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Abstract

We previously showed that impaired vasodilation in systemic and renal vessels contributes to salt-
sensitive hypertension in a mouse model of impaired PPARy function. We determined the
mechanisms mediating impaired salt-induced vasodilation and whether improved vasodilation
attenuates augmented hypertension in response to salt. Mice selectively expressing a PPARy
dominant negative mutation in vascular smooth muscle (S-P467L) exhibited salt-sensitive
hypertension and severely impaired vasodilation in systemic and renal vessels. High salt diet
(HSD) fed S-P467L and control mice displayed comparable levels of renal oxidative stress
markers. Pre-incubation with Tempol, a superoxide dismutase mimetic, or Calphostin C, a protein
kinase C (PKC) inhibitor failed to improve salt-induced impairment of vasodilation in S-P467L
mice, arguing against a role of oxidative stress or PKC activity. Inhibition of Rho kinase partially
rescued impaired vasodilation in HSD-fed S-P467L mice suggesting a contribution of the
RhoA/Rho Kinase pathway. HSD selectively increased synthesis of prostaglandin E2 (PGE2) in S-
P467L aorta. Expression of E-prostanoid 3 (EP3) receptor mRNA was increased in aorta from
chow- and high salt-fed S-P467L mice. Pharmacological inhibition of cyclooxygenase 2 or
blockade of EP3 completely normalized the impaired vasodilation and EP3 antagonism induced
larger decreases in systolic blood pressure in HSD-fed S-P467L mice. In conclusion, interference
with PPARy in vascular smooth muscle causes activation of the PGE2/EP3 signaling pathway in
systemic and renal vasculature resulting in salt-induced impairment of vasodilation and salt-
sensitive hypertension. PGE2/EP3 axis maybe a druggable target to prevent salt-sensitive
hypertension in chronic conditions associated with decreased PPARy activity.
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Introduction

Increased renal vascular resistance (RVR) and blunted renal blood flow (RBF) during salt
loading are hallmarks of salt-sensitive hypertension.12 This phenomenon, initially observed
in Dahl salt-sensitive (SS) rats half a century ago, has been confirmed in humans and other
experimental models.3-7 We recently showed that mice selectively expressing a dominant
negative P467L mutation in peroxisome proliferator activated receptor -y (PPARY) in
vascular smooth muscle (termed S-P467L) failed to vasodilate in both systemic and renal
vessels during salt loading and exhibited salt-sensitive hypertension.8 Our data suggested
that impaired vasodilation in systemic vessels likely contributed to the hypertension through
increased peripheral vascular resistance. In the renal circulation, impaired vasodilation
restricted RBF which was associated with decreased natriuresis/diuresis capacity and
enhanced sodium retention in S-P467L mice fed high salt diet (HSD). The enhanced sodium
retention in HSD-fed S-P467L mice was mediated by a lack of salt-induced suppression of
Na*-K*-2CI~ co-transporter (NKCC2) as furosemide corrected the impaired natriuresis/
diuresis and abolished salt-induced hypertension. These observations suggest that impaired
vasodilation portends renal dysfunction by restricting renal perfusion in the pathogenesis of
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SS hypertension.8 However, the mechanisms underlying the salt-induced vascular
dysfunction in S-P467L mice are not fully understood.

RVR and RBF are regulated by vasoactive molecules such as prostaglandin E2 (PGE2). In
salt resistant (SR) normotensive humans and wild type animals, dietary salt stimulates renal
production of PGE2,210 which decreases RVR and increases RBF by acting on the dominant
vasodilatory E-Prostanoid 2 (EP2) and E-Prostanoid 4 (EP4) receptors.1! Blunted PGE2
production in response to salt loading increases RVR and accelerates the development of
hypertension in spontaneous hypertensive rats (SHR).® Salt-induced increases in RVR is
associated with a decrease in urinary PGE2 in SHR, while stimulation of prostaglandin
synthesis by cicletanine prevents the increases in RVR and attenuates salt-induced
hypertension. The protective effects of cicletanine are abolished by indomethacin, a non-
specific inhibitor of cyclooxygenase, suggesting that the COX-PGE2-EP2/4 axis decreases
salt sensitivity by restraining renovascular tone and promoting renal perfusion. Thus,
decreased renal PGE2 bioavailability promotes salt-induced hypertension through a renal
hemodynamic mechanism.

Alterations in PGE2 receptor signaling can also raise RVR and promote SS hypertension. In
wildtype mice, PGE2 induces vasodilation in systemic and pre-glomerular resistance vessels
through EP2/4.11.12 However, in EP2-deficient mice PGE2 induces potent vasoconstrictive
and pressor effects by acting on E-prostanoid 3 (EP3) receptor.11:12 Of note, preservation of
the depressor effects of EP4 in EP2-deficient mice is not sufficient to counteract the pressor
effects of EP3 activation. As a result, EP2-deficient mice are SS and develop profound
hypertension when fed HSD.13 These observations suggest that during EP2 deficiency,
EP1/3 become dominant and evoke pressor effects in part through impaired vasodilation and
augmented vasocontraction. Thus, the net effect of PGE2 on arterial pressure and vascular
function is determined by the relative expression of PGE2 receptors. EP3 receptor
expression is increased by NF-xB which is antagonized by PPAR-y-mediated suppression of
NF-xB.14 Moreover, interference with PPARy in vascular smooth muscle promotes NF-xB
activity by preventing nuclear export of p65.1° Therefore, we hypothesized that interference
with PPAR-y promotes systemic and renovascular dysfunction and salt sensitivity via
upregulation of EP3 receptor. Here we provide evidence supporting the concept that altered
PGE2 signaling impairs systemic and renal vascular dilation in response to salt loading. In
keeping with this, EP3 antagonism /7 vivo decreased blood pressure in HSD-fed S-P467L
mice.

