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Systemic Succinate Homeostasis and Local Succinate
Signaling Affect Blood Pressure and Modify Risks for
Calcium Oxalate Lithogenesis
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ABSTRACT

Background In the kidney, low urinary citrate increases the risk for developing kidney stones, and eleva-
tion of luminal succinate in the juxtaglomerular apparatus increases renin secretion, causing hypertension.
Although the association between stone formation and hypertension is well established, the molecular
mechanism linking these pathophysiologies has been elusive.
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Methods To investigate the relationship between succinate and citrate/oxalate levels, we assessed blood
and urine levels of metabolites, renal protein expression, and BP (using 24-hour telemetric monitoring) in
male mice lacking slc26a6é (a transporter that inhibits the succinate transporter NaDC-1 to control citrate
absorption from the urinary lumen). We also explored the mechanism underlying this metabolic associa-
tion, using coimmunoprecipitation, electrophysiologic measurements, and flux assays to study protein
interaction and transport activity.

Results Compared with control mice, slc26a6™’" mice (previously shown to have low urinary citrate and to
develop calcium oxalate stones) had a 40% decrease in urinary excretion of succinate, a 35% increase in
serum succinate, and elevated plasma renin. SIc26a6/~ mice also showed activity-dependent hyperten-
sion that was unaffected by dietary salt intake. Structural modeling, confirmed by mutational analysis,
identified slc26a6 and NaDC-1 residues that interact and mediate slc26aé’s inhibition of NaDC-1. This
interaction is regulated by the scaffolding protein IRBIT, which is released by stimulation of the succinate
receptor SUCNR1 and interacts with the NaDC-1/slc26aé complex to inhibit succinate transport by NaDC-1.

Conclusions These findings reveal a succinate/citrate homeostatic pathway regulated by IRBIT that affects
BP and biochemical risk of calcium oxalate stone formation, thus providing a potential molecular link
between hypertension and lithogenesis.
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epithelia,®” suggesting that succinate may function as an essen-
tial extracellular signaling molecule.

More recently, succinate was shown to serve as a universal
metabolic marker of ischemia® and as a metabolic signaling
molecule.>® Also, superperfusion of succinate induces renin
secretion from isolated glomeruli!® and intravenous injection
of succinate increases plasma renin and induces elevation of
BP via a SUCNRI-dependent mechanism.® Moreover, several
studies linked succinate elevation to increased SUCNRI stim-
ulation, which causes renin release and hypertension.®!!
Therefore, elevated succinate absorption to the circulation is
expected to cause hypertension.

When expressed in cell lines, stimulation of the SUCNR1
receptor with succinate activates PLCP to increase the levels of
inositol trisphosphate (IP5) and the release of Ca** from in-
tracellular stores.!13 In contrast, stimulation of SUCNRI in
cardiomyocytes activates PKA to modulate the global Ca**
transients.” Therefore, an important question that arises is
whether succinate signaling modulates transepithelial succi-
nate transport to maintain succinate homeostasis. If so, what
are the intermediate mechanisms? An intracellular multifunc-
tional protein that regulates ion transporters and may be po-
tentially involved in succinate transport regulation is IRBIT
(IP; receptor-binding protein released with IP3). IRBIT plays a
role in diverse physiologic functions. IRBIT competes with IP5
for the binding to IP; receptors (IPsR) to reduce their activity.!4
IRBIT is released from IP;Rs in response to stimuli that in-
crease IP; and coordinates transepithelial fluid and HCO; ™
secretion by activating the basolateral sodium bicarbonate co-
transporters,!'> the luminal HCO; ™~ transporters CFTR,!¢ and
the anion-exchanger slc26a6.17

We previously reported that the succinate transporter
NaDC-1 forms a complex with Slc26a6, a member of the
slc26 family of transporters, which acts as a CI"-dependent
oxalate/HCO; /OH ™ exchanger.'® Slc26a6 interacts with,
and strongly inhibits NaDC-1 activity to control citrate ab-
sorption from the urinary lumen.'® Urinary citrate chelates
free Ca®*, thus protecting against Ca®* oxalate crystallization.
Because the slc26a6/NaDC-1 complex mediates and regulates
both citrate and succinate transport, a major question that we
asked here is whether the same mechanism protects against
kidney stone formation and regulates BP through metabolic
signaling. Hence, this mechanism may explain the well estab-
lished association between kidney stone formation and hyper-
tension, for which the etiology remains unknown.!°~23

In humans, the major proximal tubule apical succinate trans-
porters are members of the SLC13 family,?42> which is part of the
divalent organic anion:sodium symporter superfamily.?¢ The
physiologic importance of slc13 member 2, NaDC-1, is under-
scored by the observation that NaDC-1 deletion in mice leads to
increased urinary concentrations of carboxylic acids, including
succinate, because of failure of reabsorption by the proximal
tubules.2” NaDC-1 functions as an electrogenic Na'-dependent
citrate/succinate transporter. In the basolateral membrane
of the proximal tubule, the slc13 member 3, NaDC-3, mediates
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Significance Statement

