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ORIGINAL RESEARCH

Cell-Specific Actions of the Prostaglandin
—-Prostanoid Receptor 4 Attenuating
Hypertension: A Dominant Role for
Kidney Epithelial Cells Compared With
Macrophages

Ting Yang “*/, MD, PhD; Chengcheng Song, MD, PhD; Donna L. Ralph, BS; Portia Andrews "=, MS;
Matthew A. Sparks "=, MD; Beverly H. Koller, PhD; Alicia A. McDonough (2}, PhD; Thomas M. Coffman “*/, MD

BACKGROUND: A beneficial role for prostanoids in hypertension is suggested by clinical studies showing nonsteroidal anti-
inflammatory drugs, which block the production of all prostanoids, cause sodium retention and exacerbate hypertension.
Among prostanoids, prostaglandin E2 and its E-prostanoid receptor 4 receptor (EP4R) have been implicated in blood pressure
control. Our previous study found that conditional deletion of EP4R from all tissues in adult mice exacerbates angiotensin Il-
dependent hypertension, suggesting a powerful effect of EP4R to resist blood pressure elevation. We also found that elimina-
tion of EP4R from vascular smooth muscle cells did not affect the severity of hypertension, suggesting nonvascular targets of
prostaglandin E mediate this antinypertensive effect.

METHODS AND RESULTS: Here we generated mice with cell-specific deletion of EPAR from macrophage-specific EP4 receptor
knockouts or kidney epithelial cells (KEKO) to assess the contributions of EP4R in these cells to hypertension pathogenesis.
Macrophage-specific EP4 receptor knockouts showed similar blood pressure responses to alterations in dietary sodium or
chronic angiotensin Il infusion as Controls. By contrast, angiotensin ll-dependent hypertension was significantly augmented
in KEKOs (mean arterial pressure: 146+3mmHg) compared with Controls (1374 mmHg; P=0.02), which was accompanied
by impaired natriuresis in KEKOs. Because EP4R expression in the kidney is enriched in the collecting duct, we compared
responses to amiloride in angiotensin ll-infused KEKOs and Controls. Blockade of the epithelial sodium channel with ami-
loride caused exaggerated natriuresis in KEKOs compared with Controls (0.21+0.01 versus 0.15+0.02 mmol/24 hour per 20g;
P=0.015).

CONCLUSIONS: Our data suggest EP4R in kidney epithelia attenuates hypertension. This antihnypertension effect of EP4R may
be mediated by reducing the activity of the epithelial sodium channel, thereby promoting natriuresis.
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unmet medical challenge leading to severe compli- understood. Furthermore, >50% of patients fail to
cations such as stroke, kidney disease, and heart  achieve blood pressure (BP) targets with conventional
failure, resulting in substantial mortality.? Although it is treatments®; thus, identifying new therapeutic targets
the most common chronic human disease worldwide, for hypertension remains a high priority. Historically,

Uncontrolled hypertension remains a significant  the factors that cause essential hypertension are poorly
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CLINICAL PERSPECTIVE

What Is New?

e We demonstrated for the first time that the E-
prostanoid receptor 4 in kidney epithelium plays
a pivotal role in maintaining sodium balance in
angiotensin ll-dependent hypertension.

e We described in vivo effects of kidney epithelial
E-prostanoid receptor 4 to control the epithelial
sodium channel activity.

e We identified a specific molecular pathway by
which nonsteroidal anti-inflammatory drugs can
cause sodium retention.

What Are the Clinical Implications?

e QOur study demonstrated that kidney tubular
epithelia are critical targets of prostaglandin E2
acting via E-prostanoid receptor 4 to oppose
the development of hypertension.

e QOur findings may suggest a specific strategy for
treatment for hypertension that develops with
the administration of drugs that inhibit the syn-
thesis or actions of prostaglandin E2, such as
nonsteroidal anti-inflammatory drugs or novel
E-prostanoid receptor 4 antagonists.

Nonstandard Abbreviations and Acronyms

Ang II-HTN angiotensin ll-dependent
hypertension

CD collecting duct

EF effect size

EP4R EP4 receptor

KEKO kidney epithelial cell-specific
EP4 receptor knockout

M¢KO macrophage-specific EP4

receptor knockout

physiological pathways causing increased BP, such as
the renin-angiotensin system, have been significant areas
of research focus.* However, naturally occurring mech-
anisms counteracting BP elevation are also crucial for
determining the severity of hypertension. Although most
hypertension therapies target systems that increase BP,
preserving and/or augmenting pathways with the poten-
tial to lower BP can be complementary approaches for
improving BP control.

Prostanoids, produced by the cyclooxygenase
(COX) metabolism of arachidonic acid, have significant
roles in various biological processes from inflamma-
tion to cardiovascular disease.® A role for prostanoids
in attenuating hypertension has been suggested
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by clinical studies showing that nonsteroidal anti-
inflammatory drugs, which inhibit COX enzymes and
block the production of all prostanoids, are associated
with increased risk for hypertension.®” Prostaglandin
E, (PGE,) is a highly abundant prostanoid with di-
verse biological functions mediated by a family of 4
E-prostanoid (EP) receptors.8® Among these recep-
tors, the EP4 receptor (EP4R) has actions potentially
affecting BP, including regulating vascular tone,®™
renin release,"? and inflammation.'”® Furthermore,
we showed that deletion of EP4R from all tissues in
adult mice caused dramatic exacerbated angiotensin
lI-dependent hypertension (Ang II-HTN),"® demonstrat-
ing powerful actions of EP4R to resist BP elevation.
However, the cellular targets mediating these antihy-
pertensive effects of EP4R are unclear.

PGE, is a potent vasodilator, and EP4 has been clas-
sically considered a “vaso-relaxant” receptor® based on
its preferential coupling to Gs enhancing cAMP forma-
tion." Moreover, it has been suggested that compen-
satory vasodilation might be responsible for the effects
of PGE, to attenuate hypertension.”® Yet, in previous
studies, we found that cell-specific elimination of EP4R
from vascular smooth muscle cells did not affect the
severity of Ang II-HTN.'® Alternatively, the immune sys-
tem plays a critical role in hypertension pathogenesis'®
and PGE, is a potent immune modulator."” For exam-
ple, we have previously demonstrated actions of EP4R
to inhibit T cell and macrophage functions.”® Indeed,
EP4R deficiency in macrophages has been suggested
to promote BP increases with high-salt feeding.'®
Finally, BP is critically regulated by the kidney through
precise control of sodium excretion, and potent actions
of PGE, to induce natriuresis are well documented.?®
Although recent single-cell RNA sequencing studies
have shown that EP4R is enriched explicitly in principal
and intercalated cells of the collecting duct (CD),2"??
and previous studies have suggested a role for EP4R in
influencing urinary concentration,?®?* effects of EP4R
to affect sodium handling by the kidney have not been
documented. Our studies in mice lacking EP4R in all
tissues demonstrated potent actions of EP4R to resist
the development of hypertension.'® Based on our work
and published studies from others, we hypothesized
that the antihypertensive effects of EP4 receptors are
mediated by the actions in macrophages or kidney epi-
thelial cells. We tested this hypothesis using transgenic
mice with EP4R specifically deleted from macrophages
or kidney epithelial cells in the studies described here.

