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Genetic deletion of the kidney sodium/proton
exchanger-3 (NHE3) does not alter
calcium and phosphate balance
due to compensatory responses
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The sodium/proton exchanger-3 (NHE3) plays a major role
in acid-base and extracellular volume regulation and is also
implicated in calcium homeostasis. As calcium and
phosphate balances are closely linked, we hypothesized
that there was a functional link between kidney NHE3
activity, calcium, and phosphate balance. Therefore, we
examined calcium and phosphate homeostasis in kidney
tubule-specific NHE3 knockout mice (NHE3'¥oxP28 mjce),
Compared to controls, these knockout mice were
normocalcemic with no significant difference in urinary
calcium excretion or parathyroid hormone levels. Thiazide-
induced hypocalciuria was less pronounced in the
knockout mice, in line with impaired proximal tubule
calcium transport. Knockout mice had greater furosemide-
induced calciuresis and distal tubule calcium transport
pathways were enhanced. Despite lower levels of the
sodium/phosphate cotransporters (NaPi)-2a and -2c,
knockout mice had normal plasma phosphate, sodium-
dependent 3?Phosphate uptake in proximal tubule
membrane vesicles and urinary phosphate excretion.
Intestinal phosphate uptake was unchanged. Low dietary
phosphate reduced parathyroid hormone levels and
increased NaPi-2a and -2c abundances in both genotypes,
but NaPi-2c levels remained lower in the knockout mice.
Gene expression profiling suggested proximal tubule
remodeling in the knockout mice. Acutely, indirect NHE3
inhibition using the SGLT2 inhibitor empagliflozin did not
affect urinary calcium and phosphate excretion. No
differences in femoral bone density or architecture were
detectable in the knockout mice. Thus, a role for kidney
NHE3 in calcium homeostasis can be unraveled by
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diuretics, but NHE3 deletion in the kidneys has no major
effects on overall calcium and phosphate homeostasis due,
at least in part, to compensating mechanisms.

Kidney International (2025) 107, 280-295; https://doi.org/10.1016/
j.kint.2024.07.013

KEYWORDS: blood pressure; calcium; gliflozins; parathyroid hormone;
phosphate; proximal tubule

Copyright © 2024, International Society of Nephrology. Published by
Elsevier Inc. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Translational Statement

Understanding mechanisms maintaining Ca?" and P;
homeostasis has implications for disease management.
The Na™/H" exchanger-3 (NHE3) in the proximal tubule
is proposed to be important for Ca®* transport, and Ca>*
and P; homeostasis are closely linked by hormonal reg-
ulators. Here we demonstrate that inhibition of kidney
NHE3 does not affect overall P; or Ca®>* homeostasis, and
reduced proximal tubule Ca®* reabsorption is compen-
sated for by distal segments. This suggests that drugs
affecting renal NHE3 activity (e.g., NHE3 inhibitors or
gliflozins) are unlikely to result in Ca®" and P; sequela in
the absence of therapies that affect distal Ca>™ transport
mechanisms.

has been attributed to kidney Na®/H" exchanger-3

(NHE3) activity. As such, pharmacologic inhibition
of renal NHE3 has been proposed as a clinically relevant strat-
egy for treating hypertension. Supporting this concept, lower
blood pressure is observed in mice lacking NHE3 in the whole
kidney or the renal proximal tubule (PT)"* and deletion of
NHE3, or administration of an orally absorbable NHE3 in-
hibitor also alleviates approximately 50% of angiotensin
II-induced hypertension.3 Furthermore, NHE3 and the
sodium-glucose transporter 2 (SGLT2) functionally interact
in the PT, and a reduction in NHE3 activity subsequent to

Q pproximately 10 to 15 mm Hg of basal blood pressure
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SGLT?2 inhibition may underlie, at least in part, the antihyper-
tensive effect of empagliflozin or other SGLT2 inhibitors.”
However, NHE3 may also be important for renal Ca*t
handling,” and understanding how inhibition of NHE3 in
the kidney impacts this process is therefore of clinical
significance.

In the PT, approximately 70% of filtered Ca*" is reab-
sorbed via paracellular transport, and this is primarily
facilitated by the exchange of luminal Na* ions for intra-
cellular H* by NHE3.” "' The importance of PT transport
for driving Ca®" reabsorption is also clinically important to
increase Ca®" reabsorption in response to treatment with
thiazide diuretics,'” and the mechanism remains a corner-
stone of kidney Ca®" transport described in textbooks.
However, PT NHE3 is also acutely and chronically inhibited
in response to parathyroid hormone (PTH) via a variety of
mechanisms,'”'” and increased NaHCOj delivery to the distal
tubule may contribute to enhance Ca*" reabsorption.'*

Ca’" and phosphate (P;) homeostasis are closely linked,
with PTH, 1,25-dihydroxyvitamin D3 (1,25(OH), D,
vitamin D [vitD]), and fibroblast growth factor 23 (FGF23)
working in concert to maintain Ca’* and P; homeosta-
sis.' 21723 In addition to regulation of NHE3, these hormones
alter the activity of the kidney Na*-Pi cotransporter (NaPi)-
2a and -2¢ to modulate urinary P; excretion, and NHE3 and
NaPi-2a can be regulated by the same scaffolding proteins
such as Na'/H" exchanger regulatory factor'®*"**~’ and
PDZ domain containing 1.”* Therefore, we hypothesized that
there would be a functional link between kidney NHE3 ac-
tivity and Ca*" and P; handling. To assess this, we investigated
the impact of long-term kidney NHE3 “inhibition” on Ca®*
and P; homeostasis using kidney tubule—specific NHE3
knockout (KO) mice (NHE3!XOFa8 mice) 132

CONDENSED METHODS

Study approval

All  experiments on  kidney-specific NHE3 KO
(NHE3'oXP8)  ice were conducted in accordance with
rules from local authorities.