The association between kidney stone formation and hypertension
is well established, but the molecular mechanism linking the two
diseases has been unclear. In this study, the authors describe a
metabolic pathway that tightly modulates homeostasis of the me-
tabolite succinate. In this pathway, succinate uptake regulates BP,
possibly through regulation of the renin-angiotensin system. The
same pathway also regulates urinary citrate and oxalate, thus pro-
tecting against calcium oxalate stone formation. Mice lacking the
slc26a6 transporter, a major succinate transport inhibitor, exhibit
reduced urinary levels of succinate and citrate, increased concen-
tration of serum succinate, increased renin secretion, and hyper-
tension. These findings provide a link between kidney stone
formation and hypertension through impaired transport of metab-
olites, and suggest that succinate and citrate signaling and transport
are potential therapeutic targets.

Na*-dependent citrate/succinate influx from the interstitium
into the epithelial cells.?® The proximal tubule basolateral trans-
porters that mediate succinate extrusion are the organic anion
transporters (OATs) 1, 2, and 3.2930 The OATs function as ex-
changers that mediate the inward transport of organic anions in
exchange for the extrusion of succinate and other metabolic
products into the blood.3! Another question we asked is what
regulates and orchestrates succinate transport via NaDC-1,
NaDC-3, and OAT transporters?

Here, we identified the residues in slc26a6 and the succinate
transporter, NaDC-1, that affect the formation of the slc26a6/
NaDC-1 complex, which is mediated by the vcINDY H4c-like
region of NaDC-132 and the intracellular C terminus STAS
domain of slc26a6 (slc26a6-STAS). The G4-coupled succinate
receptor, SUCNRI, regulates succinate influx by modulating
the NaDC-1/slc26a6 complex and NaDC-3 by the multifunc-
tional scaffolding protein IRBIT, whereas the OAT-mediated
succinate transport appears to be IRBIT-independent. Ac-
cordingly, deletion of the slc26a6 transporter, which functions
as a major succinate transport inhibitor, resulted in reduced
urinary and elevated serum succinate (indicating elevated
transepithelial succinate uptake), increased renin secretion,
and caused activity-dependent salt-independent hyperten-
sion. These findings may have significant clinical implications.

METHODS

Animal Care and Metabolic Experiments

All of the work on mice and Xenopus laevis were approved by
the Institutional Animal Care and Use Committee of the Ben
Gurion University of the Negev and of the National Institute of
Craniofacial and Dental Research, National Institutes of
Health (NIH). Wild-type (WT) and slc26a6 '~ mice3? were
individually housed in Tecniplast metabolic cages (Tecniplast,
Varese, Italy). All mice were on rodent diet and tap water ad
libitum during the experiments. After acclimatization to met-
abolic cages, 24-hour urine samples were collected over the
course of three consecutive days. The collected samples were

J Am Soc Nephrol 30: 381-392, 2019



analyzed for urine succinate by an enzymatic succinate test kit
(Sigma-Aldrich, St. Louis, MO) and creatinine.

Succinate Uptake Measurements

HEK293T cells were transfected with the relevant plasmids
using the calcium phosphate method. On the day of the ex-
periment, the cells were washed with an incubation solution
containing 5 mM KCI, 10 mM HEPES, 10 mM glucose, 140 mM
NaCl, pH 7.4. Subsequently, incubation solution supplemen-
ted with 3 mM Na' succinate and 1 uCi '*C succinic acid
(ViTrax, Inc., Fullerton, CA) per 1.6 uM cold succinate was
added to the cells. The cells were then washed twice in incu-
bation solution and 0.3 ml NaOH (1M) was immediately
added to lyse the cells. The lysates were then transferred to
scintillation vials containing 0.3 ml of HCI (1M). Alternatively,
Xenopus oocytes were incubated with 3 mM Na" succinate and
1 uCi "C succinic acid per 1.2 uM cold succinate (to monitor
OAT-mediated uptake) or with ImM Na* succinate and 1 uCi "*C
succinic acid per 0.4 uM cold succinate (to monitor NaDC-1-
mediated uptake). Oocytes were then lysed using 200 ul of 2%
SDS. Finally, radioactivity was determined by liquid scintillation
counting using a Packard 1900CA TRI-CARB analyzer. The os-
molarity of all solutions was adjusted to 300 mOsm with the
major salt.

Plasmid Construction and cRNA Preparation

We used the human NaDC-1 clone (National Center for Biotech-
nology Information [NCBI] access number BC096277) in the
pCMV6-AC-Myc-His vector; the human SLC26A6 clone (NCBI
access number NM_022911) in the pPCMV6-AC vector; the mouse
slc26a6 (NCBI access number NM_134420) in the pCMV6-AC-
mKate vector; IRBIT in pcDNA3.1(+); the mouse oatl (slc22a6
NCBI access number NM_008766) and mouse oat3 (slc22a8
NCBI access number NM_001164635) clones in the pCMV6-
Entry myc-DDK vector; mouse NaDC-3 (slc13a3 NCBI access
number BC026803) clone in pCMV-SPORT6; and human
SUCNRI1 (NCBI access number NM_033050) in pCMV6-XL5.
All site-directed mutants were generated with QuikChange Light-
ning Site-Directed Mutagenesis Kit (Agilent, Santa Clara, CA). All
constructs were verified by sequencing and immunoblot of the
protein products. The genes cloned into vectors pPCMV6-AC-
mKate and pCMV-AC-myc-His were linearized using relevant
restriction enzymes and transcribed in vitro with T7 mMessage
mMachine ultra (Thermo-Fisher Scientific, Waltham, MA) or
SP6/T7 AmpliCap (CELLSCRIPT, Madison, WI).