METHODS

The data supporting the findings of this study are
available from the corresponding author upon
reasonable request.
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Experimental Animals

Mouse lines were bred in AAALAC-accredited animal
facilities at the Durham Veterans’ Affairs Medical Center.
All studies were approved by Duke University and
Durham Veterans’ Affairs Medical Center Institutional
Animal Care and Use Committees and conducted in
accordance with the National Institutes of Health Guide
for the Care and Use of Laboratory Animals. Animals
were housed in temperature-controlled rooms with 12-
hour light/dark cycles and had free access to standard
rodent chow and water unless specified.

The macrophage-specific EP4  deletion mice
(M¢pKO) were generated by crossing the Ptgeroxox
mice'®?® with a mouse line harbor nuclear-localized
Cre recombinase inserted into the first coding ATG
of the lysozyme 2 gene (LysM-Cre).?® The littermate
LysM-Cre=Ptger4™/"ox mice served as Controls.

Conditional deletion of EP4R in the renal tubular
epithelium was achieved by crossing the Ptgerd/ox/fox
mouse line with Pax8-rtTA and TetO-Cre mouse
lines. The Pax8-rtTA mouse line has a Tet-On tool
that allows the expression of genes in renal tubu-
lar epithelial cells (kidney tubular epithelial cells).
TetO-Cre mice express Cre bacterial recombinase
under the control of the tetracycline-responsive ele-
ment provided by Pax8-rtTA.?” The generated Pax8-
rtTA*TetO-Cre*Ptger4™1< mice were fed doxycycline
hydrochloride (2mg/mL with 5% sucrose) in drinking
water to induce Cre expression®”?8 in kidney tubular
epithelial cells and lead to deletion of EP4R specifically
in kidney epithelial cells (KEKO). The littermate Pax8§-
rtTA=TetO-Cre*Ptgerd™*/ox mice served as Controls.
To validate the cell-specific expression of Pax8-rtTA-
TetO-Cre, we crossed the Pax8-rtTA*TetO-Cre* mice
with the membrane-targeted tdTomato/ EGFP (mTmG)
reporter mice?® and mapped the TetO-Cre* expression
in kidney.

All experimental mice are on a C57BL/6 back-
ground. We used only male mice because the anti-
hypertension effects of EPAR we demonstrated in our
previous work'® were observed in male mice.

Primary Peritoneal Macrophage

Mice were anesthetized with isoflurane, and the ab-
dominal skin was cut and pulled up to expose the
intact peritoneum. Using a 27 g needle 5mL ice-cold
PBS was injected into the peritoneal cavity. The fluid
in the peritoneal cavity was then collected through
a 259 needle after a gentle massage on the perito-
neum for ~1minute. The peritoneal cavity cells were
then collected by centrifuge at 4 °C (300g, 7 minutes)
and seeded on 6-well-plate in a DMEM cell culture
medium containing 4.5g/L glucose and 10% fetal bo-
vine serum. After 1.5hours, the cells were washed,
and any unattached cells were removed. The attached
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macrophages were cultured in DMEM containing 20%
fetal bovine serum overnight and harvested for RNA
extraction.

Kidney Tubule Segments Enrichment

To verify the deletion of EP4R in kidney tubule epithelial
cells, we isolated kidney tubule segments by sieve.
The kidneys were harvested, and the kidney cortex
was quickly removed. The remaining kidney tissue
was gently pressed down through a 180 um sieve. The
tissue suspension was collected and passed through
a 70 um cell culture filter to remove the remaining
glomeruli. The tissue suspension was then passed
through a 40 um cell culture filter to remove single
cells. The tissue that did not pass the 40 um filter was
collected for RNA extraction.

Reverse Transcription Quantitative
Polymerase Chain Reaction

Reverse transcription quantitative polymerase chain
reaction was used to assess mMRNA expression levels.
Isoflurane anesthetized mice were perfused with ice-
cold PBS, and kidney tissues were snap frozen in
liquid nitrogen and stored at —80 °C for RNA isolation.
The macrophages and kidney tubule segments were
prepared as described. Total RNA was extracted using
DirectZol Kit (Zymo, CA). Reverse transcription was
performed using gScript cDNA Supermix (Quanta
Biosciences, Gaithersburg, MD), and quantitative
polymerase chain reaction was carried out using the
SYBR Green PCR Master Mix (BioRad, Hercules, CA).
The amount of target gene relative to an endogenous
control (GAPDH) was determined by the ACT method.
The primer sequences are provided in Table 1.

BP Measurements and Ang Il Infusion

BP was measured continuously in conscious mice
using radiotelemetry as described previously.'® After
telemetry implantation, mice were allowed to recover
for 7 days before BP recording started. The BP was
collected at baseline for 7days when mice were fed
with regular chow containing 0.4% NaCl, followed by
low-salt (<0.01% NaCl, Envigo TD 90228) and high-salt
(6% NaCl, Envigo TD 30230) diets for 7 days respec-
tively. Then after another 5days of feeding with regular

Table 1. Sequences of Primers for RT-PCR

Forward Primers Reverse Primers

Variable (5" - 3) (5" = 3)

EP4 TCTCTGGTGGTGCTC TGCAAATCTGGGTTTC
ATCTG TGCT

Renin-1 ATGAAGGGGGTGTC ATGCGGGGAGGGTG
TGTGGGGTC GGCACCTG

GAPDH TCACCACCATGGAG GCTAAGCAGTTGGTGG
AAGGC TGCA
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chow, Ang Il (Sigma Aldrich, Saint Louis, MO) was in-
fused subcutaneously using an osmotic mini-pump
(Alzet 2004, Cupertino, CA) at 1000ng/kg per min as
described previously.® BP was continuously moni-
tored for 3 (in M¢KO) or 4 (in KEKO) weeks after Ang |l
infusion was initiated.

Metabolic Balance Study

Separate cohorts of Control (n=8) and KEKO (n=7)
mice were individually placed in the metabolic cages®®
(Hatteras Instruments, Cary, NC) for 2days for the
mice to familiarize themselves with the environment.
The 24-hour urine was collected under baseline for
3days and during Ang Il infusion (1000ng/kg per min)
for 12 days. The mice were fed with 10mg per day gel
diet containing nutrients, water, and 0.1% w/w sodium
(Nutra-Gel; Bio-Serv, Frenchtown, NJ). Urinary sodium
content was measured daily using an IL943 Automatic
Flame photometer (Instrumentation Laboratory,
Lexington, MA). Sodium balance was determined by
subtracting the total sodium ingested daily by the total
amount of sodium excreted in the urine over 24 hours.