Top Guidelines:

The data that support the findings of this study are available from the corresponding author
upon reasonable request.

Experimental Animals:

All protocols were approved by the Animal Care and Use Committees at the Medical
College of Wisconsin and University of lowa. Care of the mice used in this study met the
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standards set forth by the National Institutes of Health (NIH) guidelines. Transgenic mice
selectively expressing a human hypertension-causing mutation in PPARy (P467L) in
vascular smooth muscle (S-P467L) were previously described.1® S-P467L mice were
maintained by successive generations of backcross breeding to C57BL/6 mice. Age- and
sex-matched non-transgenic (NT) littermates were used as negative controls. Only males
were studied as we previously showed that the phenotype of salt-induced impaired
vasodilation is markedly attenuated in female S-P467L mice.8

Some experiments were completed at the University of lowa and all mice were maintained
on a standard laboratory rodent chow diet containing 0.8% sodium chloride or 0.3% sodium
(the NIH-31 Modified Open Formula Mouse/Rat Sterilizable Diet, Teklad Catalog # 7013) at
baseline. During the 4-week study, some animals received a HSD containing 4% sodium
chloride equivalent to 1.57% sodium (Teklad Catalog # TD. 03095), while others remained
on standard chow diet (Supplemental Figure S1A). We previously showed that this regimen
induces severe impairment of vasodilation and progressive rise in arterial pressure in
response to salt in the S-P467L mice.8 Carotid artery and renal segmental arteries were
studied because these vessels exhibit severe impairment of vasodilation capacity in response
to HSD, and these phenotypes were previously confirmed in the basilar artery, a cerebral
resistance vessel.8

Additional experiments were performed at the Medical College of Wisconsin. All mice were
weaned to a low salt diet containing 0.3% sodium chloride equivalent to 0.1% sodium
(Teklad Catalog # 2920X). Both NT controls and S-P467L mice consumed the standard low
salt chow diet at baseline until they were provided with the 4% HSD (Teklad Catalog # TD.
03095) for 5 weeks.

Measurement of blood pressure, oxidative stress, vascular function, mass spectrometry, and
quantitative real-time RT-PCR are described in the online supplement 817-20,

All results were expressed as mean = SEM. Statistical analysis of the data was performed
using GraphPad Prism 8.4. Daily and hourly time course data of blood pressure, heart rate
and activity as well as vascular function data were analyzed by Two-way ANOVA with
repeated measurements. Mean data of telemetry recordings, mass spectrometry, gene
expression, and U46619-induced contraction were analyzed by Two-way ANOVA. Tukey’s
or Sidak’s multiple comparison procedures were performed for pairwise comparisons.
Grubb’s test was used to assess the presence of outliers. One outlier was detected in the
blood pressure experiment and is indicated in the figure legend. £ < 0.05 was considered
significant.

Role of superoxide, protein kinase C, and RhoA/Rho kinase activity.

Salt stimulates the generation of reactive oxygen species (ROS) through NADPH oxidases
(Noxs) which regulate the function of multiple organ/systems including the kidney and
blood vessels in salt-sensitive hypertension.21:22 Therefore, we first determined whether
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markers of oxidative stress were increased in HSD-fed NT and S-P467L mice using the
protocol illustrated in Supplemental Figure S1. 24-hour urine samples were collected in
metabolic cages during week 4 and were assayed for 8-isoprostane, a marker of oxidative
stress.?! Urinary 8-isoprostane was not different between genotypes and no effect of salt was
observed (Supplemental Figure S1). Consistent with this, renal cortical and medullary
superoxide levels as determined by the dihydroethidium (DHE)-HPLC method were not
different between NT and S-P467L mice and neither was altered by chronic high salt
consumption (Supplemental Figure S1C-D).1” In support of the biochemical measures, pre-
incubation with Tempol (1 mM), a superoxide dismutase mimetic, failed to improve the
impaired vasodilation responses to acetylcholine (ACh) in the carotid arteries of S-P467L
mice with chow or HSD (Figure 1A). Nonlinear regression of ACh dose response curves
revealed that Tempol did not change ECsgq and failed to improve the decreased Epax in S-
P467L mice fed chow or HSD (Supplemental Table S1A). Together these data suggest that
superoxide-mediated oxidative stress does not play a role in salt-induced vasodilatory
dysfunction in S-P467L mice.