Preparation and Injection of Oocytes

Oocytes were obtained by a partial ovariectomy of female
X. laevis (Xenopus One, Dexter, MI), as previously described.+
Briefly, the frogs were anesthetized and follicle cells were re-
moved in an OR-2 calcium-free medium. The defolliculated
oocytes were washed with OR-2 calcium-free medium and
healthy oocytes in stages 5—6 were identified, collected under
binoculars, and maintained overnight at 18°C in an ND96 so-
lution. Then, 32 nl of the different cRNA were injected into the
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oocytes using a Nanoliter 2010 injector (World Precision Instru-
ments, Inc., Sarasota, FL). Similar volumes and concentrations
(4 png/ul) of cRNA or water were mixed to achieve similar
amounts of injected cCRNA per oocyte. The oocytes were incu-
bated at 18°C in an ND96 solution with pyruvate and antibiotics
and were studied 48—96 hours after cRNA injection.

Voltage, Current, and [CI"];, Measurement in Oocytes
Voltage and current recordings were performed with a two-
electrode voltage clamp as described.!® The current was recor-
ded with a Warner Instrument Corporation amplifier model
OC-725C (Hamden, CT) and digitized via an A/D converter
(Digidata 1550A; Axon Instruments, Inc., Union City, CA).
The electrode tips were filled with 0.5 ul of Cl™ -sensitive liq-
uid ion exchanger 477913 (Corning, Corning, NY) and then
backfilled with a 3M KCl solution. During measurements, two
channels were used for ion-sensitive measurement and an-
other was used to record or control the membrane potential.
The Cl™ signals were extracted by subtracting the membrane
potential signal from the ion-selective electrodes signal. Data
were analyzed using the Clampex 10 system. The following
solutions were used as indicated in the figures: standard
HEPES-buffered ND96 oocyte regular medium containing
96 mM NaCl, 2 mM KCl, 1.8 mM CaCl,, 1 mM MgCl,, and
5 mM HEPES, pH 7.5. Cl™ -free solutions for oocytes were
prepared by replacing Cl~ with gluconate and MgCl, with
MgSO,. Na* oxalate (in Ca**-free solution) and Na* succinate
were added to the solutions as indicated in the figures.

Western Blot and Coimmunoprecipitation

Cell lysates were prepared by incubating the cells in an ice-cold
lysis buffer containing PBS, 10 mM Na™ pyrophosphate,
50 mM NaF, 1 mM Na'-orthovanadate, 1% Triton X-100,
and a cocktail of protease inhibitors (Roche, Basel, Switzer-
land). Extracts were incubated overnight with the indicated
antibodies and the complexes were collected with either pro-
tein A or G Sepharose beads by incubation for 4 hours at 4°C.
Beads were collected by centrifugation, washed three times
with a lysis buffer, and the proteins were recovered by heating
(37°C for 30 minutes) in the SDS sample buffer. The samples
were subjected to SDS-PAGE and subsequently transferred to
nitrocellulose membranes (GE Whatman, Pittsburgh, PA).
Kidney lysates were prepared after excision of the two kidneys
from each mouse. The capsules were removed by pinching and
the corticomedullary region was cut out, washed in PBS (pH
7.4), and transferred into an ice-cold lysis buffer described
above. The tissue was homogenized and centrifuged at 4°C,
the supernatant was collected and sonicated. Total protein
concentration was determined by the Lowry method and
60 g of total protein were loaded from each sample, separated
by SDS-PAGE and Western blot analysis was performed. The
nitrocellulose membranes were incubated overnight with
either anti-SUCNRI1 (Novusbio, Littleton, CO), anti-pNCC
(Thr>) (PhosphoSolutions, Aurora, CO), anti-IRBIT (Santa
Cruz Biotechnology, Dallas, TX), or anti—3-actin antibodies.
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Three-Dimensional Protein Model Prediction

The putative structure of NaDC- 1 was predicted using HHPred
software3> with high homology to the crystal structure of a
bacterial dicarboxylate/sodium symporter (Protein Data
Bank no. 4F35). Prediction parameters were as follows:
E-value=7.7e-42, score=374.69, identities=31%, and similar-
ity=0.510. The slc26a6 STAS domain structure was predicted
on the basis of the crystal structure of slc26a5-STAS (Protein
Data Bank no. 3LLO). The interaction between NaDC-1
and STAS-slc26a6 domain was predicted with HADDOCK
software.3¢ The results of NaDC-1 and the slc26a6 STAS
interaction were provided by the software, as follows:
score —106.3%5.4, cluster size 5, RMSD from overall low-
energy structure 3.5%0, van der Waals energy —43.6*4, and
electrostatic energy —271.4+22.5. All final models were gener-
ated with PyMol software (Schrédinger, Inc., New York, NY).