Sodium Excretion Following Amiloride
Mice (n=4/group) were placed in the metabolic cage
on day 9 of Ang Il infusion. After 2days of calibration,
24 hours of urine was collected as the baseline. The
mice then received an intraperitoneal amiloride injec-
tion (4mg/kg), and 24hours of urine was collected
again. The urine sodium excretion was tested as de-
scribed. The change in urine sodium excretion from
baseline to post-amiloride was used to calculate the
amiloride-sensitive sodium excretion.

Table 2. Mouse Immunoblot Details

EP4 Receptor Regulates BP Via ENaC

Semiquantitative Immunoblotting

The mouse kidneys were harvested at the end of the
metabolic balance study and frozen in liquid nitrogen
to measure the sodium transporters’ pool sizes. One
kidney was used for semiquantitative immunoblot-
ting, as previously described.® In brief, whole kidneys
were thawed in cold PBS and minced on ice, homog-
enized in 1TmL of ice-cold isolation buffer (5% sorbi-
tol buffer, 0.5mmol/L disodium EDTA, and 5mmol/L
histidine-imidazole buffer, pH=7.5, with the addition
of 0.2mmol/L phenylmethylsulfonyl fluoride, 9ug/
mL aprotinin, and 5ulL/mL of a phosphatase inhibitor
cocktail; Sigma-Aldrich, MO) for 5minutes at the low-
est setting with an Ultra-Turrax T25 (IKA-Labortechnik).
Homogenates were centrifuged at 2000g for 10min-
utes at 4 °C to remove unbroken cells. Supernatants
were retained, and the pellets were rehomogenized in
another 1 mL isolation buffer, centrifuged again, and
supernatants pooled with the first. Samples were di-
vided into single-use aliquots, quick-frozen in liquid
nitrogen, and stored at —80° pending assay. Protein
concentrations were determined by BCA assay
(Thermo Fisher Scientific, IL). Samples were dena-
tured in Laemmli sample buffer (20minutes, 60 °C).
Uniform protein loading was ascertained by resolv-
ing a constant amount of protein from each sample
by SDS-PAGE, gel stained with Coomassie blue, and
multiple random bands quantified and assessed by
densitometry. For blots, 1X and ¥2X amounts of pro-
tein were assayed to verify the linearity of the detection
system, as previously described,*>8! and illustrated in
Figure S1. The quantity of protein assayed, antibody
resources, dilutions, and incubation times are listed in
Table 2. Because each sample was run twice (at 1X

ug/lane Primary ab Ab Secondary Host and

Antibody target ~kDa cortex supplier host Dilution Time ab supplier target Dilution Time

(Projrenin receptor ~37 40 Sigma Rb 1:1000 O/N Invitrogen GAR 680 1:5000 1h

Full-length cleaved ~28

ENaC-a ~80 40,20 Loffing Rb 1:5000 1h Invitrogen GAR 680 1:5000 1h

Full-length ~20 (Zurich)

cleaved

ENaC-g ~90 40, 20 Loffing Rb 1:1500 O/N Invitrogen GAR 680 1:5000 1h
(Zurich)

ENaC-y ~80 40, 20 Loffing Rb 1:1000 O/N Invitrogen GAR 680 1:5000 1h

Full-length ~60 (Zurich)

cleaved

NHES3 ~83 40, 20 McDonough Rb 1:2000 O/N Invitrogen GAR 680 1:5000 1h

NHE3pS552 ~83 5,25 Santa Cruz Mu 1:1000 2h Invitrogen GAM 680 1:5000 1h
(sc-563962)

NKCC2 160 20, 10 DSHB Mu 1:6000 O/N LI-COR GAM 800 1:5000 1h
(lowa)

NKCGC2p- S87 160 40, 20 DSTT Sh 1:2500 2h Invitrogen DAS 680 1:5000 1h
(Dundee)

Ab indicates antibody; ENAC, epithelial sodium channel; Mu, mouse; NHES, sodium-hydrogen antiporter 3; NKCC2, Na-K-Cl cotransporter 2; O/N, overnight;
Rb, rabbit; and Sh, sheep.

J Am Heart Assoc. 2022;11:€026581. DOI: 10.1161/JAHA.122.026581




Yang et al

and %X amounts), the normalized values were aver-
aged and mean values compiled for statistical analysis.
Signals were detected and quantified with the Odyssey
Infrared Imaging System and accompanying software
(LI-COR).

PRR ((Pro)renin receptor) protein levels were mea-
sured after 4 weeks of Ang Il infusion and BP measure-
ment.3%3 In brief, the kidney medulla will be dissected
on ice and homogenized in lysis buffer containing
20mmol/L HEPES (pH 7.4), 2mmoL/L EDTA, 0.3mol/L
sucrose, 0.1% SDS, 10uL/mL Ipegal CA-630, 10uL/
mL protease inhibitor cocktail, and 10uL/mL phenyl-
methylsulfonyl fluoride (all from Sigma). Samples were
centrifuged at 12 000g for 5minutes at 4 °C, and pro-
tein content in the supernatant was determined by BCA
assay (Thermo Fisher Scientific). Fifty pug of protein was
denatured, separated on a 4% to 12% NuPAGE gel
(Life Technologies), and transferred to a polyvinylidene
difluoride  membrane (Thermo Fisher Scientific).
The membrane was incubated in blocking buffer
(560mmoL/L Tris, 500mmoL/L NaCl, 5% nonfat dried
milk, and 0.1% Tween 20) for 30 minutes and then with
a rabbit anti-PRR polyclonal antibody (Sigma, Table 2)
in blocking buffer overnight at 4°C. After washing, the
membrane was incubated with a secondary antibody
(Thermo Fisher Scientific). Reaction products were ex-
posed by SuperSignal West Pico Chemiluminescence
Substrate kit (Thermo Fisher Scientific), and the signal
was detected and analyzed using Bio-rad Touch Gel
Imaging System.

Statistical Analysis

GraphPad v9.0 (GraphPad Software, San Diego, CA)
was used for statistical analysis. Comparisons between
2 groups were assessed using the Mann-Whitney test,
and data are expressed as median with interquartile
range. Multiple comparisons between groups and
treatments or between groups and time points were
assessed by 2-way ANOVA followed by Sidak post hoc
test, and data are expressed as mean+SEM. The prob-
ability value for significance was defined as P<0.05.

RESULTS

BP Responses to High-Salt Feeding and
Chronic Ang Il Infusion Are Unaffected in
Mice Lacking EP4R in Macrophages

A recent study suggested that eliminating COX2
or EP4R from macrophages promoted salt-
sensitive hypertension, accompanied by increased
phosphorylation of the thiazide-sensitive sodium-
chloride cotransporter.’® Accordingly, to evaluate
whether EP4R in macrophages also contributes
to Ang II-HTN, we generated mice lacking EP4R
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in  macrophages  (LysM-Cre*EP4"/1ox  M¢KO).
Expression of EP4 mRNA in primary peritoneal
macrophages was reduced by more than 95% in
M¢Kos, as shown in Figure S2 (P=0.008; n=5; effect
size [EF]: large), confirming the efficient elimination of
EPAR expression in macrophages.