We have previously demonstrated that smooth muscle specific expression of the P467L
mutation in PPARy resulted in increased protein kinase C (PKC) activity in the mesenteric
artery and that pharmacological inhibition of PKC diminished the enhanced myogenic tone
in these vessels.22 Moreover, salt has been recently shown to activate PKC via sodium
calcium exchanger-mediated calcium influx.24 Therefore, we sought to determine whether
PKC activity contributed to the salt-induced vasodilatory dysfunction in S-P467L mice. Pre-
incubation with a highly specific PKC inhibitor Calphostin C (50 nmol/L) did not improve
the impaired vasodilation responses in the carotid artery of S-P467L mice on chow diet or
HSD (Figure 1B). Calphostin C did not restore the ECsq shift nor did it correct the
dampened Ep,x in S-P467L vessels (Supplemental Table S1B). Thus, the salt-induced
impairment in vasodilation in S-P467L mice was not due to enhanced PKC activity.

RhoA/Rho Kinase signaling is enhanced in blood vessels of S-P467L mice on normal salt
diet due to impaired ubiquitination and degradation of RhoA via the Cullin3-Ring-Ligase
(CRL3) ubiquitin ligase complex.18:25 Pharmacological inhibition of Rho kinase activity
eliminates enhanced contraction, restores impaired vasodilation and reduces arterial pressure
in S-P467L mice fed standard chow diet.18:25 To determine whether salt worsened the
dysfunction in vasodilation in S-P467L mice by further stimulating the RhoA/Rho kinase
pathway, we tested the effect of a Rho kinase inhibitor Y27632 (1 pmol/L) on vasodilation
properties at the end of 4 weeks. Pre-incubation with Y27632 had minimal effects in the
carotid artery of NT mice fed chow or HSD (Figure 1C and Supplemental Table S1C).

Y 27632 modestly improved Epax 0f ACh-induced dilatation (Figure 1C and Supplemental
Table S1C) and normalized Ep,,x 0f SNP-induced dilatation in chow fed S-P467L mice
(Supplemental Figure S2). In carotid arteries isolated from HSD-fed S-P467L mice, Y27632
partially restored ACh-induced (Figure 1C, Table S1C) and SNP-induced (Figure S2)
dilatation as evidenced by improved Ep,,x Values and Supplemental. These data suggest that
RhoA/Rho kinase-dependent mechanisms may contribute to the impaired vasodilation in
HSD-fed S-P467L mice, but additional mechanisms are likely to be involved.
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Role of the Cyclooxygenase and PGE2/EP3 receptor axis.

We next examined the cyclooxygenase (COX)/prostaglandin E2 (PGE2)/E-prostanoid
receptor pathway because increased PGE2 production in response to a salt load has been
reported to be a compensatory mechanism in salt-resistant normotensive humans and wild
type animals (Figure 2A).%:10 Because the oxidation of arachidonic acid by COX is the first
step in the biogenesis of prostaglandins and HSD has been reported to induce Cox-2
expression,? we sought to determine whether salt-induced impairment in vasodilation
involved changes in the expression of Cox-1 and/or Cox-2. There was no change in the
transcription of the constitutively expressed Cox-I gene among the four groups (Table 1).
However, Cox-2was significantly downregulated in S-P467L aortas while salt had no effect
(Pgenotype = 0.037 in two-way ANOVA). This confirmed reports that PPARy activation
regulates Cox-2expression in vascular smooth muscle cells and other cell types.26-28 We
hypothesized that decreased Cox-2expression in S-P467L aortas is the result of decreased
PPAR-y activation caused by the expression of dominant negative P467L mutation in
PPARY. Pre-incubation with a non-selective COX inhibitor indomethacin (10 uM) did not
alter U46619-induced pre-contraction (Figure 2B), but markedly improved ACh-induced
vasodilation (Figure 2C), and normalized SNP-induced vasodilation (Figure 2D) in carotid
arteries of chow- or HSD-fed S-P467L mice.

To rule out the potential off-target effects of indomethacin, we tested highly specific
inhibitors targeting COX-1 (SC560, 100 nM) and COX-2 (Celecoxib, 1 uM) in the carotid
artery and renal segmental artery in additional studies. Pre-incubation with SC560 had no
effect in vessels from HSD-fed NT mice, but partly improved ACh-induced vasodilation in
carotid and renal vessels of HSD-fed S-P467L mice as evidenced by improved Ea« values
(Figure 3A). In comparison, the selective COX-2 inhibitor Celecoxib completely normalized
impaired vasodilation and restored ACh Eax in both the carotid and renal segmental arteries
(Figure 3B). Together, these data suggest that salt-induced impairment of vasodilation in S-
P467L mice likely involves the enzymatic activity of COX-2.

