Physiology frontiersin.org12

Cai et al. 10.3389/fphys.2023.1154694

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2023.1154694


The role of PP1 in renal sodium handling

In the present study, we show that PP1 is widely expressed along
the nephron with the highest abundance in the TAL. The abundance
of renal PP1 is proportionally downregulated by dietary sodium.We
propose that PP1 plays an important role to inhibit renal sodium
reasorption under high sodium condition. Consistent with this
hypothesis, knockingout the inbibitor-1 of PP1 causes
hypotension in mouse (Picard et al., 2014).

PP1 could inhibit renal sodium reabsorption via diverse
mechanisms depending on the specific segments of the nephron.
When heterologously expressed in HeLa cells, the activity of
NBCn1 is stimulated by PP1 and inhibited by kinase SPAK (Hong
et al., 2013). The observations suggest that NBCn1 is activated by
dephosphorylation. Given the expressional upregulation of both
PP1 and NBCn1 by dietary sodium, we hypothesize that
PP1 stimulates NBCn1 in mTAL, therefore inhibiting sodium
reabsorption by the mTAL under high sodium condition. So far,
little is known about the phosphorylation of NBCn1. The proposed
activation of NBCn1 by PP1 call for future studies to address the
molecular mechanism underlying the phosphorylation regulation of
NBCn1.

Elsewhere, PP1 could inhibit renal sodium reabsorption by down-
regulating the activity of the apical NCC in the DCT, where NCC plays a
major role inNaCl reabsorption (for review, see refs. (Murthy et al., 2017;
Shekarabi et al., 2017; Azlan et al., 2021). Others have shown that
dephosphorylation decreases NCC activity in Xenopus oocytes (Glover
et al., 2010) and in DCT epithelial cells (Picard et al., 2014). A number of
studies have shown that PP1 is involved in the phosphorylation
regulation of NCC in the kidney (Picard et al., 2014; Penton et al.,
2019; Poulsen et al., 2021). Indeed, inhibition of PP1 by expressing I-1, a
spefcific PP1 inhibitor, substantially increases the phosphorylation levl as
well as the activity of NCC in Xenopus oocytes (Picard et al., 2014).
Consistently, knocking-out I-1 substantially decreases the phoshorylation
level of NCC inmouse kidney (Picard et al., 2014; Penton et al., 2019). In
the present study, we show that the renal abundance of pNCC
(phosphorylated NCC) is decreased under high sodium intake, an
observation consistent with previous studies (Shao et al., 2021;
Torres-Pinzon et al., 2021). This decrease in pNCC is likely
attributable to the increased expression of PP1.

Concluding remarks

The present study provided insights into the molecular network
underlying the regulation of renal sodium handling. In the mTAL, NaCl
reabsorption is facilitated byNKCC2 andNHE3 at the apicalmembrane,
and inhibited by the SLC4 bicarbonate transportersNBCn1, NBCn2, and
AE2 at the basolateral membrane. Under high sodium conditions, the
bicarbonate transporters NBCn1, NBCn2, and AE2, at least some of
them, could be functionally upregulated by protein interaction with the
IRBITs and by dephosphorylation by, e.g., protein phosphatase PP1. The
functional interaction between the bicarbonate transporters (e.g.,
NBCn1) and PP1 in the kidney remains to be addressed in future.
Moreover, the molecular mechanism underlying the regulation of these
bicarbonate transporters by phosphorylation/dephosphorylation
remains unkown and calls for future studies. Finally, given the almost
ubiquitous expression in the kidney, the IRBITs and PP1 could be

involved in the regulation of sodium handling in renal segments beyond
the mTAL.
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