To assess the impact of EP4R in macrophages
on BP regulation, we measured BP in M¢KOs and
Controls using radiotelemetry. As shown in Figure 1A,
there were no differences in mean arterial pressures
(MAP) between Control and M¢KO mice at baseline
(111.8+2 versus 110.2+1.4mmHg; P=0.89), during low-
salt (112.5+2.2 versus 110.8+1.4mmHg; P=0.9) or high-
salt feeding (114.7+21 versus 114.5+1.8mmHg; P=1;
n=9 and 10/group). Although the MAP change from
low-salt feeding to high-salt feeding period tends to
be higher in M¢KO mice, the differences between the
2 groups are not statistically significant (2.2+0.2 versus
3.7+0.7 mmHg; P=0.1; n=9 & 10/group; Figure 1B). After
a washout period of 5days with a regular diet, we ex-
amined the impact of EP4R-deficiency in macrophages
on BP response to chronic Ang Il infusion. As shown
in Figure 1C, Control and M¢KO mice had similar MAP
during Ang Il infusion (average of week 2-3 of Ang I
infusion: 139+5 versus 1313mmHg; P=0.23; n=9 and
10). Control and M¢KO mice also showed similar MAP
elevation from baseline (washout period) to Ang Il infu-
sion (averaged BP of week 2-3 of Ang Il infusion) pe-
riod (24 [10] versus 19 [11] mmHg; P=0.19; Figure 1D).
Additionally, the magnitude of cardiac hypertrophy after
Ang I-HTN was virtually identical in Control and M¢KO
mice (7.2 [1.8] versus 6.9 [2.1] mg/g heart-to-body weight
ratio; P=0.63; Figure 1E), consistent with similar levels of
BP elevation in the 2 groups. Thus, our findings suggest
that EP4R actions in macrophages do not contribute to
the enhanced hypertensive phenotype we observed in
whole-body EP4R deletion mice.!

A prior study had reported that deletion of EP4R
in macrophages caused exaggerated responses to
high-salt feeding.'® We also tested the effects of more
prolonged exposure to a high-salt diet (6% NaCl) for
3weeks on BP in M¢pKO and Control mice. As shown
in Figure S3, BP response to prolonged high-salt feed-
ing was similarly unaffected in EP4R M¢KO mice.

Generation of a Mouse Line with
Conditional Deletion of EP4R in Renal
Tubular Epithelial Cells

Based on our findings of a negligible contribution of
EP4R in macrophages to BP regulation, we considered
the possibility that EP4R in the kidney may play a role
in the well-established contributions of altered kidney
sodium handling to the development of hypertension.33
Accordingly, we generated a mouse line with conditional
EP4R deletion from kidney epithelia across the nephron
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Figure 1. Mice lack EP4R in macrophages maintained normal salt sensitivity and BP response
to Angl ll.

(A) The M$pKOs have similar MAP measured by telemetry at baseline and during low- or high-salt feeding
(1 week respectively) compared with Controls. (B) The BP changes from normal to low-salt feeding and
low- to high-salt feeding periods were also similar between genotypes. (C) The mice received Ang Il
infusion for 3weeks, and the averaged MAP during the week 2 to 3 of the Ang Il infusion period was similar
between Control and M¢$KO mice. (D) The Ang llI-induced MAP increase tends to be higher in M$pKOs
than in Control mice; however, the difference was not statistically significant. (E) The heart weight/body
weight ratio was at the same level in Controls and M¢KOs following Ang Il infusion. Data in (A through
C) are expressed as mean+SEM and analyzed by 2-way ANOVA (factors: genotype and treatment) with
Sidak multiple comparisons tests; data in (D and E) are expressed as median and interquartile range and
analyzed by Mann-Whitney test; n=9 to 10/group; #P<0.01, ##P<0.001 vs Control baseline; *"*"P<0.001
vs Control LS; #P<0.01, 4&4P<0.001 vs KEKO baseline; **P<0.01 vs KEKO LS; effect size: trivial for (A),
large for (C). Ang Il indicates angiotensin II; BP, blood pressure; HS, high salt; HW/BW, heart weight/body
weight ratio; KEKO, kidney epithelial cell-specific EP4 receptor knockout; LS, low salt; MAP, mean arterial
pressure; and M¢KO, macrophage-specific EP4 receptor knockout.

to tubular epithelia,?” we presume that the failure to ob-
serve more substantial levels of EP4R deletion in the
cortex is related to high levels of EP4AR expression in
glomeruli.?! By contrast, EP4 mRNA levels were signifi-

(Pax8-rtTA*TetO-Cre*Ptgerd™/iox . KEKO). The specific-
ity of inducible Cre expression in kidney epithelia was
confirmed using mImG reporter mice (Figure S4A). To
document the degree of EP4R excision in the kidney,

EP4R mRNA expression was quantified by real-time
polymerase chain reaction in the kidney cortex and me-
dulla from KEKO and Control mice (Pax8-rtTA~TetO-Cre
*Prgerdox/ioN - After 2weeks of doxycycline hydrochlo-
ride treatment, only ~12% reduction of EP4 expres-
sion was seen in the cortex (P=0.48; EF. medium;
Figure S4B). As the expression of Pax8-rtTA* is limited
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cantly reduced in the kidney medulla by ~*50% (P=0.04;
n=6 & 4; EF: large; Figure S4C).

To further validate the EP4 deletion from kidney ep-
ithelia in KEKOs, we measured the EP4 mRNA expres-
sion in enriched kidney tubule segments and found
that KEKOs showed ~65% reduction in EP4 expres-
sion (P=0.01; n=3-4; EF: large; Figure S4D).
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Enhanced Ang II-HTN in KEKO Mice

We carried out a series of studies to examine the im-
pact of EP4R in kidney epithelia on BP control using
KEKO and Control mice. As shown in Figure 2A, BP
measured by radiotelemetry were similar in KEKO and
Control mice at baseline on a standard (0.4% NaCl)
diet (113.4+1.9 versus 113.1+£2.2mmHg; n=12 & 10).
During feeding of low-salt (<0.01% NaCl) chow, there
was an equivalent, minimal reduction in MAP in both
groups (Figure 2A and 2B). Although the high-salt feed-
ing increased MAPs in both Control and KEKOs (EF:
trivial), the average MAPs during the high-salt feeding
period (115.5+1.8 versus 116.4+2.4mmHg) and the
BP change from low-salt to high-salt feeding period
(8.3+£0.6 versus 4.1+x1mmHg) were similar in Control
and KEKO mice (Figure 2A and 2B). Therefore, our
data suggest that the elimination of EP4R from kidney
tubular epithelia does not affect salt sensitivity.