Plasma Renin

Blood samples were obtained from the tail vein of slc26a6 '~
male mice and their WT littermate controls at 3—4 months of
age. Total renin was measured in duplicate using Mouse Renin
ELISA test kit according to the manufacturer’s protocol.

Mass Spectrometry

To measure succinate levels in mice serum, 25 ul of serum were
mixed with 100 ul of 50:30 (vol/vol) methanol-to-acetonitrile
solution at —20°C. All metabolite extractions were stored at
—80°C overnight, followed by centrifugation twice, at 20,000 g
for 20 minutes to obtain protein-free metabolite extracts.
Chromatographic separation was achieved on a SeQuant
ZIC-pHILIC column (2.1X150 mm, 5 um bead size; Merck
Millipore, Burlington, MA). Flow rate was set to 0.2 ml/min,
column compartment was set to 30°C, and autosampler tray
was maintained at 4°C. Mobile phase A consisted of 20 mM
ammonium carbonate with 0.01% (vol/vol) ammonium hy-
droxide. Mobile phase B was 100% acetonitrile. The mobile
phase linear gradient was as follows: 0 minutes 80%, 15 min-
utes 20%, 15.1 minutes 80%, and 23 minutes 80%. A mobile
phase was introduced to Thermo Q-Exactive mass spectrom-
eter with an electrospray ionization source working in polarity
switching mode. Metabolites were analyzed using full-scan
method in the range 70-1000 m/z, with a resolution of
70,000. Positions of metabolites in the chromatogram were
identified by corresponding pure chemical standards. Data
were analyzed with MAVEN.37
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Figure 1. The slc26a6(E613) residue plays a major role in slc26a6 activity as well as in the interaction with and in the regulation of
NaDC-1. (A) ColP of WT hNaDC-1, WT mSlc26a6 (A6), and mSlc26a6(E613A). (B) Summary and representative traces of hNaDC-1-
dependent Na™ succinate current in Xenopus oocytes expressing hNaDC-1, either alone (black), with WT mSlc26a6 (light gray), or with
mSlc26a6(E613A) (dark gray) (two oocyte batches). Summary and representative traces of the (C) current and (D) changes in intracellular
CI” mediated by mSlc26a6 and the indicated mutant in Xenopus oocytes (two oocyte batches). *P<0.05, **P<0.005.
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Telemetric BP and Heart Rate Measurement

The mice were prepared for surgery by general anesthesia using
isoflurane 1%-3%. While under general anesthesia, the carotid
artery was exposed, and two silk suture ties were placed, 6—7 mm
apart, under a nonbranching segment of the carotid. The prox-
imal tie was used to secure a catheter in the vessel, and the distal
tie, near the bifurcation of the internal and external carotid ar-
teries, was used to ligate the artery. The vessel was then punctured
between the two ties to create an arteriotomy for catheter place-
ment. The DSI PA-C10 transmitter catheter (DSI, St. Paul, MN)
was introduced and advanced until the catheter tip was in the
aortic arch. The catheter was then secured in the vessel using silk
ties. Next, the transmitter was placed subcutaneously along the
animal’s flank between the forelimb and the hind limb. Using
blunt dissection, the skin was separated from the underlying
muscle to create a subcutaneous pouch and a tunnel, which be-
gan at the cervical incision and extended to the lateral chest. The
transmitter was placed through the incision and moved through
the tunnel to the subcutaneous pouch. Finally, buprenorphine
hydrochloride (0.05-0.1 mg/kg) was administered for pain relief
and the mice remained in an oxygenated cage overnight. After
14 days of recovery, the mice were fed NIH 31 chow and housed
in cages that were placed on top of the receivers to monitor
24-hour systolic BP and heart rate (measurements were taken
at 5-minute intervals). To test the effects of NaCl on systolic BP
and heart rate, the mice were fed with high salt (4% NaCl) diet for
2 weeks, followed by a week of regular NIH 31 chow and another
2 weeks of a low-salt (0.49% NaCl) diet. For physical stress tests,
the mice were trained to run on a treadmill (Model Eco-6M;
Columbus Instruments, Columbus, OH) and then exposed
once a day to moderate-intensity exercise (treadmill speed of
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10 m/min) for 15 minutes, and their BP and heart rate were
simultaneously recorded with the DSI telemetry system.

