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PHYSIOLOGY

An evolutionarily conserved olfactory receptor is
required for sex differences in blood pressure

Jiaojiao Xu', Rira Choi?, Kunal Gupta11', Helen R. Warren®*, Lakshmi Santhanam?,

Jennifer L. Pluznick'*

Sex differences in blood pressure are well-established, with premenopausal women having lower blood pressure
than men by ~10 millimeters of mercury; however, the underlying mechanisms are not fully understood. We re-
port here that sex differences in blood pressure are absent in olfactory receptor 558 knockout (KO) mice. Olfr558
localizes to renin-positive cells in the kidney and to vascular smooth muscle cells. Female KOs exhibit increased
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blood pressure and increased pulse wave velocity. In contrast, male KO mice have decreased renin expression and
activity, altered vascular reactivity, and decreased diastolic pressure. A rare OR51E1 (human ortholog) missense
variant has a statistically significant sex interaction effect with diastolic blood pressure, increasing diastolic blood
pressure in women but decreasing it in men. In summary, our findings demonstrate an evolutionarily conserved
role for OLFR558/OR51E1 to mediate sex differences in blood pressure.

INTRODUCTION

Sex differences in blood pressure are well-established, with pre-
menopausal women having lower blood pressure than men by
~10 mmHg (1-14). These sex differences are modeled well in C57BL/6
mice, where females have mean arterial pressure (MAP) ~10 mmHg
lower than males by telemetry (1). However, the blood pressure
threshold for treatment of hypertension is identical in men and
women (>130/80 for systolic pressure/diastolic pressure), partly be-
cause the mechanisms underlying sex differences in blood pressure
regulation are only partially understood. Although sex hormones
likely contribute to sex differences in blood pressure, they are not
fully responsible: Hormone replacement therapy in postmenopausal
women does not consistently alter blood pressure (15-17), and low-
ered testosterone in aging men is associated with increased risk of
cardiovascular diseases (18-20). Similarly, sex chromosomes may
contribute to sex differences in blood pressure but cannot fully ex-
plain these differences (21).

Olfactory receptors (ORs), the largest family of G protein-coupled
receptors (GPCRs), act in the olfactory epithelium (OE) to mediate the
sense of smell (22). However, ORs are also expressed and play func-
tional roles in non-olfactory tissues such as the kidney, eyes, prostate,
and sperm (23-25). Although there are 1000 murine ORs in the ge-
nome, olfactory receptor 558 (OLFR558) is a particularly promising
candidate for study. First, Olfr558 is one of only three mammalian ORs
to have been well-conserved by evolution: Olfr558 has a clear ortholog
in all placental mammals, including mice, rats, rabbits, elephants, hors-
es, and five species of primates (26-29), and the human ortholog [ol-
factory receptor family 51 subfamily E member 1 (OR51E1)] has one of
the lowest rates of single-nucleotide polymorphism among human
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ORs (30). Second, OR51E] is widely expressed outside the OE in hu-
mans [in 13 different tissues (31)], and we previously reported that
Olfr558 is expressed in murine kidney (32, 33). Third, most ORs are
orphan receptors with no identified ligands; however, we and others
have previously identified ligands for OLFR558 and OR51E1, with the
strongest ligand being butyrate, one of the major short-chain fatty acids
(SCFAs) produced by gut microbiome (33-38). Thus, we undertook a
study to uncover the physiological role of OLFR558 and found that this
evolutionarily conserved receptor has a previously unknown role to
mediate sex differences in blood pressure.

RESULTS

OIfr558/OR51ET1 is expressed in renin cells and vascular
smooth muscle cells

Olfr558 is expressed in the OE (fig. S1) as well as in non-nasal tissues.
We previously reported that Olfr558 is expressed in the kidney (33).
To date, we have been unable to validate an OLFR558 or OR51E1
antibody; thus, we localized Olfr558 using RNAScope. In the kidney,
Olfr558 mRNA colocalizes with an antibody for a-smooth muscle
actin (a-SMA) in the renal vasculature of Olfr558 wild-type (Olfr558
WT) but not OIfr558 knockout (OIfr558 KO) kidneys (Fig. 1A).
Olfr558 is also expressed in both afferent and efferent arterioles in
the kidney, as identified by costaining for a-SMA protein adjacent to
a glomerulus (Fig. 1B) and costaining with a renin antibody (Fig. 1,
C and D). Given that a-SMA is expressed in both vascular smooth
muscle cells and in fibroblasts (39), we double-stained OIfr558 and
Colla2 [collagen type 1 alpha 2; fibroblast marker (40)] probes in the
kidney and found that Olfr558 is not expressed in Colla2-positive
cells (fig. S2, A and B). Thus, these data indicate that Olfr558 local-
izes to renal vascular smooth muscle cells.