To determine whether PGE2, a prostaglandin downstream of COX, was implicated in the
pathogenesis of SS hypertension in S-P467L mice, we first examined the gene expression of
enzymes involved in the biogenesis and metabolism of PGE2 in the aorta of NT and S-
P467L animals in week 4 (Table 1). Salt significantly suppressed the expression of
prostaglandin E synthase 1 (Ptges-1) in NT controls but not in S-P467L mice (Pgjet = 0.001
in two-way ANOVA), resulting in higher Ptges-1 mRNA levels in HSD-fed S-P467L mice
than in HSD-fed NT controls. There was no change in the expression of prostaglandin E
synthase 2 (Prges-2), prostaglandin E synthase 3 (Ptges-3), or 15-hydroxyprostaglandin
dehydrogenase (Hpgd), an enzyme that degrades PGE2 to its inactive form. We next
measured levels of prostaglandins in the aorta using liquid chromatography tandem mass
spectrometry (LC-MS/MS). HSD selectively increased aortic PGE2 in S-P467L mice, but
not in NT controls (Table 2). There was also a trend for increases in PGD2 and PGF2a
levels in aorta from HSD-fed S-P467L mice, while 8-iso PGF2a was largely undetectable
(Table 2). As a negative control, the expression of leukotriene B4 (LTB4), another
arachidonic acid metabolite generated via the distinct lipoxygenase pathway, was not
altered. Of 6 samples studied, an increase in PGE2 was detected in 4 samples (Figure 3C).
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Although the increase was not statistically significant, it was consistent with changes in
Prtges-1 expression and thus lead us to mechanistically examine the role of PGE2 in
mediating vasodilation in response to HSD.

PGE2 normally dilates blood vessels and promotes natriuresis via the dominant E-prostanoid
2 receptor (EP2).911 However, it induces vasopressor effects and raises arterial pressure by
acting on E-prostanoid 3 receptor (EP3) when the dominant EP2 receptor is deleted.13
Because the expression of EP3 receptor is suppressed in response to PPARy activation,14 we
determined whether the dominant negative PPARy P467L mutation altered the expression
profile of E-prostanoid receptors after week 4. We found that EP1, EP2 and EP3 were
upregulated in the aortas of S-P467L mice compared to NT controls regardless of diet
(Pgenotype <0.05 in two-way ANOVA, Table 1, Figure 3D), while EP4 expression was not
altered by genotype or diet. Although the vasodilatory EP2 was significantly upregulated in
S-P467L aortas, the vasoconstrictive EP1 and EP3 were much more abundant than EP2 at
the messenger RNA level as indicated by the mean ACt values (vs glyceraldehyde 3-
phosphate dehydrogenase, GAPDH) (Table 1, 12.9 for EP2; 10.8 for EP1; and 7.1 for EP3).

To investigate whether PGE2/EP3 receptor axis was functionally involved in salt-induced
impaired vasodilation, we tested a selective EP3 receptor antagonist DG041 (100 nM) in the
carotid artery and renal segmental arteries isolated from NT HSD and S-P467L HSD mice.
Pre-incubation with DG041 had no effect in NT vessels but completely rescued the impaired
vasodilation and corrected ACh ECsq/Emmax Values in carotid and renal arteries from HSD-fed
S-P467L mice, suggesting that salt-induced vascular dysfunction was mediated by activation
of EP3 receptor (Figure 3E).

Salt-Sensitive Hypertension and BP-Lowering Effects of EP3 Antagonism

NT and S-P467L mice were implanted with blood pressure radiotelemeters at 12-16 weeks
of age and were allowed 10 days for recovery (Figure 4A). Baseline blood pressure was
measured for 5 consecutive days during which time all mice consumed a low salt chow diet
(0.3% sodium chloride and 0.1% sodium). After this, both NT controls and S-P467L mice
received 4% HSD for 5 weeks. Daily averages of blood pressure, heart rate, and activity
during baseline and the first 4 weeks of HSD were plotted in Figure 4B and Supplemental
Figure S3. NT mice in response to HSD exhibited mild changes in systolic blood pressure
(SBP, Baseline 129.1 + 0.9 mmHg vs HSD 133.0 £ 1.1 mmHg, A = 3.9 mmHg, Figure 4C)
and mean blood pressure (MBP, Baseline 113.8 + 1.1 mmHg vs HSD 117.5 + 0.9 mmHg, A
= 3.7 mmHg, p<0.05, Supplemental Figure S3A). In contrast, S-P467L mice exhibited
progressive increases in SBP and MBP in response to chronic high salt, resulting in a 6.3
mmHg increase in SBP (Baseline 133.7 + 0.8 mmHg vs HSD 140.0 £ 1.7 mmHg, p<0.05,
Figure 4C) and a 5.1 mmHg increase in MBP (Baseline 116.3 + 0.6 mmHg vs HSD 121.4 +
1.4 mmHg, p<0.05, Supplemental Figure S3A). There was an overall effect of salt on
diastolic blood pressure (DBP) in all mice receiving HSD (Pgiet<0.05, Two-way ANOVA),
but Sidak’s multiple comparison tests did not detect significant HSD-induced changes in
DBP in NT or S-P467L mice (Supplemental Figures S3B). S-P467L mice exhibited a trend
towards increased pulse pressure (Supplemental Figures S3C) and significantly increased
heart rate (Supplemental Figures S3D) compared to NT controls at baseline, and both
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parameters remain markedly elevated at the end of week 4.8:2% Of note, HSD significantly
suppressed heart rate in S-P467L mice but not in NT controls, consistent with salt-induced
changes in blood pressure. Activity was not different between groups and was not changed
by HSD (Supplemental Figures S3E). Together, these data indicate that S-P467L mice in
response to 4-week HSD developed SS hypertension defined as a change in blood pressure
of at least 5% or 5 mmHg.30