Generation of the kidney-specific NHE3 KO mouse model
NHE3'“"% mice (termed control mice) and NHE3!oxloxPaxs
mice were generated as described.”> Mice were housed under
a 12:12 hour light:dark cycle in standard rodent cages with
free access to water and rodent chow (0.8% NaCl, TD.7001 or
TD.2018, Harlan Teklad). Experimental mice were 3 to 6
months old. The sex of the mice (male or female) used in
each experiment is specified in the figure legends.

Furosemide and thiazide response experiments

Control and NHE3"*>® mjce were administered hydro-
chlorothiazide (HTZ, oral gavage, 25 mg/kg in 5% Cremo-
phor, 10% dimethylsulfoxide, and 85% H,O; 10 pl/g body
weight) or furosemide (intraperitoneal injection, 25 mg/kg in
0.9% saline; 1 pl/g body weight). After administration, mice
were transferred to metabolic cages (Tecniplast; without
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access to water and food) in which urine was collected over
30-minute periods.’

Low-P; diet experiment

Male control and NHE3!*P8 mice were fed a control diet
(0.7% P; thereof 0.4% non-phytate P;; TD.2018, Envigo) for 1
week before half of the mice were switched to a low-P; diet
(<0.01% P TD.08601, Envigo) for 1 week before analysis;
see Supplementary Extended Methods.

Collection and analyses of blood and urine

Blood was drawn from the retro-orbital plexus. Urine was
collected either as spot urine or in metabolic cages. Analysis is
described in the Supplementary Extended Methods.

Immunoblotting

See Supplementary Extended Methods. Antibodies are listed
in Supplementary Table S1. Coomassie-stained gels were used
to correct quantification for deviations in protein loading
(Supplementary Figure S1).

RNA extraction and reverse transcription quantitative
polymerase chain reaction

See Supplementary Extended Methods. Primer sequences are
listed in Supplementary Table S2.

Immunohistochemistry and proximity ligation assays
See Supplementary Extended Methods. Antibodies are listed
in Supplementary Table S1.

Statistics

Densitometry data were tested for normality and variance
homogeneity as described in Supplementary Extended
Methods. All P values for multiple comparisons within and
between groups were adjusted using Benjamini-Yekutieli false
discovery rate correction. Values are presented as individual
data points and mean £+ SEM.

Clearance experiments, 33P intestinal uptakes, microscopy,
fecal P; and Ca*" excretion, bone analysis by peripheral
quantitative computed tomography, and brush border mem-
brane vesicle (BBMV) uptakes are described in Supplementary
Extended Methods.

RESULTS

Male NHE3'**¥'°*P2x8 mice have normal plasma Ca?™ and
urinary Ca®* excretion at baseline

By Western blotting, NHE3 was virtually undetectable in the
kidneys of NHE3'°*P8 mice (Figure la). Immunohisto-
chemistry (Supplementary Figure S2) demonstrated that in the
cortex of NHE3'**P*8 mjce. NHE3 was sparingly expressed in
a few cells in the PT and the thick ascending limb (TAL). In the
outer stripe of outer medulla, some TAL cells expressed NHE3
with an intensity comparable to control mice, but this event was
sparse. Kidneys from NHE3'*">® mice appeared structurally
normal with no evidence of renal injury, tubular damage, or
apoptosis (Supplementary Figure S3). Total and ionized plasma
Ca”" levels were similar between genotypes, and there were no
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Figure 1| Effects of renal sodium/proton exchanger-3 (NHE3) deletion on Ca>* homeostasis can be unraveled by diuretics. (a)
Western blotting and corresponding densitometry analysis of NHE3 abundance in whole kidney homogenates from control and NHE3'o¥xPax8
mice (n = 6 per genotype). (b) Relative to controls, NHE3'®/®®® mjce had normal levels of plasma Ca*", ionized plasma Ca®", 24-hour urinary
Ca’" excretion, fractional excretion (FE) of Ca®*, fecal Ca>" excretion, blood urea nitrogen (BUN), plasma creatinine, glomerular (continued)
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significant differences in 24-hour urinary Ca*" excretion, frac-
tional Ca*" excretion, blood urea nitrogen, or plasma creatinine
levels (Figure 1b and Supplementary Figure S4A and B). Other
baseline physiological parameters are depicted in Supplementary
Figure S5. Using fluorescein isothiocyanate—sinistrin clearance,
no significant differences in glomerular filtration rate were
detectable between the genotypes (Figure 1b). NHE3!xIoxPax8
mice had modestly increased plasma PTH compared with con-
trols (P = 0.06), but no differences in plasma vitD concentra-
tions (Figure 1b and Supplementary Figure S4C) or mRNA levels
of Cyp24al and Cyp27b1, enzymes involved in vitD metabolism
(Supplementary Figure S5). Similar results for plasma Ca®™,
PTH, and vitD were obtained from female mice (Supplementary
Figure S6).