We next examined the consequences of eliminat-
ing EP4R from kidney epithelium on the development
of Ang II-HTN. As shown in Figure 3A, Ang Il caused
similar rapid increases in BP in both groups. Yet, after
14days of Ang Il infusion, the BP curves separated,
and BPs in KEKOs were consistently higher through
the remainder of the Ang Il infusion (EF: medium for day
14 and 23, large for other days; Figure 3A). As such,
MAP during weeks 3 to 4 of the Ang Il infusion period
was significantly higher in KEKOs (146+3 mmHg; n=8)
than in Controls (137+4 mmHg; P=0.02; n=9; EF: large;

EP4 Receptor Regulates BP Via ENaC

Figure 3B). Likewise, the change in MAP from base-
line averaged over the last 3weeks of Ang Il infusion
was also significantly higher in KEKOs (+33 [7] mm Hg)
than in Controls (+18 [14] mmHg; P=0.02; EF: large;
Figure 3C). Additionally, cardiac hypertrophy measured
as heart-to-body-weight ratio was also significantly
higher in the KEKOs (8.5 [1.7] mg/g; n=10) compared
with Controls (7.2 [1.7] mg/g; P=0.02; EF: large; n=12;
Figure 3D), consistent with a higher level of chronic
pressure load in the KEKO mice.?* Thus, elimination
of EP4R from kidney epithelia increases the severity of
Ang lI-HTN.

Impaired Natriuresis in KEKOs During
Chronic Ang Il Infusion

To determine whether alterations in renal sodium han-
dling contributed to augmented Ang II-HTN in KEKOs,
we measured sodium balance during the first 12 days
of Ang Il infusion by clamping sodium intake and mea-
suring daily urinary sodium excretion as described
previously.?® Notably, the urine production and urine
sodium excretion were significantly reduced during the
Ang Il infusion period compared with baseline in both
Control and KEKO mice. Yet, no differences in these
parameters were observed at any time points between
the groups (Figure S5A and S5B). Additionally, Ang I
caused significantly reduced sodium consumption
compared with baseline in all the mice. Although KEKO
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Figure 2. Mice lacking EP4R in kidney tubular epithelial cells maintain normal baseline BP and

salt sensitivity.

The KEKOs have similar MAP measured by telemetry at baseline and during low- or high-salt feeding
(1 week respectively) compared with Controls (A). The BP changes from normal to low-salt feeding and low-
to high-salt feeding periods were also similar between genotypes (B). Data are expressed as mean+SEM
and analyzed by 2-way ANOVA (factors: genotype and treatment) with Sidak multiple comparisons tests;
n=9-12/group; “*"P<0.001 vs Control LS (effect size: trivial); ¥P<0.01 vs KEKO baseline (effect size: trivial);
**P<0.01 vs KEKO LS (effect size: trivial); BP indicates blood pressure; EP4R, E-prostanoid receptor 4; HS,
high salt; KEKO, kidney epithelial cell-specific EP4 receptor knockout; LS, low salt; MAP, mean arterial

pressure; and NS, normal salt.
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Figure 3. Eliminating EP4R from kidney tubular epithelial cells leads to exaggerated BP response

to Angl ll.

(A) KEKO mice have significantly higher MAP after day 14 of Ang Il infusion than Controls. (B) The averaged
MAP of week 3 to 4 of Ang Il infusion was significantly higher in KEKO mice than Controls. (C) The Ang
ll-induced MAP increase was exacerbated significantly in KEKO mice. (D) The heart weight/body weight
ratio was significantly higher in KEKO mice than Controls following Ang Il infusion. Data in (A and B) are
expressed as mean+SEM and analyzed by 2-way ANOVA (factors: genotype and days for A; genotype
and treatment for B) with Sidak multiple comparisons tests; data in (C and D) are expressed as median
and interquartile range and analyzed by Mann-Whitney test; *P<0.05, **P<0.01, ***P<0.001 vs Control at
the same time point or the same treatment (effect size: medium—Ilarge for (A), large for (Bfollowing Ang
Il infusion through D); ##P<0.001 vs Control baseline (effect size: large); ¥4P<0.001 vs KEKO baseline
(effect size: large); n=9 to 12/group in (A and B); n=8 to 10/group in (C and D); Ang Il indicates angiotensin
II; BP, blood pressure; EP4R, E-prostanoid receptor 4; HW/BW, heart weight/body weight ratio; KEKO,
kidney epithelial cell-specific EP4 receptor knockout; and MAP, mean arterial pressure.

mice tend to ingest more sodium during days 7 to 12
of Ang Il infusion than Controls, which was accompa-
nied by moderate-higher body weight during these
days, these differences were not statistically significant
(Control versus KEKO during Ang Il infusion days 7 to
12: P=0.25 for sodium consumption, EF: large; P=0.85
for body weight, EF: small; Figure S5C and S5D). We
then calculated the sodium balance (subtract sodium
excretion in urine from the sodium consumption) in the

J Am Heart Assoc. 2022;11:€026581. DOI: 10.1161/JAHA.122.026581

mice. There were no differences in sodium balance be-
tween the groups averaged over the first 6 days of Ang
Il infusion. However, from days 7 to 12 of Ang Il infusion,
the time when the BP levels first diverged between the
2 groups, sodium retention was significantly higher in
KEKOs (+0.2+0.01 mmol/24 hour; n=7) compared with
Controls (+0.16+0.01 mmol/24 hour; P=0.02; n=8; EF:
large; Figure 4). Thus, enhanced Ang II-HTN in KEKOs
is associated with an impaired pressure-natriuresis
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Figure 4. Kidney epithelial cells-specific EP4R contributes
to the regulation of sodium balance during Ang Il infusion.
The sodium balance was calculated in Control and KEKO mice
before and during the first 12days of Ang Il infusion. From day 7
to 12 of Ang Il infusion, sodium balance was significantly higher
in KEKOs. Data are expressed as mean+SEM and analyzed by
2-way ANOVA (factors: genotype and days) with Sidak multiple
comparisons tests; “P<0.05 vs Control at the same time point
(effect size: large); n=7 to 8/group. Ang Il indicates angiotensin
Il; EP4R, E-prostanoid receptor 4; and KEKO, kidney epithelial
cell-specific EP4 receptor knockout.

response and sodium retention, indicating that EP4R
in kidney epithelia promotes sodium excretion in Ang
[I-HTN.