Ca”* Imaging

The imaging system consisted of an Eclipse Ti inverted micro-
scope (Nikon, Tokyo, Japan), a PE-4000 LED monochromator
(CoolLEd, Andover, UK), and Hamamatsu flash 4.0LT camera
(Hamamatsu Photonics, Hamamatsu City, Japan). Fluores-
cence images were acquired and analyzed with NIS-Elements
software. Ca** imaging was performed in HEK293T cells at-
tached to coverslips and perfused with a regular solution con-
taining 140 mM NaCl, 5 mM KCl, 1 mM MgCl,, 10 mM
HEPES, 1 mM CaCl,, and 10 mM glucose, pH adjusted to
7.4. A Ca*"-free solution was prepared without CaCl,, and Na*
succinate was added to the solutions as indicated. [Ca**]; was
monitored by transiently expressing the Ca*" sensor protein
GCaMP in HEK cells in the presence or absence of SUCNRI.

Statistical Analyses

Significance was analyzed by t test and was set as follows:
*P<0.05; **P<<0.005; and ***P<<0.001. All results are presen-
ted as mean*=SEM. N is indicated in the figures.

RESULTS

Charged Residues in NaDC-1 and slc26a6-STAS
Interacting Regions Mediate the Regulation of NaDC-1
by slc26a6

To understand the molecular mechanism by which slc26a6
inhibits NaDC-1 to control succinate and citrate homeostasis,
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Figure 2. The NaDC-1(K107A) mutation affects the interaction with slc2éaé and succinate transport. (A) ColP of WT hNaDC-1, WT
mSlc26a6 (A6), and hNaDC-1(K107A). (B) Summary and representative traces of the current mediated by hNaDC-1-dependent Na*
succinate cotransport in Xenopus oocytes expressing hNaDC-1 alone, and hNaDC-1(K107A) either alone or in the presence of

mSlc26a6é, as indicated (three oocyte batches). *P<0.005.
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we used in silico analysis to predict the NaDC-1 and slc26a6-
STAS structures on the basis of the crystal structures of the
bacterial succinate transporter vcINDY32 and the STAS do-
main of slc26a5.38 In addition, we searched for their potential
interacting sites using the HADDOCK software.3¢ The results
are shown in Supplemental Figure 1. We identified a nega-
tively charged surface on slc26a6-STAS that includes E613
and is spatially oriented to potentially interact with a posi-
tively charged surface of NaDC-1 that includes K107 and
R108 (Supplemental Figure 1, A and B). The positively
charged residues K107 and R108 on H4c are conserved
among the SLC13 family members (Supplemental Figure
1C). On the basis of these findings, we hypothesized that
the interaction between slc26a6-STAS and NaDC-1 is elec-
trostatic and is mediated by NaDC-1(K107 and R108) and
slc26a6(E613).

To test the model and study the role of distinct residues in
the NaDC-1-slc26a6 interaction, we tested the effects of
slc26a6(E613A) and the NaDC-1 mutation on NaDC-1—
slc26a6 interaction by coimmunoprecipitation (ColIP). The
slc26a6(E613A) mutant showed reduced interaction with
NaDC-1 (Figure 1A) and reduced inhibition of NaDC-1
activity, assayed as Na'-dependent succinate currents

(Figure 1B). Although expression of slc26a6 was not affected
by the (E613A) mutation, slc26a6(E613A) had approximately
30% lower ClI ™ /oxalate exchange activity (Figure 1, C and D).
These findings suggest that a reduced oxalate transport by
slc26a6(E613A) in the intestine together with an attenuated
inhibition of NaDC-1 in the renal proximal tubule may
cause hyperoxaluria and hypocitraturia,!® as observed in the
slc26a6 '~ mice.

The role of NaDC-1(K107) in the NaDC-1-slc26a6 interac-
tion is shown in Figure 2. Although NaDC-1(R108A) was in-
active (not shown), NaDC-1(K107A) retained transport activity.
However, the interaction between NaDC-1(K107A) and slc26a6
was reduced (Figure 2A) and NaDC-1(K107A) was not inhibited
by slc26a6, which strongly inhibits WT NaDC-1 (Figure 2B).
These results suggest that NaDC-1-mediated succinate trans-
port is controlled by the interaction between the two trans-
porters, and that E613 at the slc26a6-STAS domain and K107
at the NaDC-1 H4c region are required for their interaction.
Differences between human and mouse slc26a6 have been pre-
viously reported.3® Monitoring interaction (Supplemental Fig-
ure 2A), and inhibition of human NaDC-1-mediated succinate
transport by human SLC26A6 using both electrophysiologic
measurements (Supplemental Figure 2B) and '*C succinate
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Figure 3. Succinate signaling pathway regulates the interaction between NaDC-1 and IRBIT and the NaDC-1-mediated succinate
influx. (A) Changes in [Ca®*]; were monitored in HEK293T cells transfected with hSUCNR1 (black) or an empty vector (gray, control) and
stimulated with 5 mM succinate in a Ca®*-free solution. (B) ColP analysis of HEK293T cells transfected with hNaDC-1, IRBIT (IRB), and/or
hSUCNR1 and treated with 1 mM succinate for 10 minutes before lysis. (C) Currents mediated by NaDC-1-dependent Na™* succinate
cotransport in Xenopus oocytes expressing hNaDC-1, IRBIT (IRB) and mSlc26a6 (A6), as indicated (five oocyte batches). *P<0.05.
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Figure 4. IRBIT regulates NaDC-3—-, but not OAT-mediated succinate transport. (A) Lack of ColP of mOAT-1 and mOAT-3 with IRBIT.
"4C succinate uptake, measured in either (B) Xenopus oocytes or (C) HEK293T cells expressing different combinations as indicated
(mOAT-1, hSUCNRT1, and IRBIT or treated with the PLC inhibitor U73122 or the OAT inhibitor probenecid). Either water-injected
oocytes or pcDNA-transfected cells were used as control. (D) Summary and representative traces of mNaDC-3-dependent Na™ suc-
cinate cotransport in Xenopus oocytes expressing mNaDC-3, either alone (black) or with IRBIT (gray) (three oocyte batches).