To evaluate the BP-lowering effects of EP3 antagonism, we administered DG041 (20 mg/kg
body weight, s.c. at 10AM) once a day for 4 consecutive days during week 5 (HSD days
31-34), after the establishment of salt-sensitive hypertension (Figure 4A). Hourly SBP prior
to DG041 administration (HSD days 29-30, Supplemental Figure S4, solid squares) was
compared to 24-hour tracings from days 31, 32, 33 and 34 (Supplemental Figure S4, open
squares). Following the first two DGO041 injections (HSD days 31 and 32) there were
transient increases of blood pressure in both groups likely due to handling stress
(Supplemental Figure S4A-B). As mice adapted to the handling stress, there was no change
in blood pressure after the third and fourth injections (HSD days 33-34) in NT controls
(Supplemental Figure S4C-D). In S-P467L mice, the third and fourth doses of DG041
induced a significant decrease of blood pressure 3-4 hours after administration
(Supplemental Figure S4C-D), consistent with the 4-6 hours plasma half-life of DG041
when administered via the subcutaneous route.2? The night-time blood pressure before and
after DG041 was superimposable confirming the short efficacy window of DG041. Hourly
blood pressure during the final two days of DG041 administration (HSD days 33-34) was
averaged and plotted against 24-hour tracings from HSD days 29-30 (Figure 4D-E). To
quantitate the transient BP-lowering effects of DG041, blood pressure between 12PM-4PM
in Figure 4D-E was averaged for each mouse and then plotted in Figure 4F. DG041
significantly decreased SBP in S-P467L mice (136.5 £ 2.1 mmHg before vs 125.4 + 2.3
mmHg after) but not in NT controls (125.4 £ 1.3 mmHg before vs 121.0 £ 0.7 mmHg after).
Thus, this data provides evidence for a role of PGE2/EP3 pathway in mediating increased
blood pressure in S-P467L mice in response to high salt.

Discussion

The data in this paper provide evidence supporting the concept that interference with PPARy
activity in vascular smooth muscle results in activation of PGE2/EP3 signaling in the
vasculature, which in turn causes salt-induced impairment of vasodilation in S-P467L mice.
Compensatory increases in PGE2 in response to high salt intake have been documented in
both human studies and animal models.®:1° In the present study, aortic PGE2 levels were
increased in 4 out of 6 S-P467L mice fed HSD. Although this did not reach statistical
significance, it led us to investigate the vasoactive role of PGE2 using pharmacological
methods. The depressor effect of intravenously infused PGE2 is mediated predominantly by
the activation of the vasodilatory EP2 receptor in normal blood vessels.}! Global deletion of
EP2 receptor completely reverses the vascular actions of PGE2 by abolishing the dominant
vasodilatory effect of EP2 which unleashes the vasoconstrictive effects of EP1/3 receptors.11
For this reason, systemic infusion of PGE2 in EP2 receptor deficient mice increases blood
pressure by activating EP1/3 receptors despite the preservation of a lesser vasodilatory EP4
receptor.11 Interestingly, like S-P467L mice, EP2-deficient mice also exhibit mild elevation
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of systolic blood pressure at baseline but develop profound systolic hypertension when fed
HSD.13 Consistent with a role of PGE2/EP3 axis in our model, the salt-induced impairment
of vasodilation responses in S-P467L mice was completely rescued by COX-2 inhibition and
EP3 antagonism. The activation of PGE2/EP3 axis in vessels of HSD-fed S-P467L mice
might require a two-hit mechanism involving a) increased PGE2 synthesis, and b) enhanced
sensitivity to PGE2 due to increased expression of EP3.

Our data suggest that there was a modest decrease in Cox-2 expression, but this did not
impair the formation of PGE2 and other prostaglandins in S-P467L vessels. Interestingly,
COX-2 is not the rate-limiting enzyme in PGE2 biosynthesis.3! Further loss of COX
enzymatic activity caused by pharmacological inhibition may have normalized vasodilation
through blockade of arachidonic acid oxidation and subsequent PGE2 production. A trend
towards increased prostaglandin levels was only observed in S-P467L vessels under high salt
conditions, suggesting this was a combined effect of the PPARy dominant negative mutation
and salt. In fact, HSD suppressed prostaglandin E synthase-1 mRNA expression in NT
littermates, but not in S-P467L mice. Consistent with this, PPARy activation by
rosiglitazone blocks interleukin-1p-induced upregulation of prostaglandin E synthase-1 and
PGE2 formation, supporting a role of PPARy in transcriptional repression of the PGE2
biogenesis.32 The expression of 15-hydroxyprostaglandin dehydrogenase was not changed
by salt or PPARy mutation suggesting that PGE2 degradation mechanism was not affected.

The EP3 receptor is a G protein-coupled receptor (GPCR) which interacts with Gy13, and
ligand-induced activation of the EP3 receptor stimulates the RhoA/ROCK signaling via
G1/13.3334 The ROCK inhibitor, Y27632, has been shown to completely abolish EP3-
induced arterial contraction.34 We have previously shown that RhoA levels are elevated in
the vascular smooth muscle of S-P467L mice due to impairment of CUL3-mediated
ubiquitylation and turnover of RhoA.25:35 |n the present study, ROCK inhibition by Y27632
partially restored impaired vasodilation in HSD-fed S-P467L mice, suggesting that elevated
RhoA levels and ROCK activity may amplify the deleterious effects of EP3 receptor
activation in causing the salt-induced vascular dysfunction in this model.