EP4R in Kidney Tubular Epithelia Promote
Pressure-Natriuresis by Inhibiting
Epithelial Sodium Channel Function

EP4R expression in the kidney is enriched in CD.?"2?
In CD, the major sodium transporter is the epithelial
sodium channel (ENaC), which plays a key role in reg-
ulating sodium balance and BP. Therefore, we consid-
ered the possibility that enhanced ENaC activity might
contribute to the exacerbated hypertension in KEKOs.
Therefore, we compared the natriuretic actions of
the diuretic amiloride, which specifically blocks so-
dium reabsorption by ENaC, in KEKOs and Controls
during Ang Il infusion. As shown in Figures 5A and
5B, amiloride caused a significant increase in urine
sodium excretion in both Control (~40% increase,
P=0.01 versus baseline; EF: large) and KEKO (~60%
increase, P=0.0002 versus baseline; EF: large) mice.
However, total 24-hour urinary sodium excretion fol-
lowing amiloride treatment was significantly higher in
KEKOs (0.21+0.01 mmol/24 hour per 20g) compared
with  Controls (0.15+0.02mmol/24 hour per 20g;
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P=0.015; n=4/group; EF: large). The increase of 24-
hour sodium excretion in response to amiloride com-
pared with baseline was also significantly enhanced
in KEKOs (0.08 [0.01] mmol/24 hour/20g) compared
with Controls (0.04 [0.046] mmol/24 hour per 20g;
P=0.013; EF: large; Figure 5C). These data suggest
that in chronic Ang Il infusion, EP4R signaling in kid-
ney epithelia inhibits ENaC activity thereby promoting
natriuresis.

Sodium Transporter Profiles in Ang II-HTN
Based on our observation of impaired natriuresis in
KEKOs during days 7 to 12 of Ang Il infusion, we an-
alyzed key kidney sodium transporters by semiquan-
titative immunoblotting.3® Kidneys were harvested
for these measurements on day 14 of Ang Il infusion,
corresponding with the timing of observed differences
in BP, sodium handling, and responses to amiloride.
There were no differences in protein levels between
KEKOs and Controls for most of the major transport-
ers, including NKCC2 (Na-K-ClI cotransporter 2) and
NKCC2p (Figure S6). Notably, despite the significant
differences in amiloride responses, levels of full-
length and cleaved subunits of the epithelial sodium
channel—ENaCa, ENaCg, and ENaCy—were similar in
Controls and KEKOs (Figure 6A through 6F). By con-
trast, total NHE3 (sodium-hydrogen antiporter 3) and
NHE3pS552, a phosphorylated form of NHE3 seques-
tered at the base of microvilli in an inactive state,3:3536
are significantly lower ~20% in KEKOs compared with
Controls (P=0.009 respectively; n=6/group; EF: large;
Figure 6G through 6l). Furthermore, the similar lev-
els of cleaved-ENaC subunit proteins in KEKOs and
Controls suggest that EP4R is likely inhibiting the chan-
nel activity.

Reduced PRR Levels in EP4R-KEKOs

Regulation of renin expression and release represents
another potential pathway for BP control by EP4R."
For example, our group has previously demonstrated
direct effects of EP4R to stimulate renin expression
at the juxtaglomerular apparatus.”®'! Therefore, we
tested whether kidney epithelial EP4R affected renin
expression after 4 weeks of Ang Il infusion and found
no differences in renin mMRNA levels in the kidney cor-
tex (1 [0.9] versus 0.9 [0.6]; P>0.99; n=4) and medulla
(1 [0.3] versus 1 [1.3]; P=0.3; n=4) between KEKOs
and Controls, respectively. EP4R has also been impli-
cated in regulating the PRR expression in renal me-
dulla.®” Thus, we measured PRR levels in the kidney
medulla of Ang Il infused KEKO and Controls by im-
munoblotting. It has been suggested that increased
levels of PRR may contribute to BP elevation during
Ang Il infusion.®” Yet, both full-length and soluble PRR
protein levels were significantly lower in KEKOs than in
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Figure 5. Kidney epithelial cells-specific EP4 deletion leads to augmented natriuretic response to amiloride during Ang
II-HTN.

Mice received Ang Il infusion at 1000ng/kg per min. On day 11 of Ang Il infusion, 24 hours of urine was collected, and on day 12
of Ang Il infusion, mice were given amiloride 4mg/kg (intraperitoneal.) and 24 hours of urine was collected immediately after the
amiloride injection. Following amiloride treatment, the urine sodium excretion significantly increased in both Control and KEKO mice
(A and B). However, the total urine sodium excretion (A and B) and the change in urine sodium excretion compared with baseline
(C) were significantly higher in KEKOs. Data are expressed as raw value (A), mean+SEM (B), or median with interquartile range (C);
(B) is analyzed by 2-way ANOVA (factors: genotype and treatment) with Sidak multiple comparisons tests; (C) is analyzed by Mann—
Whitney test; *P<0.05, **P<0.01; ***P<0.001; effect size: medium for (B) Control baseline vs KEKO baseline, large for all other significant
comparisons; n=4/group. Ang II-HTN indicates angiotensin Il-dependent hypertension; BP, blood pressure; EP4, E-prostanoid

receptor 4; and KEKO, kidney epithelial cell-specific EP4 receptor knockout.

Controls (P=0.009 and 0.004, respectively; EF: large;
Figure S7). Therefore, our data suggest that kidney ep-
ithelial EP4R is required for the PRR protein expression
during Ang Il infusion. However, the actions of EP4R to
attenuate hypertension do not seem to be mediated by
dysregulation of PRR or renin.

DISCUSSION

Prostanoids are lipid mediators with wide-ranging bio-
logical effects generated by COX metabolism of ara-
chidonic acid.® Several lines of evidence support arole
for prostanoids in human hypertension, including dem-
onstrations of increased risk for hypertension in indi-
viduals taking nonsteroidal anti-inflammatory drugs,®”’
which act by specifically inhibiting COX isoforms and
reducing the formation of all prostanoid species.®® In
this regard, a protective role for PGE, in hypertension
has been well documented.”*° The actions of PGE,
are mediated by 4 distinct EP receptors.®® We have
previously shown that inducible deletion of the EP4
receptor isoform from all tissues causes dramatic ex-
aggeration of Ang II-HTN."® Because of its preferential
coupling to Gs-proteins linked to enhanced forma-
tion of CcAMP and relaxation of bronchial and vascular
smooth muscle,*® it seemed likely that the actions of
EPAR to mitigate hypertension might depend upon
compensatory vasodilation. However, although cell-
specific elimination of EP4R from vascular smooth
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muscle cells abrogated acute PGE,-dependent vaso-
dilation, we found no impact on the development of
Ang II-HTN hypertension.©

Immune and inflammatory cells also make critical
contributions to the pathogenesis of hypertension and
hypertension-induced target organ damage.'®*'=#* In
this regard, EP4R is the primary EP receptor isoform
expressed in myeloid cells, and previous studies from
our laboratory have shown that EP4R mediates po-
tent inhibition of macrophage functions.'® Moreover,
macrophages play a role in controlling the deposition
of sodium in the skin and salt-dependent BP homeo-
stasis.*>46 A recent study suggested that deletion of
EP4R from macrophages promotes salt-sensitive hy-
pertension.'® Accordingly, to understand the contri-
bution of this pathway to Ang II-HTN, we generated
mice with cell-specific deletion of EP4R from macro-
phages (M¢KO). Despite efficient (>95%) deletion of
EP4R from macrophages, BPs at baseline and with
low-salt or high-salt feeding were similar in M¢KO and
Control mice (Figures 1 and Figure S3). Thus, we find
negligible contributions of EP4AR in macrophages to
BP responses to the high-salt diet. These results differ
from the work of Zhang et al., which suggested a sig-
nificant impact of macrophage EP4R on salt-sensitive
BP changes.'® Some differences in experimental pro-
tocols between the 2 studies might contribute to the
divergent outcomes, including the Cre transgenic lines
used to eliminate EP4R from macrophages. We used
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Figure 6. The protein abundance of ENaC and NHE3 during Ang II-HTN.