***P<0.001.

flux assay (Supplemental Figure 2C) in Xenopus oocytes showed
that mslc26a6 and hSLC26A6 had similar effects on NaDC-1.

Succinate Signaling "Fine-Tunes” Succinate Transport
by Controlling the Interaction of IRBIT with NaDC-1
Our next question was whether succinate signaling is linked to
succinate transport. The succinate receptor, SUCNRI, is a G
protein—coupled receptor expressed on the apical membrane
of epithelial cells in the kidney, intestine, and other tissues, and
acts as either a G4- or a Gj-coupled receptor.!213 Accordingly,
stimulation of HEK293T cells transfected with the SUCNRI
with 5 mM extracellular succinate leads to Ca** release from
internal stores (Figure 3A). IRBIT is a scaffolding protein that
regulates the activity of several transporters*® and is released
from IP;R upon binding of IP; to the receptors.'* We therefore
asked whether IRBIT interacts with NaDC-1 to regulate its
activity and whether SUCNR1-stimulated IRBIT release
from the IPsRs controls the interaction between IRBIT and
NaDC-1. Assay by ColIP showed that IRBIT interacts with
NaDC-1 and the interaction is markedly enhanced by stimu-
lation of the SUCNRI receptor with 1 mM succinate (Figure
3B). The functional consequences of the interaction of IRBIT

J Am Soc Nephrol 30: 381-392, 2019

with NaDC-1 is shown in Figure 3C. Both slc26a6 and IRBIT
inhibited NaDC-1-mediated succinate transport by approxi-
mately 50%. Significantly, the inhibition was more pro-
nounced when both IRBIT and slc26a6 were coexpressed
with NaDC-1, reaching approximately 70% (Figure 3C). To-
gether, these findings indicate that a functional crosstalk
occurs between the IRBIT signaling pathway and the succi-
nate transport complex, NaDC-1-slc26a6, and that this cross-
talk leads to a further inhibition of succinate transport. We
propose that this mechanism may act as a metabolic senso-
regulatory mechanism that fine-tunes transepithelial succi-
nate absorption via succinate signaling.

Basolateral Succinate Transport by NaDC-3, But Not by
OATSs, Is Regulated by IRBIT

The major basolateral succinate extruders are members of
the OAT family and include OAT-1, OAT-2, and OAT-3. To
determine whether IRBIT regulates succinate efflux via inter-
action with OATs, we monitored the interaction of OAT-1 and/
or OAT-3 with IRBIT by ColIP. Figure 4A shows that the bind-
ing of IRBIT to OAT-1 is very low, whereas the binding to
OAT-3 is not detectable. Hence, we tested whether IRBIT
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Figure 5. Deletion of slc26a6 in mice reduces urinary succinate, elevates serum succinate and plasma renin, and increases systolic BP.
(A) Urinary succinate concentration is significantly lower, (B) urinary creatinine levels are not significantly different (each data pointis a
single urine sample), and (C) serum succinate and (D) plasma renin are higher in slc26a6™'" mice, as compared with their WT litter-
mates. (E) Renal expression of SUCNR1 monitored using Western blot densitometry in five WT mice, five slc26aé ™'~ mice, and four WT
mice injected with 10 mg/kg body wt of succinic acid. *P<0.05, ***P<<0.001.

regulates the OAT-1 function by monitoring succinate uptake
into either Xenopus oocytes (Figure 4B) or HEK293T cells
expressing OAT-1, IRBIT, or both (Figure 4C). Succinate up-
take was elevated by expression of OAT-1 alone, which was
abolished by the OAT inhibitor probenecid (Figure 4, B
and C). Neither IRBIT, SUCNRI stimulation, nor inhibition
of PLC by U73122 affected the OAT-mediated succinate up-
take. These findings indicate that OAT-1 activity is IRBIT-
independent.

To further investigate the role of IRBIT in regulating baso-
lateral succinate transport, we monitored the effect of IRBITon
the regulation of the basolateral succinate transporter NaDC-3.
Figure 4D shows that IRBIT markedly inhibited succinate
transport by NaDC-3. This finding indicates that signaling
via the IRBIT pathway orchestrates succinate influx, but not
efflux, in both the apical and basolateral membranes to control
transepithelial succinate/citrate absorption and metabolism.