Reduced PT Ca2™ reabsorption in NHE3'¥**2x® mjce
Overall Ca®" balance did not appear to be affected in the
NHE3'X*P>8 mice, indicating that either kidney NHE3 is
not important for maintaining Ca’" homeostasis or
compensatory mechanisms have developed. To test the first
possibility, mice were given a single bolus injection of HTZ
and urinary Ca®" excretion assessed. The reasoning behind
this approach was that if HTZ causes hypocalciuria by
increasing NHE3-mediated paracellular Ca** reabsorption
subsequent to volume depletion,'>””*' then lack of NHE3
would result in greater Ca®" excretion compared with con-
trols. Both genotypes reduced urine osmolality and urinary
Ca®" excretion in response to HTZ, but the overall reduction
and the timeframe of reduced Ca®" excretion were attenuated
in NHE3"F>8 mjce (Figure 1c and Supplementary
Figure S7). These results indicate that HTZ-induced hypo-
calciuria is partially dependent on NHE3, but also that there
is less PT Ca”" reabsorption in NHE3'¥*®>8 mice under
baseline conditions. Although their Ca** handling responses
to HTZ were reduced, NHE3"¥P>® iice had greater
mRNA, protein, and phosphorylation levels of the thiazide-
sensitive NaCl cotransporter than control mice (Figure 1d).

Enhanced Ca2™" reabsorption in TAL of NHE3'*¥o2X8 nice

The paracellular Ca** pathway in the TAL accounts for
approximately 20% of filtered Ca®" reabsorption.'”***® This
pathway is highly dependent on NKCC2-driven lumen-positive
voltage. To assess if the enhancement of this pathway could
contribute to normal Ca®" homeostasis in the NHE3'*XI0xFax8
mice, mice were given a single bolus injection of furosemide

d

and urinary Ca® " excretion was examined over a subsequent 2-
hour period. Furosemide decreased urine osmolality and
increased urinary Ca®" excretion in both genotypes (Figure le
and Supplementary Figure S8). However, the increase in uri-
nary Ca> " excretion was significantly greater in NHE3'*¥loxPax8
mice relative to controls, as emphasized by the area under
the curve being approximately 60% larger. By Western
blotting (Figure 1f) and quantitative confocal microscopy
(Supplementary Figure S9), total and T96/T101 phosphory-
lated NKCC2 protein abundances were not different between
the genotypes. However, NHE3'*¥"® mjice had significantly
greater S126 phosphorylated NKCC2 levels (Supplementary
Figure S9). Together these data suggest a higher contribution
of the TAL to Ca*" reabsorption in the NHE3'“X*P®® mjce,

Claudin-16 in the TAL allows permeation of paracellular
Ca®","”"® whereas Claudin-14 expression is markedly stimu-
lated by the activation of the calcium-sensing receptor and plays
an important role in adjusting Ca*" transport in the TAL.**’
Claudin-14 was undetectable in control and NHE3'*¥o¥ax8
mice under basal conditions (Figure 2a).*””" Claudin-16 was
detectable in basolateral membrane domains and tight junc-
tions of TALs as described previously,"** and overall staining
intensity did not appear to differ between genotypes
(Figure 2b). Supporting this, Cldn16 mRNA expression was not
different between the groups (mean £ SEM [n]; control: 1.0 =
0.1 [5], NHE3'*$: 1.2 £ 0.1 [5], P > 0.05).

Increased expression of transcellular Ca>* transport
pathways in the distal nephron

The distal convoluted tubule (DCT) and the connecting tu-
bule reabsorb approximately 10% of filtered Ca®" via trans-
cellular transport.'’ To assess if enhanced Ca®" reabsorption
in these segments may exist in NHE3'**P*8 mice, the levels
of various Ca®' transport pathways were evaluated. Protein
and mRNA levels of the calcium-selective channel transient
receptor potential cation channel subfamily V member 5
(TRPV5) were greater in NHE3!oxPax8 ice than controls
(Figure 2c), whereas no significant differences were detected
in the levels of the calcium-binding protein calbindin D-28k
(Figure 2d). At the mRNA level, NHE3'*oxPax8 pice had
greater expression of Trpv6, but there were no significant
differences in the expression of CaBP-9k (calbindin-D9k
[CaBP9Kk]), Pvalb (parvalbumin), Atp2bl (plasma membrane
Ca®" ATPase 1), Atp2b4 (plasma membrane Ca®" ATPase 4),
and Slc8al (Na™/Ca®" exchanger 1; Figure 2e).

|

Figure 1 | (continued) filtration rate (GFR), plasma parathyroid hormone (PTH), and plasma 1,25(0H), D; (n = 8-48 mice per genotype). For
plasma Ca®* and PTH, matching symbols represent different animal cohorts. (c) Urinary Ca®*/creatinine ratio decreased in both genotypes
after the injection of hydrochlorothiazide (HTZ) but was attenuated in NHE3''®®®® mice (n = 6-9 per genotype). (d) Analyses of the NaCl
cotransporter (NCC), phosphorylated (pT58) NCC, and NCC and NCC mRNA in NHE3'®X1°XPa8 yice relative to controls (n = 4-6 per
genotype). (e) Urinary Ca?*/creatinine ratio in both control and NHE3'™¥**®€ mice increased after furosemide administration (n = 10 per
genotype) but was significantly greater in NHE3'%X19*28 mice between 0 and 30 minutes, suggesting higher baseline NKCC2-mediated
Ca®" reabsorption. (f) Western blotting and corresponding densitometry analyses of NKCC2 and pT96-T101-NKCC2 protein abundance. Data
in panels (a), (b), (d), and (f) are from male mice. Data in panels (c) and (e) are from a mixed male and female cohort. Values are mean +
SEM, and individual data points are shown where feasible. Statistical analyses were performed using appropriate pairwise comparison tests
(a,b,d,f) or paired or pairwise comparison tests followed by Benjamini-Yekutieli false discovery rate correction (c,e). *P < 0.05 between geno-
types. *P < 0.05 versus baseline same genotype. BW, body weight.
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Figure 2| Sodium/proton exchanger-3 (NHE3)'*'°**®® mice show no difference in claudin-14 and -16 but have greater transient