Further supporting a vasopressor effect of activated PGE2/EP3 axis in SS hypertension
observed in S-P467L mice was the BP-lowering actions of EP3 antagonism /7 vivo. Due to
the short half-life of EP3 antagonist DG041 (4-6 hours) in plasma following subcutaneous
administration, 20 its efficacy was transient. Nevertheless, during its efficacious window (2-6
hours following administration) EP3 antagonism induced a markedly stronger depressor
effect in HSD-fed S-P467L mice compared to NT controls (ASBP: —11.1 mmHg S-P467L
vs —4.4 mmHg NT). We recognize that the depressor effect of EP3 antagonism may not be
solely accounted for by the vascular actions of DG041, as EP3 activation in the brain elicits
pressor responses through sympathoexcitation.3¢ In fact, knockdown of EP3 receptor in the
brain through intracerebroventricular injection of a lentiviral vector encoding shRNA
targeting EP3 decreases sympathetic outflow, prevents peripheral inflammation and lowers
blood pressure in N®-nitro-L-arginine methyl ester hydrochloride (L-NAME)/high salt-
induced hypertension.3” Therefore, EP3 antagonists with long plasma half-life and
permeability across the blood brain barrier may be an effective anti-hypertensive therapy in
SS hypertension. Given the limitations of the pharmacological approach, future studies are
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warranted to determine whether selective deletion of EP3 gene in the vascular smooth
muscle on S-P467L background achieves similar vasodilatory and depressor effects as EP3
antagonism and whether these benefits are primarily mediated by ablation of smooth muscle
PGE2/EP3 signaling.

Salt induces renal and vascular oxidative stress in experimental hypertension through
enhanced NAD(P)H oxidase activity,2122:38 nitric oxide synthase uncoupling,3° and/or
decreased antioxidant capacity.21:3940 |n resistance vessels, superoxide scavenges NO
causing decreased NO bioavailability and impaired endothelial-dependent vasodilation.40-42
In renal tubules, superoxide promotes renal sodium reabsorption through NO-dependent and
NO-independent mechanisms.#344 These abnormalities may be corrected by
pharmacological or genetic ablation of superoxide generation as well as supplementation of
the antioxidant capacity.38:40-42 However, in the present study HSD did not increase renal
superoxide in control or S-P467L mice and superoxide mutase mimetic tempol failed to
improve salt-induced vasodilation impairment, arguing against a role of superoxide in
mediating the renal and vascular phenotypes in this particular model. We have previously
reported that S-P467L mice in response to chronic HSD exhibit blunted renal NO levels and
decreased acetylcholine-induced dilation in renal vessels.® Thus, the apparent renal NO
deficiency is not likely to be caused by increased superoxide production (or superoxide-
mediated NO inactivation), but by decreased NO biogenesis. One limitation of the present
study is that we did not examine the role of hydrogen peroxide, another reactive oxygen
species known to play important roles in salt-sensitive hypertension.38:45 Further studies are
necessary to determine whether the improvement of vasodilation in renal vessels of HSD-fed
S-P467L mice by COX-2 inhibition and EP3 antagonism involves enhancement of
renovascular NO bioavailability.

Genetic background and sex dimorphism play important roles in the salt sensitivity of mouse
models. C57BL/6 and BALB/c strains are the most commonly used mouse strains in
experimental models of hypertension.30 C57BL/6 mice exhibit SS increases of blood
pressure in some studies, 647 but are salt resistant in other studies.#84° In comparison, while
male BALB/c mice are salt resistant,*> female BALB/c mice develop SS hypertension
through aldosterone-mineralocorticoid receptor-mediated endothelium-dependent
mechanisms.®0 The salt resistant phenotype of male BALB/c mice may be mediated in part
by two mechanisms: 1) salt-induced production of hydrogen peroxide which negatively
regulates sodium reabsorption in the renal proximal tubule;*® and 2) salt-induced
suppression of sodium-chloride cotransporter (NCC) and epithelial sodium channel a
(ENaCa) in the distal nephron.5! In our studies, the S-P467L mice were maintained on
C57BL/6 background through successive backcross breeding (since 2004).16 Thus, loss of
PPARYy function in vascular tissue may have enhanced the salt sensitivity of strain which is
naturally salt sensitive. Because the female S-P467L mice were protected from salt-induced
vascular dysfunction, we focused on male S-P467L mice which exhibit severe impairment of
vasodilation and restricted renal perfusion in response to HSD.8 Interestingly, while salt
suppressed NCC and NKCC?2 in non-transgenic littermates, male S-P467L mice failed to
exhibit salt-induced down-regulation of these sodium transporters resulting in impaired
natriuresis, enhanced sodium retention, and SS hypertension that were corrected by
pharmacological inhibition of NKCC2.8 In the present study, EP3 antagonism rescued
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impaired vasodilation and transiently attenuated salt-induced hypertension in S-P467L mice.
Future studies are warranted to determine whether selective deletion of EP3 in vascular
smooth muscle preserves vasodilation capacity, enhances renal perfusion and promotes renal
sodium excretion during excess salt intake.