Slc26a6 Regulates Renal Succinate Reabsorption,

Renin Secretion, and BP

The physical and functional interaction between NaDC-1 and
slc26a6, in which slc26a6 inhibits NaDC-1, raised the possi-
bility that slc26a6 affects not only vectorial citrate, as we pre-
viously showed,!8 but also vectorial succinate transport in the
proximal tubule. This is further suggested by a previous report
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of a possible lower urine citrate and succinate concentration
in slc26a6 '~ mice.4! To test this prediction, we collected
24-hour urine samples from WT and slc26a6 '~ mice and mea-
sured the levels of succinate in the urine. As shown in Figure 5A,
urinary succinate concentrations in slc26a6 '~ mice was reduced
by approximately 40% compared with control mice, whereas uri-
nary creatinine levels were not different between the two groups
(Figure 5B). The results presented in Figure 5 indicate that hypo-
citraturia is accompanied by “hyposuccinaturia.” Notably, as in-
dicated in Figure 5C, serum succinate levels are approximately
35% higher in slc26a6 '~ mice, suggesting elevated absorption
of succinate from the urine. High succinate absorption to the se-
rum can ultimately increase stimulation of the succinate receptor
SUCNRI in endothelial cells of the afferent arteriole, which, in
turn, would lead to elevated renin secretion by granular cells at the
juxtaglomerular apparatus.!! To test this scenario, we measured
plasma renin concentration, and found approximately 30% in-
crease in plasma renin in slc26a6 ™'~ mice (Figure 5D). To test
the effect of high serum succinate on the renal SUCNRI-IRBIT
signaling axis, we monitored SUCNRI and IRBIT expression in
kidney lysates, which were obtained from WT, slc26a6 '~ mice
and WT mice intravenously injected with succinate (10 mg/kg
body wt). As shown in Figure 5E, SUCNRI1 expression was not
significantly different between the groups. As presented in Supple-
mental Figure 3, A and B, IRBIT expression in renal lysates of
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Figure 6. slc26a6™’~ mice develop NaCl-independent hypertension during activity. (A) BP measured by telemetry is higher in
slc26aé ™/~ mice during activity hours, as compared with their WT littermates (six mice in each group, an average of 5 days). BP was
further monitored in the same mice fed with either (B) high- or (C) low-salt diets. BP in mice fed a high-salt diet was the same in WT and
slc26a6™'" mice, and a low-salt diet had no further effect. (D) BP was monitored in slc26a6 '~ mice and their WT littermates during
mild physical stress. The inset shows the average systolic BP at the steady state (four to five mice in each group, an average of 3 days).

*P<0.05, **P<0.005, ***P<0.001.

slc26a6 '~ mice was similar to the expression in lysates of WT
mice. Nevertheless, we monitored a small (approximately 10%)
but statistically significant decrease in the renal IRBITexpression of
WT mice injected with succinate. This may be a result of the acute
increase in succinate, which is compensated for during chronic
succinate increase, as occurs in slc26a6~/~ mice.

The increased serum succinate appeared to affect BP. A 24-
hour telemetric BP measurement indicated that slc26a6~/~
mice are hypertensive, specifically during the nocturnal
awake/active phase hours (Figure 6A). Further analysis indi-
cated that the slc26a6~'~ mice hypertension is not additive
with the effect of dietary salt intake. Thus, when mice were
acclimated to a high-salt diet, the difference in BP between WT
and slc26a6 "'~ mice disappeared (Figure 6B) and the higher
BP in slc26a6 '~ mice was maintained when mice were fed a
low-salt diet (Figure 6C). Heart rate measurements that were
simultaneously acquired with BP measurements are shown in
Supplemental Figure 4A. To investigate the role of slc26a6 de-
letion and physical activity on BP, we assayed the acute increase
in BP in response to exercise. Figure 6D shows that systolic
BP increased faster and to a higher level in the slc26a6™'~
mice. Regulation of salt and water absorption by the renin-
angiotensin system is a major mechanism of BP control. Spe-
cifically, the expression and function of Na*Cl ™ cotransporters
(NCC) are modulated via phosphorylation. We investigated
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the effect of hypertension in slc26a6~'~ mice (which we
show here to be associated with elevated succinate uptake to
the serum) on salt retention by monitoring the expression of
Thr>® phosphorylated NCC cotransporter (pNCC), reporting
the active form of the transporter. Interestingly, lower expres-
sion of pNCC is observed in both slc26a6~'~ mice and WT
mice intravenously injected with succinate 10 mg/kg body wt
compared with WT controls (Supplemental Figure 4B). These
findings may explain the salt independency of hypertension in
the slc26a6~'~ mice.