receptor potential cation channel subfamily V member 5 (TRPV5) and TRPV6 levels. (a) Claudin-14 was absent in control and
NHE3'ox*&8 mice under basal conditions (n = 6 per genotype), but detectable in tissue from mice with dihydrotachysterol-induced
hypercalcemia (positive control).””*° mRNA levels were not detectable in the kidney of either ?enotype (n = 5 per genotype). (b) Claudin-16
was detectable in basolateral membrane domains and the tight junction of control and NHE3™®®®® mjce (see arrows). Overall, expression
levels did not appear to differ between the genotypes, but variability in staining intensity was seen in both groups. (c) NHE3'>oF®€ mjce
have greater TRPV5 protein and mRNA abundances than control mice (n = 4-6 per genotype). (d) Between genotypes, no differences were
found in protein and mRNA abundances of calcium-binding protein calbindin D-28k (CaBP-D28k; n = 4-6 per genotype). (e) Relative to
controls, the mRNA levels of TRPV6 were greater in NHE3'°XoXPax8 mica but no significant differences were found in CaBPD9k, PVALB, PMCA1,
PMCA4, or NCX1 (n = 4 per genotype). Data in all panels are from male mice. Values are mean + SEM and individual data points. Statistical
analyses were performed using appropriate pairwise comparison tests. *P < 0.05 versus control. To optimize viewing of this image, please see
the online version of this article at www.kidney-international.org.

Plasma P; levels, intestinal P; handling, and P; uptake in excretion, fractional P; excretion, or plasma FGF-23 levels

kidney BBMVs are similar in NHE3'*°*"**® mice despite (Figure 3a and Supplementary Figure S10). Similar observa-

reduced NaPi-2a and -2c 1 tions on plasma P; were obtained in female mice, although
oxloxPax8

Plasma P; was comparable in male control and NHE3 they displayed mildly elevated FGF23 (Supplementary
mice, and no difference was observed in 24-hour urinary P;  Figure S11). Surprisingly, NaPi-2a protein levels were lower
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Figure 3| Sodium/proton exchanger-3 (NHE3)'****% mice have lower sodium/phosphate cotransporters-2a (NaPi-2a) and -2c
abundances but unchanged Na*-dependent P; uptake in brush border membrane vesicles (BBMVs) and normal plasma P;. (a) Relative

to controls, NHE3'XloxPax8

mice had normal plasma P; (matching symbols represent different animal cohorts), urine P; excretion, urinary

fractional excretion (FE) of P;, and plasma fibroblast growth factor 23 (FGF23) levels (n = 8-47 per genotype). (b) Western blots (continued)
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in male NHE3'"**>% mjce independent of mRNA changes,
whereas there was a large reduction in NaPi-2c protein and
mRNA abundance (Figure 3b and c). Normal P; balance in
NHE3!XoxPax8 1ice, despite the lower NaPi-2a and -2¢, could
not be attributed to increased intestinal P; absorption, as
plasma *’P levels 120 minutes after >°P oral gavage were not
significantly different between genotypes (Figure 4a and
Supplementary Figure S12). Supporting this, fecal P; excretion
(Figure 4b) and staining intensity and distribution of NaPi-2b
throughout the intestine were equivalent between genotypes
(Figure 4c).

To assess the functional impact of the reduced NaPi-2a
and -2¢, we analyzed P; transport across isolated kidney
BBMVs. Na'-dependent **P uptake, Na'-independent up-
take, NaPi-2a-mediated uptake, or NaPi-2a/c-mediated up-
take was not significantly different between genotypes
(Figure 3d). Of note, despite greater mRNA for the type III
inorganic P; transporter PiT-1 in NHE3'o*™8 mice
(Supplementary Figure S13), no significant differences were
observed between BBMVs treated with phosphonoformic
acid (inhibitor of NaPi cotransporters) and Na™-free con-
ditions, consistent with the majority of BBMV-mediated P;
uptake being Na™-dependent.”’

To assess if the abundances of NaPi-2a and -2c¢ could still
adapt to dietary P; challenges in the absence of kidney NHE3,
mice were fed a low-P; diet for 7 days. In both genotypes, a
low-P; diet resulted in lower urinary P; excretion, plasma P;,
PTH, and FGF23 levels, but no significant differences between
genotypes were found (Figure 5a). NaPi-2a and -2¢ protein
levels were significantly greater after a low-P; intake in both
genotypes (Figure 5b). In contrast to the standard diet, no
significant differences were found between the genotypes in
NaPi-2a protein abundance on the low-P; diet. However,
NaPi-2¢ protein abundance remained significantly lower in
the NHE3'2P&8 rice on the low-P; diet. On the low-P;
diet, NaPi-2a and -2c mRNA levels were greater than the
standard diet in both genotypes, but the significantly lower
levels of NaPi-2c mRNA relative to controls were still
apparent (Figure 5c).