Perspectives

PPARYy is an important transcription factor regulating adipogenesis, metabolism, vascular
tone, renal sodium handling, and inflammatory responses in the broad context of
cardiometabolic physiology. Dominant negative PPARy mutations cause hypertension,
insulin resistance and hyperglycemia in humans. Patients with type 2 diabetes and metabolic
syndrome display decreased PPAR1y activity and are often salt-sensitive. Thiazolidinedione
therapy is complicated by fluid retention and are no longer a first line anti-diabetic agent.
Nevertheless, compelling evidence supports the concept that the benefit of PPARy activation
in the cardiovascular system outweighs the renal adverse effects. In the systemic and renal
circulation, vascular PPARy is essential for preserving vasodilation and renal blood flow in
face of risk factors such as high salt intake.® Understanding the downstream pathways that
mediate these protective effects may lead to identification of druggable targets that drive the
beneficial aspects of PPARy activation without evoking the adverse effects. One such
downstream pathway is the PGE2/EP3 axis which is normally suppressed by PPARy but
may be activated in chronic conditions with coincident PPARy impairment, which may
cause vasodilatory dysfunction in systemic and renal vessels leading to exaggeration of SS
hypertension. Herein, the data from this study identify vascular smooth muscle PPARy/EP3
pathway as a relevant therapeutic target in hypertensive subjects especially those
complicated with type 2 diabetes and metabolic syndrome.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Novelty and Significance
What Is New?

. Impaired vasodilation in systemic and renal vessels contributes to salt-
sensitive hypertension in a mouse model of impaired PPAR~y function.

. Vascular PPAR-y impairment resulted in an upregulation of E-prostanoid
(EP3) receptor while high salt diet selectively increased synthesis of
prostaglandin E2 (PGE2) in S-P467L vessels, providing the basis of
PGE2/EP3 activation in HSD-fed S-P467L mice.

. Pharmacological inhibition of cyclooxygenase 2 or blockade of EP3
completely normalized the impaired vasodilation and EP3 antagonism
decreased systolic blood pressure in high salt diet fed S-P467L mice.

What Is Relevant?

. Although PPARYy interference has been associated with increased salt
sensitivity of blood pressure in type 2 diabetes and metabolic syndrome,
tissue-specific mechanisms are poorly understood.

. Vascular PPARy interference favors activation of the vasoconstrictive EP3
over the vasodilatory EP2 and predisposes to salt sensitive hypertension
through salt-induced impairment of vasodilation in the systemic and renal
circulation.

Summary

Genetic interference with PPAR-y specifically in the vascular smooth muscle results in
severe impairment of vasodilation in both systemic and renal vessels during high salt
intake. This salt-induced impairment of vasodilation was not rescued by superoxide
scavenging or PKC inhibition, but was partially attenuated by ROCK inhibition,
suggesting contribution of the RhoA/ROCK pathway. Importantly, vascular PPARy
interference enhanced PGE2/EP3 signaling in high salt diet-fed S-P467L mice and
pharmacological inhibition of cyclooxygenase 2 or EP3 corrected the dilatory
dysfunction. Further, EP3 antagonism /n vivo attenuated salt sensitive hypertension in S-
P467L mice. Thus, loss of the beneficial effects of PPARYy in the vascular smooth muscle
predisposes to vasodilation impairment induced by risk factors such as excess salt and
increases the susceptibility to salt sensitive hypertension.
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Figure 1. Vasodilation: Role of Superoxide, Protein Kinase C, and Rho kinase.
Dose-dependent vasodilation (following precontraction with thromboxane A2 receptor

agonist U46619) in response to acetylcholine (ACh). Vessel segments were pre-incubated
with pharmacological inhibitors or vehicle for 30 min prior to U46619. Effects of A)
superoxide dismutase mimetic Tempol (1 mmol/L, n=4-8), B) a protein kinase C inhibitor
Calphostin C (50 nmol/L, n=4-6), and C) a Rho kinase inhibitor Y27632 (1 umol/L, n=4-8)
were shown in curves with diamonds. Curves with filled circles (chow) or squares (HSD)
represent vehicle-treated vessel segments. Data are presented as mean + SEM. Two-way
ANOVA Repeated Measurements (RM) was performed to determine whether two curves
were different (main-group effect, denoted by statistical symbols on the right of the curve).
Tp<0.05, S-P467L Chow Diet vs NT Chow Diet; *p<0.05, S-P467L HSD vs NT HSD;
#5<0.05, Y-27632-treated VS vehicle-treated. Dose response curves were analyzed by
nonlinear regression to generate ECsg and Epx Values listed in Supplemental Table S1.
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Figure 2. Vasodilation: Role of Cyclooxygenase.
A) Schematic representation of the cyclooxygenase (COX)/prostaglandin E2 (PGE2)/E-