The proteins were extracted after 14days of Ang Il infusion. (A) Gel images of Western blotting for ENaC subtypes. (B through F)
Quantification of the western blotting for ENaC subtypes. The full length or cleaved ENaCa, ENaCg, or ENaCy proteins in the kidney
were similar in Control and KEKO mice. (G) Gel images of western blotting for NHE3 and phosphorylated NHE3 (NHE3pS552). Both
NHE3 (H) and NHE3pS552 (l) protein levels were significantly reduced in KEKOs. Data are expressed as median with interquartile
range and analyzed by Mann-Whitney test; **P<0.05 (effect size: large); n=6/group; ENaC indicates epithelial sodium channel; KEKO,
kidney epithelial cell-specific EP4 receptor knockout; and NHE3, sodium-hydrogen antiporter 3.

the LysM-Cre line,”® whereas Zhang et al.”® used the
CD11b-Cre mice, yet both lines achieved efficient dele-
tion of EP4R from macrophages. There were also dif-
ferences in the salt feeding protocol. We administered
a diet with high-salt content (6% NaCl) for 3weeks,
whereas the diet used by Zhang et al. had an even
higher concentration of NaCl (8%) fed for a more ex-
tended period of 4 to 6weeks.'® Although we are not
aware of previous studies addressing the impact of
macrophage EP4R in Ang II-HTN, we did not observe
increased severity of hypertension during chronic Ang
Il infusion in M¢KO (Figure 1).

Because we found no evidence for mitigation of
hypertension by EP4R in macrophages, we turned
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to the kidney as a potentially relevant target tissue. A
central role for the kidney in BP control has been well
documented,®4” whereby the kidney controls BP by
regulating salt balance and the pressure-natriuresis
response.*®%9 PGE, is the most abundant prosta-
noid synthesized in the kidney,®"®? and infusions of
PGE, have been long known to cause natriuresis.?
Nonetheless, cellular targets of PGE, in the kidney
mediating this natriuretic response are not clear. We
generated mice lacking EP4R in kidney epithelium to
explore this issue using the well-characterized Pax8-
Cre line, which expresses broadly in epithelial cell
populations across the nephron.?” Elimination of EP4R
from kidney epithelia did not affect baseline BPs or

11



Yang et al

responses to altered dietary sodium content (Figure 2).
However, KEKO mice showed significantly exagger-
ated BP elevation with chronic Ang Il infusion and in-
creased cardiac hypertrophy (Figure 3), recapitulating
the phenotype we observed in mice lacking EP4R in
all tissues.”® In addition, the more severe hypertension
was accompanied by an impaired natriuretic response
temporally coinciding with the development of elevated
BPs in KEKOs. We found that the KEKO mice showed
moderate higher sodium consumption during days 7 to
12 of Ang Il infusion, which is not statistically significant
compared with Controls (Figure S5). Although the ab-
solute levels of sodium excretion were similar between
the 2 groups (Figure S5), the overall sodium balance
(consumption of sodium from food subtracted by ex-
creted sodium in the urine) was significantly higher in
KEKO mice (Figure 4), suggesting increased sodium
retention in the KEKO mice. Thus, our data indicate
that kidney epithelium is a significant target for PGE,
acting via EP4R to oppose the development of Ang II-
HTN, and the mechanism of this effect is by promoting
enhanced natriuresis.'®

Recent studies using single-cell sequencing
demonstrated that expression of EP4R and PGE syn-
thase-1 (MPGES1), which synthesizes PGE, from COX-
derived precursors,®® are enriched explicitly in kidney
CD epithelia.?!?? In addition, we previously found that
activation of Ang Il receptor type 1 in CD triggers an
antihypertensive pathway involving upregulation of
COX-2 in intercalated cells, causing increased produc-
tion of PGE, and enhanced natriuresis.>* ENaC is the
major sodium transporter in the CD, where it plays a
crucial role in BP control and the development of hy-
pertension.>5~%° Furthermore, in vitro studies have sug-
gested a potential for PGE, to affect ENaC function via
autocrine and paracrine mechanisms.5%:8%6" Therefore,
we considered that enhanced ENaC activity might
contribute to exaggerated hypertension in KEKOs.
To test this point, we compared the functional activity
of ENaC in vivo in KEKOs and Controls by measur-
ing responses to amiloride, a diuretic that specifically
blocks sodium reabsorption by ENaC.? Indeed, natri-
uretic response to amiloride was more significant by
29% in KEKOs, indicating higher sodium reabsorption
by ENaC (Figure 5). Our findings suggest that EP4R
promotes natriuresis by inhibiting ENaC activity. These
studies are consistent with a local pathway in CD ep-
ithelia whereby activation of Ang Il receptor type 1
receptors in CD triggers COX2 expression and gen-
eration of PGE,, which may act via EP4R to promote
natriuresis by inhibiting ENaC and attenuating hyper-
tension.®* Yet, our study design cannot rule out the
possibility that the enhanced natriuresis response to
amiloride in KEKO mice was driven by the exacerbated
sodium retention but not dependent on ENaC. Further
studies using diuretics that are independent of ENaC
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regulation may be beneficial to verify the mechanisms
underlying the amiloride-induced natriuresis response
in KEKO mice.

To further explore this mechanism, we examined
the profile of sodium transporter abundance in kidneys
during Ang Il infusion using well-established immuno-
blotting techniques.®® However, we found no differ-
ences between KEKOs and Controls in the quantity of
full-length or cleaved (activated) ENaC subunits «, £,
and y (Figure 6), suggesting that EP4R in kidney epi-
thelia inhibits channel activity without altering the abun-
dance of activated ENaC protein subunits. Indeed, the
ENaC function is regulated by very complex mecha-
nisms, including extrinsic and intrinsic factors that affect
expression, conductance properties, and intracellular
trafficking of the channel.®” Investigating these mech-
anisms will involve advanced technical approaches,
for example, performing electrophysiology in isolated
CD83-65 or isolating proteins from cell membranes and
mitochondria.?® Although we did not include these
studies in the current work because of the technical
limitations, it would be interesting for future studies to
explore the alternative mechanisms that may contrib-
ute to the ENaC regulation by EP4R. We also found no
differences in the abundance of other essential sodium
transporters, including NKCC2, and NKCC2p in KEKOs
(Figure S6), but levels of total NHE3 and phosphory-
lated NHE3 (NHE3pS552) protein were =20% lower
in KEKOs (Figure 6). Previous studies have suggested
that proportionate, compensatory reductions in NHE3
levels are typically observed as BP increases.-%° This
smaller NHES3 pool size in KEKO versus Controls may
reflect an effect of EP4R KO to lower baseline abun-
dance of NHES proteins (independent of Ang Il infusion),
or greater suppression of NHE3 owing to the higher BP
in the KEKO versus Controls during Ang lI-HTN, as part
of the pressure-natriuresis response.