PT remodeling in NHE3'¥'°**% mice may contribute to
reductions in NaPi-2c

In order to explain the reductions in NaPi-2a and -2c in the
NHE3!XoPa8 hice we initially focused on the observations
that Na*/H" exchanger regulatory factor and PDZ domain
containing 1 interact with NaPi-2a and -2c¢ and NHE3 to alter
their cellular distribution,” %" with the hypothesis that
deleting NHE3 may thus impair a macromolecular complex

A

and alter NaPi-2a and -2c distribution and degradation ki-
netics.”>”” In support of this concept, NHE3 and NaPi-2a
colocalized at the apical brush border of control mice
(Figure 6a), and NaPi-2a and NHE3 could be co-
immunoprecipitated in protein lysates from ex vivo kidney
cortical tubule suspensions (Figure 6b). Furthermore, prox-
imity ligation assays performed on mouse kidney sections
indicate that NHE3 and NaPi-2a are closely associated (<40
nm apart’®), with numerous punctae in PTs indicating
NHE3:NaPi-2a protein-protein interactions (Figure 6c).
However, in kidney sections from control and NHE3!*¥loxPax8
mice, no clear differences in NaPi-2a and -2c subcellular
localization could be observed between the genotypes
(Figure 6d and e). Furthermore, although there were a
significantly lower number of NaPi-2c positive cells in
NHE3'*P>8  mice  than  controls  (Supplementary
Figure S14), NaPi-2c¢ was undetectable in some cells that
showed NHE3 expression due to incomplete gene deletion
(Figure 6f), suggesting that NHE3 is not a prerequisite for
NaPi-2c expression. No differences were detectable in the
cellular localization of Na™/H™ exchanger regulatory factor or
PDZ domain containing 1 in the NHE3'**> mjce, but
they were significantly reduced in abundance at the protein
level (Supplementary Figure S15).

Mathematical modeling and experimental data indicate
that after NHE3 deletion or use of SGLT2 inhibitors, there is a
shift in Na™ reabsorption to downstream nephron segments,
including the S3 segment.””””® To examine whether, at least
in part, structural and/or functional adaptation in the PT
contributes to the greatly reduced NaPi-2c abundance in
NHE3!oxloxPaxs mice, we examined the mRNA expression
profile of 19 genes with a differential distribution along the
mouse PT using reverse transcription quantitative polymerase
chain reaction.”” ' As observed in the heatmap (Figure 6g),
the expression of genes associated with the S1 segment of the
PT are lower in NHE3'9o">® mice than control mice,
whereas the expression of genes associated with the S2 and S3
segment are higher, suggesting a reduction in the length of S1
in the NHE3'"XP>8 mjce,

NHE3'®X1°xPax8 mice have normal long-bone architecture

The majority of total body Ca** and P; are stored in bone,
and imbalances of these minerals alter bone metabolism.
Analysis of femoral bone from control and NHE3!o¥oxPaS
mice by peripheral quantitative computed tomography
revealed no significant changes in total volumetric
bone mineral density (total BMD), cortical BMD, and
cortical thickness in the midshaft region (Figure 7a). The

|

Figure 3 | (continued) of whole kidney demonstrated significantly lower full-length (approximately 75 kDa) and cleaved NaPi-2a (approximately
37 kDa) in NHE3'®*P®E than control mice (n = 6 per genotype). No significant differences were found in NaPi-2a mRNA levels (n = 4 per
genotype). (c) NHE3'™"®& mice had lower NaPi-2c protein and mRNA compared with control mice (n = 4-6 per genotype). (d) In BBMVs,
Na™-dependent 2P uptake, Na'-independent uptake (balanced using choline CI”, Ch), NaPi-2a-mediated uptake (Npt2a-), or Npt2a/c-
mediated uptake (phosphonoformic acid [PFA]) was not significantly different between genotypes. Data in all panels are from male mice.
Values are mean + SEM and individual data points. Statistical analyses were performed using appropriate pairwise comparison tests (a-c),
where *P < 0.05 between genotypes, or 2-way analysis of variance followed by Tukey’s multiple comparisons test (d) where *P < 0.05 versus
Na™ same genotype, #P < 0.05 versus Na*, choline, and PFA same genotype. BW, body weight.
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Figure 4| Normal intestinal P; handling in sodium/proton exchanger-3 (NHE3)'**'***®® mice. (a) Control and NHE3'*/*">® mice were
administered 3P via oral gavage, and subsequently plasma levels of 33P were followed over 120 minutes. There were no significant differences
in plasma 3P levels between genotypes, and the areas under the curve are approximately equal, suggesting comparable P; handling (n = 7-8
per genotype). (b) Fecal P; excretion was equivalent between genotypes (n = 6-8 per genotype). (c) Immunohistochemical (continued)
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Figure 5| On a low-P; diet, sodium/proton exchanger-3 (NHE3) mice increase sodium/phosphate cotransporters-2a (NaPi-2a)
and -2c protein abundance and reduce urinary P; excretion. (a) A low-P; diet decreased urinary P; excretion, plasma P;, plasma parathyroid
hormone (PTH), and plasma fibroblast growth factor 23 (FGF23) in both control and NHE3'XoPaE mica, Urinary P; excretion was comparable
between the genotypes (n = 5-8 per genotype). (b) In NHE3'P>® mjice, the low-P; diet increased NaPi-2a (full-length [approximately 75
kDa] and cleaved [approximately 37 kDal) and NaPi-2c protein abundances relative to a standard (Std) diet. However, NaPi-2c protein
abundance was still significantly less in the NHE3'™/">8 mice relative to control mice when fed the low-P; diet (n = 5-7 per genotype). (c)
The low-P; diet increased NaPi-2a and -2c mRNA expression levels in both control and NHE3'®"#® mjce (n = 5 per genotype). Data in all
panels are from male mice. Values are mean + SEM and individual data points. Statistical analyses were performed using a 2-way repeated
measures analysis of variance (ANOVA) (a) or a 2-way ANOVA followed by Holm-Sidak post hoc tests and Benjamini-Yekutieli false discovery
rate correction (a-c). *P < 0.05 versus control. BW, body weight.