prostanoid receptors pathway and pharmacological agents targeting different components of
the pathway. PTGES1-3, prostaglandin E synthase 1-3; HPGD, 15-Hydroxyprostaglandin
Dehydrogenase. B) Vasoconstriction was measured in carotid artery in response to U46619
(60 nmol/L) preincubated in the presence or absence of the non-specific COX inhibitor
indomethacin (Indo, 30 min pre-incubation at 10 pmol/L)(n=8-11 as indicated). C-D) Effects
of indomethacin on ACh-induced and SNP-induced vasodilation in the carotid artery (C,
n=6-9; D, n=7-8). Curves with diamonds denote indomethacin-treated vessel segments.
Curves with filled circles (chow) and squares (HSD) represent vehicle-treated vessel
segments. Data are plotted as mean £ SEM. Two-way ANOVA RM was performed to
determine whether two curves there different (main-group effect, denoted by statistical
symbols on the right of the curve). Tp<0.05, S-P467L chow diet vs NT chow diet; *p<0.05,
S-P467L HSD vs NT HSD; #p<0.05, Indomethacin-treated vs vehicle-treated. Dose response
curves were analyzed by nonlinear regression to generate ECsg and Enax Values listed in the
insets.
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Figure 3. Vasodilation: Roles of the COX-2 and E-Prostanoid-3 Receptor.
A-B) Effects of a selective COX-1 inhibitor SC560 (1 umol/L) and a selective COX-2

inhibitor Celecoxib (1 pmol/L) on ACh-induced vasodilation in carotid artery and renal
segmental arteries (A, n=5-6; B, n=5-6). C) PGE2 content in whole aortas was detected by
mass spectrometry at the end of 4 weeks (re-plotted in ng/mg protein from Table 2, Two-
way ANOVA Pgenotype: 0.15; Pgiet: 0.09; Pinteraction: 0.10, n=6). D) E-Prostanoid-3 receptor
(EP3) gene expression in the aorta at the end of 4 weeks (Two-way ANOVA Pgengtype: 0.04;
Pgiet: 0.66; Pinteraction: 0.78, n=4-7 as indicated). The same dataset was re-plotted from Table
1 (group fold change) to show individual fold changes. PGE2 content and EP3 expression
were analyzed with two-way ANOVA. The effect of PPARyP467L mutation on EP3 is
indicated by Pgrain. E) Dose-dependent vasodilation of carotid artery and renal segmental
artery (following precontraction with thromboxane A2 receptor agonist U46619) in response
to acetylcholine (n=6). Effects of an EP3 antagonist DG041 (30 min preincubation at 100
nmol/L) were tested. Data are plotted as mean + SEM. Curves with diamonds denotes drug-
treated vessel segments. Curves with squares represent vehicle-treated vessel segments. In
vasodilation responses, two-way ANOVA RM was first performed to determine whether two
curves there different (main-group effect, denoted by statistical symbols on the right of the
curve). When the main-group effect was not significantly different, Tukey’s multiple
comparison procedures were performed for comparisons at different concentrations of ACh
(statistical symbols above the curves). *p<0.05, S-P467L HSD vs NT HSD; #p<0.05 Drug-
treated vs vehicle-treated. Dose response curves were analyzed by nonlinear regression to
generate ECsg and Epax Values listed in the insets.
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Figure 4. Salt-Sensitive Hypertension and BP-Lowering Effects of EP3 Antagonism.
A) A separate cohort of mice were first maintained on a low salt chow diet (LSD, 0.3% salt)

since weaning and at 12 weeks of age were shifted to a 4% HSD for 5 weeks. Blood
pressure was continuously recorded with radiotelemetry at baseline and during these 5
weeks. DG-041 was injected (20 mg/kg/day, subcutaneous) for 4 consecutive days. B)
Establishment of salt-sensitive hypertension in S-P467L mice during the first 4 weeks of
HSD. Per institutional animal facility regulations, cages were changed once a week (on days
1, 8, 15, and 22). N=10-11. *p<0.05, S-P467L HSD vs NT HSD by two-way ANOVA
repeated measurements. C) Average SBP at baseline and at the end of 4 weeks (HSD days
26-28) were plotted. Two-way ANOVA Pgenotype: <0.0001; Pgiet: 0.001; Pinteraction: 0-32.
Sidak’s multiple comparisons, *p<0.05, S-P467L vs NT; #p<0.05, S-P467L HSD vs S-
P467L LSD. See Figure S3 for DBP, MBP, pulse pressure, HR and activity). D-E) Hourly
SBP for first two days in week 5 (HSD days 29-30) was consolidated and plotted in 24-hour
format (solid blue and solid red). During HSD days 31-34, mice received a subcutaneous
injection of DG041 (20 mg/kg/day) at 10AM each day for 4 consecutive days (see protocol
in panel A). Averages of SBP during the last two days of DG041 administration (open
squares, see supplemental Figure 4 for daily effects) were plotted against the pre-treatment
SBP. DG041 (plasma half-life = 4-6 hours, efficacy window = 2-6 hours post s.c.
administration) caused transient dipping of BP in S-P467L mice but not in NT controls. F)
SBP in the efficacious window between 12PM and 4PM was plotted to show the effect of
DG-041. N=10-11. Two-way ANOVA Pgenotype: 0.002; Ppgoas: <0.0001; Pinteraction: 0.022.
*p<0.05 S-P467L vs NT before DG041; Sidak’s multiple comparisons, #p<0.05 S-P467L
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after vs before DG041. One outlier was eliminated from the NT group as determined by a
Grubb’s test.
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