DISCUSSION

In addition to the morbidity caused by kidney stones, numer-
ous studies show that kidney stone formation is associated with
elevated risk for developing hypertension.!®~23 Our current and
previous results reveal a common underlying metabolic mech-
anism that links calcium oxalate kidney stone formation and
hypertension (Figure 7). Here, we show that male slc26a6 '~
mice, which develop calcium oxalate stones, are hypertensive
and with hyposuccinaturia (low urinary succinate), in addi-
tion to the previously observed hypocitraturia (low urinary
citrate). For these experiments, we utilized only male mice
because approximately 90% of male and only 25% of female
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Figure 7. Schematic representation of the proposed putative mechanisms that regulate transepithelial succinate/citrate absorption. An
apical succinate absorption is mediated by the NaDC-1-slc26a6 succinate transport complex. Concomitantly, luminal succinate

stimulates the succinate receptor SUCNR1, which induces Ca®*

and IRBIT release by activating the intracellular IP3 receptor. Sub-

sequently, IRBIT translocates to the membrane and binds to succinate transport proteins on both the apical and basolateral
membranes, thus coordinating and modulating transepithelial succinate absorption. A deletion of slc26a6 results in elevated net
transcellular succinate uptake, hyposuccinaturia, hypersuccinatemia, and increased renin secretion.

slc26a6 '~ mice present with bladder stones,*? and the use
of male mice also eliminates potential hormonal effects. We
found that activity-dependent hypertension in slc26a6~'~
mice showed up primarily during the night (activity hours)
and not during the day (Figure 6A). This phenomenon may
be linked to the tight regulation of metabolism, renal func-
tion, and BP by the circadian system.43~4> Rhythmic changes
in the concentrations of succinate, citrate, and other metab-
olites have been demonstrated in human urine samples and
saliva.4647 In addition, renal Na"-dependent transporters
are under stringent circadian control.4® Therefore, the ef-
fects of impaired metabolism and renal metabolite transport
on BP could have been detected only by the 24-hour telem-
etry BP measurements. Other methods are limited to day
measurements, anesthetized animals, or lack of sensitivity.
Indeed, previous measurements of BP in anesthetized mice*®
or by tail-cuff>° did not observe a significant difference in BP
between slc26a6 '~ and control mice. Intriguingly, the hy-
pertension in slc26a6 /" mice is not affected by dietary salt
intake (Figure 6, B and C). To obtain evidence that succinate
in the plasma of slc26a6~ '~ mice is related to the NaCl-
independent BP phenotype, we compared the level of renal
Na*Cl™ cotransporter phosphorylation in WT mice with in-
creased plasma succinate and in slc26a6 '~ mice. We found
that phosphorylation of NCC is significantly lower in both
slc26a6 ™'~ mice and WT mice intravenously injected with

390 Journal of the American Society of Nephrology

succinate, compared with WT littermates (Supplemental
Figure 4B).

This work reveals that a common metabolic pathway con-
trols succinate and citrate homeostasis and consists of an apical
and basolateral succinate/citrate transporters regulation. The
apical uptake of succinate/citrate is inhibited by slc26a6,
whereas both apical and basolateral succinate transport are
orchestrated by the succinate signaling pathway. Apical
NaDC-1-mediated succinate/citrate uptake is regulated by
slc26a6, as revealed by deletion of slc26a6 in mice, which re-
sults in reduced urinary concentration of these metabolites and
increased concentration of serum succinate (Figure 5). The
regulation of NaDC-1 by slc26a6 appears to be mediated by
electrostatic interaction between the transporters. This is sup-
ported by the findings of reduced interaction with and inhibi-
tion of NaDC-1 by slc26a6(E613A) and similar effect by the
NaDC-1(K107A) mutant. Indeed, K107A is predicted to be
located within the H4c domain of the putative NaDC-1 struc-
ture or, alternatively, within the ICL1 region.!® These findings
lead to the conclusion that impaired slc26a6 function may
result in three independent deleterious physiologic conse-
quences: (1) hyperoxalemia and hyperoxaluria because of im-
paired slc26a6-mediated oxalate secretion in the intestine; (2)
hypocitraturia; and (3) hypersuccinatemia and hyposuccina-
turia, caused by elevated NaDC-1-mediated succinate uptake
due to relieved inhibition of NaDC-1 by slc26a6 in the kidney.
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Several mechanisms have been suggested as the underlying
etiology for the clinical association between calcium oxalate
kidney stones and hypertension, including tubulointerstitial
damage, changes in dietary Na* intake, and altered renal han-
dling of calcium (“calcium leak”).2! Taylor et al.>! tested an
association between hypertension and urinary calcium excre-
tion and reported no consistent relationship; rather, a strong
association was reported between hypertension and hypoci-
traturia. Because both citrate and succinate are handled by
NaDC-1 and succinate is associated with hypertension, we
conclude that although low urinary citrate is the cause of cal-
cium oxalate stone formation, the hypersuccinatemia and the
associated high renin are the cause of the hypertension.

It is of note that the hypertension is most evident during
increased physical activity, which may reflect on manifestation
of the disease in patients. It will be of interest to examine
whether the relationship between kidney stones and hyperten-
sion is affected by physical activity. These findings suggest that
succinate/citrate signaling and transport should be considered
as potential therapeutic targets for treating hypertension and
urolithiasis. The benefit of future drugs that target succinate/
citrate homeostatic mechanisms may extend beyond the treat-
ment of hypertension and urolithiasis, because succinate is also
implicated in other diseases, such as rheumatoid arthritis,>2
cardiac hypertrophy,>3 and inflammation.>*
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