cross-sectional areas of the midshaft region were also similar ~ Trabecular bone in the distal metaphysis had no significant
between the groups, with no significant changes in periosteal ~ changes in trabecular BMD, trabecular area, or trabecular
and endosteal circumferences (Figure 7a). In the distal content between genotypes (Figure 7b). Together, these data
metaphysis, the total BMD and cortical BMD were not support that renal NHE3 deletion does not alter overall bone
significantly different between genotypes (Figure 7b). health.

A
|

Figure 4 | (continued) labeling showed no detectable differences in staining intensity or distribution of sodium/phosphate cotransporters-2b
(NaPi-2b) throughout the small intestine (n = 4 per genotype). Data in all panels are from male mice. Statistical analyses were performed using
appropriate paired or pairwise comparison tests followed by Benjamini-Yekutieli false discovery rate correction. Values are mean + SEM and
individual data points. *P < 0.05 versus baseline same genotype. BW, body weight. To optimize viewing of this image, please see the online
version of this article at www.kidney-international.org.
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Figure 6 | Gene expression profiling suggests proximal tubule (PT) remodeling in sodium/proton exchanger-3 (NHE3)'**°*P2*® mice,
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immunoprecipitated in protein lysates from ex vivo kidney cortical tubule suspensions. IP = immunoprecipitation antibody, -ab is lysate alone,
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Acute inhibition of NHE3 using the SGLT2i empagliflozin does
not increase urinary Ca>* and P; excretion

NHE3 and SGLT2 functionally interact in the PT, and lower
NHES3 activity subsequent to SGLT2i may underlie, at least
in part, their antihypertensive effects.” ® SGLT2i may also
affect bone metabolism, although these effects are contro-
versial.”” ®* To assess the acute effects of SGLT2i on urinary
P; and Ca®" excretion and a role for NHE3, control and
NHE3'“*P®8 1jce were treated via oral gavage with vehicle
or empagliflozin, and quantitative urine collections per-
formed over 3 hours. Empagliflozin significantly increased
glucose excretion in both genotypes, but the increase was
smaller in NHE3!oxloxPax8Cre pice (Figure 8a). The diuretic
and natriuretic effect observed in control mice in response to
empagliflozin was absent in NHE3!XoXPax8Cre  pjce
(Figure 8b and c), but urinary P;, Ca®", or CI” excretion was
not altered in either genotype (Figure 8d—f).

DISCUSSION

Drugs that affect kidney NHE3 activity may be useful phar-
macologic tools for treating hypertension,” »”°” and we have
previously shown that deletion of NHE3 from the kidney
reduces blood pressure.’ However, the pleotropic effects
previously seen after the inhibition of SGLT2 or NaPi-2a
suggest that there may be unfavorable side effects after kid-
ney NHE3 inhibition.’>*® Total NHE3 KO mice have urinary
Ca’" wasting and reduced bone mass. Here, we investigated
whether Ca?" and P; homeostasis are altered in mice with
genetic deletion of NHE3 specifically in the kidney and the
acute effects of SGLT2i on urinary Ca>" and P; excretion.

A major finding is that relative to controls, NHE3'*XIoxFax8
mice have normal plasma Ca’" and normal urinary Ca®"
excretion. This was unexpected considering that approxi-
mately 70% of filtered Ca®" is reabsorbed via paracellular
transport in the PT in an NHE3-dependent manner.” '
However, a role for renal NHE3 in Ca*" handling by the
kidney is supported by our results using HTZ, and total
NHE3 KO mice have higher urinary Ca*" excretion.” So why
is Ca®" excretion not changed in the NHE3'¥*®™% mice?
One explanation is increased Ca®* reabsorption in the TAL of
NHE3!¥oXPa8 - mjce, as demonstrated by their greater
furosemide-induced calciuresis. The TAL reclaims approxi-
mately 25% of Ca>" via paracellular pathways, in a process
that is critically dependent on the electrochemical gradient
across the TAL and NKCC2 activity."”®" Interestingly, the
bulk of paracellular Ca®*" transport occurs in the more
cortical portions of the TAL,"**” where we observed greater
NKCC2 phosphorylation of S126 (indicating higher activity).
This higher NKCC2 activity, coupled with a greater delivery of

dl

Na™ to this segment from the PT in the absence of NHE3,
could ultimately increase the lumen-positive potential in the
TAL and increase paracellular Ca®" transport by claudin-16
and -19.°7 In addition, NHE3'9oP®>8 1nice have greater
TRPV5 and TRPV6 levels, which should increase Ca®"
transport in the DCT. Together, these 2 distal compensatory
responses in the NHE3'¥**>® mice appear to maintain Ca®"
homeostasis despite reduced PT Ca*" reabsorption.