Previous studies using EP4R antagonists and ago-
nists suggested that EP4R regulates the expression of
the PRR in the kidney medulla. Medullary PRR is up-
regulated with Ang Il infusion.®” A series of studies have
shown that elimination of PRR from kidney epithelia
broadly or specifically in principal cells of the CD atten-
uates Ang II-HTN, indicating that increased expression
of PRR may promote hypertension in this setting.”0"3
Moreover, the mechanism of action of elevation of PRR
levels to promote hypertension involves increased
expression and activity of ENaC.”? Accordingly, we
examined the impact of EP4R deficiency in kidney ep-
ithelia on PRR expression. During Ang Il infusion, we
found that levels of both full-length and soluble PRR
were reduced in KEKO mice (Figure S7), indicating that
the effects of EP4R on BP and ENaC activity cannot be
explained by effects on PRR expression, as diminished
PRR expression in KEKOs would be expected to lower
BP.
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CONCLUSIONS

Taken together, the findings of our study demonstrate
that the renal tubular epithelia are critical targets of
PGE, acting via EP4R to oppose the BP elevation.
EP4AR may resist the development of hypertension
through actions in the CD to reduce sodium reabsorp-
tion via ENaC.

Our study identifies critical cell targets for PGE,
signaling via the EP4 receptor in kidney epithelium to
actively attenuate angiotensin llI-dependent hyperten-
sion. Although EP4R in macrophages have been pre-
viously implicated in the modulation of BP, they are not
involved in this response despite high levels of EP4R
expression. Instead, EP4R in kidney epithelia temper
the rise in BP during chronic Ang Il infusion by promot-
ing natriuresis. Our studies suggest that this enhanced
natriuresis is the result of diminished activity of ENaC.
Inhibition of this pathway may contribute to sodium re-
tention and BP elevation commonly observed in pa-
tients receiving nonsteroidal anti-inflammatory drugs
or novel EP4AR antagonists, which are being developed
to treat inflammatory disorders. Our findings also sug-
gest that amiloride might help treat hypertension in
these settings.
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Figure S1. Determine linearity of the western blot detection system and Coomassie
gel stain. (A) 1 (40 ug/lane) and %2 amounts (20 pg/lane) of protein from experimental
samples (Control & KEKO) and additional wild-type mice with/without Ang Il infusion (WT
Control & WT Ang Il) were assayed to verify the linearity of the detection system. (B)
Representative picture of the coomassie gel stain.



Figure S2.
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Figure S2. EP4R deletion verification in MpKO mice. EP4 mRNA expression was
significantly reduced in primary inactivated peritoneal macrophages from M¢KO mice.
Data are expressed as mean + SEM and analyzed by unpaired t tests; ** p<0.01 (effect
size: large); n=5/group.
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Figure S3. Mice lacking EP4R in macrophages maintained normal blood pressure
response to prolonged high salt treatment. MAP was measured by telemetry at
baseline and during 3 weeks of high salt feeding. The MpKOs have similar blood pressure
changes in response to 3 weeks of high salt feeding (A). The blood pressure from
baseline to high salt feeding was significantly elevated in M$pKOs (B). The blood pressure



change from baseline to high salt feeding was maintained at a similar level in Control and

M¢KOs (C). Data are expressed as mean + SEM for panel A, or median with interquartile
range for panels B & C; panels A & B are analyzed by two-way ANOVA with Sidak multiple

comparisons tests; panel C is analyzed by Mann-Whitney test; & p<0.05, MpKOs HS vs
M¢pKOs baseline (effect size: small); MAP: mean arterial pressure; HS: high salt.
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Figure S4. Verification of kidney epithelial cells- specific Cre expression and EP4
deletion in KEKO mice. (A) Cre expression in kidney cortex and medulla from
mTmG/Pax8-rtTA*/TetO-Cre* mice. Green fluorescent indicates Cre expression. (B) EP4
MRNA expression in the kidney cortex. (C) EP4 mRNA expression in kidney medulla. (D)
EP4 mRNA expression in enriched kidney tubule. Data are expressed as median
with interquartile range and analyzed by Mann-Whitney test; * p<0.05 (effect size:
large, respectively); n=4-6/group for panels B-C, n=3-4/group for panel D.




Figure S5
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Figure S5. The sodium balance study. Mice were individually placed in metabolic
cages. After 2 days of calibration, 24h urine was collected daily at baseline for 3 days and
during Ang Il infusion (1000 mg/kg/min) for 12 days. We did not observe significant
statistical differences in urine excretion (A), urine sodium excretion (B), sodium
consumption (C), and body weight (D) between Control and KEKO mice before and
during Ang Il infusion. Data are expressed as mean + SEM and analyzed by two-way
ANOVA (factors: genotype and days) with Sidak multiple comparisons tests; ## p<0.01,
### p<0.001 vs Control baseline;  p<0.01 vs Control Ang Il days 1-6; & p<0.05 vs KEKO
baseline; + p<0.05 vs KEKO Ang Il days 1-6; (effect size: medium — large for panel A,
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large for panel B & C, small for panel D); n=7-8/group.



Figure S6.
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Figure S6. The NKCC2 abundance during Ang II-HTN. Protein was extracted from
whole kidneys from Contol and REKO mice after 14 days of Ang Il infusion. No
differences in levels of total or phosphorylated NKCC2 proteins were detected. (A) Gel
images of western blotting for NKCC2 and NKCC2p. (B-C) Quantification of the western
blotting for NKCC2 and NKCC2p. Data are expressed as median with interquartile range
and analyzed by Mann-Whitney test; n= 7 & 6/group; NKCC2: Na-K-2Cl cotransporter.

Figure S7.
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Figure S7. PRR is reduced in KEKO mice in hypertension. Protein was extracted from
the kidney medulla after 4 weeks of Ang Il infusion. (A) Gel images of western blotting for
PRR, the first sample is positive Control. KEKOs have a significantly lower full length (B)
and soluble (C) PRR expression in the kidney medulla compared to Controls. Data are
expressed as median with interquartile range and analyzed by Mann-Whitney test; ** p<
0.01 (effect size: large); n= 6/group; PRR: (pro) renin receptor.
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