We do not have a simple explanation about the factors
driving increased NKCC2 and/or TRPV5/6 expression in the
NHE3!*P8 mjce. It may be that higher angiotensin 11 levels
or vasopressin subsequent to volume depletion in the absence
of NHE3 is able to stimulate NKCC2,””" although unchanged
aldosterone levels in the NHE3'™>8 mjce would argue
against the first possibility." Alternatively, although not reach-
ing significance, the slightly raised PTH levels in the NHE3-
loxloxPax8 ice may be enough to stimulate NKCC2 and put the
animals back in Ca*" balance, achieving a new steady state.
Another possibility is that, driven by an unknown factor, there
is remodeling of the distal nephron to compensate for the
major loss of Na* from the PT in the absence of NHE3.
Remodeling of the PT is supported by our mRNA profiling
results (Figure 6g, see later), but whether a concurrent TAL/
DCT hypertrophy contributes to increased NKCC2, NaCl
cotransporter, and TRPV5/6 would require extensive further
investigation using 3-dimensional imaging modalities.

So why do similar compensatory mechanisms not occur in
total NHE3 KO mice, which have normal plasma Ca®" but
increased urinary Ca®* excretion? Total NHE3 KO mice have a
tendency toward reduced plasma PTH,” significantly reduced
NKCC2,”” and significantly reduced TRPV5 abundance.” These,
alongside increased vitD (which reduces plasma PTH levels”™"*)
in total NHE3 KO mice, may explain why the greater Ca®"
reabsorption mechanisms observed in the NHE3'“1P®¢ mjce
are absent. Why vitD levels are increased in the total NHE3 KO
mice is not clear. One possibility is that they are increased due to
a reduced ability of the intestine to absorb Ca>"; however, this
increase in vitD would most likely be mediated by hypocalcemia
and increased plasma PTH. Alternatively, reduced intestinal P;
absorption in the total NHE3 KO mice may lead to reduced
FGF23, and as FGF23 is a potent negative regulator of vitD,”>7®
this may increase vitD levels. Of note, total NHE3 KO mice
suffer from congenital sodium diarrhea and volume depletion,
making some of the results in this model hard to interpret.

The reduced ability of HTZ to lower urinary Ca®" excre-
tion in NHE3'%o¥a8 mice compared with controls supports
a role of NHE3 in the PT for Ca®" handling. Three putative
different mechanisms exist for the hypocalciuric effect of
thiazides. First, thiazides restrict Na* entry into DCT cells,

-

Figure 6 | (continued) punctae (orange) in PTs indicating NHE3:NaPi-2a protein-protein interactions. Cellular localization of (d) NaPi-2a and (e)

NaPi-2c was similar in NHE3'©XloxPax8

mice relative to controls (n = 6 per genotype). (f) Staining of serial sections from NHE

3loxloxPax8 jjce did not

detect NHE3 in cells with intact NaPi-2c expression (n = 6 per genotype). (g) Heatmap for the mRNA expression of genes associated with the S1
segment of the PT are lower in NHE3'®®® mice than control mice, whereas the expression of genes associated with the 52 and S3 segment
are higher. Data in all panels are from male mice. KO, knockout. To optimize viewing of this image, please see the online version of this article at

www.kidney-international.org.
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Figure 7| Loss of kidney sodium/proton exchanger-3 (NHE3) does not result in altered femoral bone mineral density or architecture.
(@) Peripheral quantitative computed tomography (pQCT) analysis of femur showing total bone mineral density (Total BMD), cortical BMD,
cortical thickness, and periosteal and endosteal circumference (cir.) in the midshaft region (n = 10 per genotype). (b) Total BMD, cortical BMD,
trabecular BMD, trabecular area, and trabecular content in the distal metaphysis region (n = 10 per genotype). Data in all panels are from male
mice. Values are mean + SE and individual data points. Statistical comparisons were performed using appropriate pairwise comparison tests.

*P < 0.05 versus control.

lowering the intracellular CI” concentration and subsequently
activating TRPV5.>%* However, because HTZ caused similar
levels of hypocalciuria in control and TRPV5 KO mice,'” this
mechanism seems unlikely. Secondly, lower intracellular Na™
concentrations stimulate Ca®" exit across the basolateral
membrane via a basolateral Na'/Ca®" exchanger.'”*"”’
Thirdly, volume depletion in response to thiazides increases
NHE3-mediated PT Na™ reabsorption, thus increasing par-
acellular Ca®" reabsorption.'>”” Our data strongly support
the last mechanism, but we cannot rule out that the ability of
HTZ to stimulate Ca*" reabsorption in the DCT is lower in
NHE3'""*P®8 mice because they already have increased Ca*"
transport activity in this segment.

Another major finding in this study was that renal NHE3
deletion results in slightly lower NaPi-2a, but greatly reduced
NaPi-2¢ levels. The reduction in NaPi-2a and -2c¢ in
NHE3"*P8 mjce cannot be easily explained by the minor
elevation in PTH levels in the NHE3'"**® mice causing
NaPi-2a and -2c¢ internalization and degradation,zs’m’82 as one
would predict similar and not preferential reductions in
NaPi-2a and -2c.”>* Furthermore, although we determined
that NHE3 and NaPi-2a interact (technical issues prevented us
from examining NaPi-2c), no clear differences in NaPi-2a
and -2c subcellular localization could be observed between
the genotypes and NaPi-2c was undetectable in some cells that
expressed NHE3, appearing to preclude alterations in NaPi-2a
and -2c distribution, and degradation kinetics”>” occur in the
absence of NHE3. The most likely explanation for the reduc-
tion in NaPi-2a and -2c¢ is PT remodeling. The greater
reduction in NaPi-2¢ relative to NaPi-2a suggests less PT S1

Kidney International (2025) 107, 280-295
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segments, where NaPi-2c is predominantly expressed,””” "

which may be counterbalanced by an increase in S2/S3 seg-
ments or the distal tubule. This possibility is supported by our
reverse transcription quantitative polymerase chain reaction
results, where, in general, expression of genes associated with
the S1 segment are lower, but genes associated with the S2 and
S3 segments are higher in NHE3'***® mice, and by our
observations that in the NHE3'9P¥8 ice there is lower
NaPi-2c mRNA/protein that does not return to the levels seen
in control mice during low-P; diet.

Why, despite the reduced abundances of NaPi-2a and -2c¢
in NHE3'X*P&8 mice was PT P; transport not impaired
resulting in greater urinary P; excretion? The likely explana-
tion is the different relative contributions of NaPi-2a and -2¢
to P; balance in rodents. Approximately 75% of P; transport
in the mouse kidney is attributed to NaPi-2a, with constitu-
tive NaPi-2a KO mice having hypophosphatemia and
increased urinary P; excretion relative to controls.”*** In
contrast, the contribution of NaPi-2¢ to kidney Pi reabsorp-
tion is less, with mice lacking NaPi-2c having normal P;
homeostasis and mice with KO of both NaPi-2a and -2¢ not
having greater urinary P; excretion than NaPi-2a alone defi-
cient mice.”»”” Hence, the large (approximately 85%)
reduction in NaPi-2¢ relative to the small (approximately
25%) reduction in NaPi-2a in NHE3'™"™8 mjce likely has
minimal effects on kidney P; handling as confirmed by our
BBMYV and clearance experiments. In perspective, in humans
NaPi-2¢ appears to be the dominant renal P; handling
pathway, with hypophosphatemic rickets with hypercalciuria
resulting from homozygous or compound heterozygous
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Figure 8| Acute inhibition of sodium/proton exchanger-3 (NHE3) using the sodium-glucose transporter 2 (SGLT2i) empagliflozin
does not increase urinary Ca>" and P; excretion. Urine was collected over a 3-hour period subsequent to oral gavage of vehicle or

empagliflozin. (a) Empagliflozin significantly increased glucose excretion in both genotypes, but the increase was smaller in NHE

3onloxPax8Cre

mice. (b) Empagliflozin significantly increased urine flow and urine Na™ excretion (c) in control mice, but this response was absent in

NH E3onloxPax8Cre

mice. Empagliflozin did not alter urinary Ca®* (d), P; (e), or CI™ (f) excretion in either genotype. *P < 0.05 versus vehicle same

genotype, *P < 0.05 versus control same treatment. Data were analyzed by 2-way mixed-effects analysis of variance followed by the 2-stage

linear step-up procedure of Benjamini, Krieger, and Yekutieli.

88,89

mutations in the SLC34A3 gene encoding NaPi-2c.
Therefore, whether orally absorbable NHE3 inhibitors such
as AVE0657""" could be used clinically without P; balance
disorders remains an open question.

In contrast to NHE3'*>% mice, global NHE3 KO mice
have reduced urinary P; excretion and normal plasma P;
levels.” The difference in urinary P; excretion may be a result
of increased NaPi-2a in the kidneys of total NHE3 KO mice,””
in contrast to the reduced levels observed in NHE3'*XIoxPax8
mice. These higher levels of NaPi-2a in global NHE3 KO mice
may be required to increase renal P; absorption and keep
plasma P; normal in compensation for reduced intestinal P;
reabsorption. This mechanism is supported by the trend for
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lower plasma PTH in total NHE3 KO mice.” Furthermore, the
higher vitD levels in the global NHE3 KO mice may explain
why they have reduced bone mass,” with enhanced vitD
promoting bone resorption. Alternatively, reduced plasma
FGF-23 may increase renal NaPi, and although this has not
been assessed in NHE3 KO mice, it is supported by tenapanor
(nonabsorbable intestinal NHE3 inhibitor) reducing plasma
P; and FGE23 levels.” However, inducible intestine-specific
NHE3 KO mice show increased and not reduced intestinal
P; transport suggesting species differences.””

In conclusion, we demonstrate that despite approxi-
mately 70% of filtered Ca** being reabsorbed in the PT
in an NHE3-dependent manner, kidney tubule—specific

Kidney International (2025) 107, 280-295
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deletion of NHE3 has no major impact on Ca®" homeo-
stasis. Kidney NHE3 deletion also reduces NaPi-2a and -2¢
expression, but overall this does not alter P; balance.
Importantly, the large reductions in NaPi-2¢ observed in
NHE3!¥oxPa8 ice may be relevant for P; homeostasis in
humans if treated with drugs affecting NHE3 activity such
as NHE3 inhibitors or gliflozins.
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