To determine whether the localization of Olfr558 to blood vessels
occurs beyond the kidney, quantitative polymerase chain reaction
(qPCR) was used to identify other organs which express OIlfr558
(Fig. 1E), and subsequently RNAScope was performed on tissues
with relatively high expression (table S1 and fig. S3). By qPCR,
Olfr558 is relatively highly expressed in the heart, aorta, brown adi-
pose tissue (BAT), kidney, and skeletal muscle, but exhibits little to no
expression in the large intestine, brain, lung, spleen, cecum, or liver.
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Fig. 1. Olfr558/OR51E1 is expressed in vascular smooth muscle cells. (A) Immunostaining (a-SMA; green, blood vessel marker) and RNAScope (Olfr558 mRNA, purple) demon-
strate that Olfr558 mRNA localizes to vascular smooth muscle cellsin Olfr558 WT kidney (Hoechst nuclear stain, blue, in merge). Olfr558 mRNA staining is absent in Olfr558 KO kidney.
(B) Olfr558 mRNA is expressed in both afferent and efferent arterioles in Olfr558 WT but not Olfr558 KO kidney (Hoechst nuclear stain, blue). (C) Costaining with a renin antibody
(green) and Olfr558 RNAScope probe (purple) demonstrates that OIfr558 is expressed in renin-positive cells in Olfr558 WT, but not OIfr558 KO, kidney. Scale bars, 10 pm. One to two
dots per cell are occasionally seen outside vascular smooth muscle cells; this likely represents background/genomic DNA (67) and not true signal. g, glomerulus. (D) RNAScope
quantification (renin protein and Olfr558 mRNA costaining) performed on n = 92 cells from n = 11 Olfr558 WT kidney sections from two males. Staining adjacent to the glomerulus
was quantified. (E) Olfr558 mRNA expression in a subset of tissues by qPCR. Data normalized to Gapdh and averaged from n = 3 males and n = 3 females. We did not detect any sex
differences in OIfr558 expression. (F) Published RNA-seq data from Human Protein Atlas indicates OR5TET is primarily expressed in smooth muscle cells in the heart muscle, vascu-
lar, adipose, and skeletal muscle. OR5TET expression is not detected in the liver. "TMP, normalized transcripts per million. (G) OR57E1 is primarily expressed in vascular smooth
muscle and renin cells in kidney. RNA-seq data were downloaded from the Kidney Precision Medicine Project (KPMP). VSMC/P, vascular smooth muscle cell/pericyte; REN, renin-
positive juxtaglomerular granular cell; dVSMC, vascular smooth muscle cell (degenerative). KPMP data are from an analysis of 110,346 cells in total comprising 57 kidney cell types.

In the heart, BAT, and skeletal muscle, Olfr558 localized primarily to We noted that OIfr558 is typically expressed in some, but not all,
vascular smooth muscle cells by RNAScope, although there is rare  vascular smooth muscle cells in a given vessel cross section. The
expression in a minority cell type in skeletal muscle. Using RNA-  closest “sibling” receptor to OIfr558, Olfr78, is also expressed in a
Scope and qPCR, we found that OIfr558 expression is similar be-  subset of vascular cells in renal blood vessels (25). In olfactory neu-
tween males and females for both kidney and heart (fig. S4); similarly, rons, the expression of ORs is thought to be largely mutually exclu-
no sex differences were observed in the qPCR data from Fig. 1E. sive (one cell-one receptor rule) (41). To determine whether Olfr78
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and Olfr558 are coexpressed in the kidney and heart, we performed
RNAScope for both receptors. In the kidney, the majority of cells
express only Olfr558 (47%) or Olfr78 (37%), but 16% of cells coex-
press both receptors (fig. S5). By contrast, in the heart, 49% of cells
coexpress both Olfr558 and Olfr78, but 28% of cells express only
Olfr558 and 23% cells express only Olfr78 (fig. S5).

We also examined OR51EI (human ortholog of Olfr558) localiza-
tion in human tissues using published RNA sequencing (RNA-seq)
data. Data (42) from the Human Protein Atlas show that OR5IEI is
expressed in human vascular smooth muscle cells in human tissues
including the heart, vascular, adipose tissue, and skeletal muscle
(Fig. 1F). However, OR51E]1 is not expressed in the liver (Fig. 1F), con-
sistent with our findings in mice (Fig. 1E and table S1). The Human
Protein Atlas RNA-seq data for kidney lists only 13 cell types, none of
which are vascular smooth muscle cells or juxtaglomerular cells (and
none of which express OR51EI). Thus, for kidney, we referred to the
Kidney Tissue Atlas, which has identified 57 cell types. In human kid-
ney, OR51E] is expressed in three cell types: vascular smooth muscle
cell/pericyte, renin-positive juxtaglomerular granular cells, and vascu-
lar smooth muscle cell (degenerative) (Fig. 1G) (43). These findings are
consistent with the localization of Olfr558 expression in mouse tissues.

OLFR558 is required for sex differences in blood pressure

Olfr558 WT and KO mice exhibit no genotypic differences in body
weight (fig. S6A), kidney weight/body weight ratio (fig. S6B), heart
weight/body weight ratio (fig. S6C), or glomerular filtration rate
(GFR) (fig. S6D). Likewise, there are no genotypic differences in
blood electrolytes, glucose, blood urea nitrogen, creatinine, or he-
moglobin (table S2). On the basis of the localization of OIfr558 to
vascular smooth muscle cells, we hypothesized that Olfr558 may play
a role in blood pressure regulation. To test this hypothesis, we used
telemetry to measure 24-hour blood pressure. It is well-established
that males have higher blood pressure than premenopausal females
by ~10 mmHg in both humans (2-14) and mice (I). In agreement
with this, we find that OIlfr558 WT males exhibit significantly higher
blood pressure than WT females, including MAP (Fig. 2A), systolic
blood pressure (SBP) (Fig. 2B), and diastolic blood pressure (DBP)
(Fig. 2C). However, sex differences in blood pressure are absent in
Olfr558 KO (Fig. 2, D to F). Olfr558 KO females have a significant
increase in MAP and DBP in both light (Fig. 2, G and I, and fig. S7,
A and C) and dark cycles (Fig. 2, ] and L, and Fig. S7, D and F) as
compared to WT females. Olfr558 KO males, as compared to WT
males, exhibit a small decrease in DBP without a change in SBP; the
drop in DBP is statistically significant during the light cycle (Fig. 2, G
to L, and fig. S7, A to F). In addition, “surge BP” [the delta between
the lowest blood pressure during the light cycle (6 p.m.) and the
highest blood pressure (9 p.m., light off and the start of active peri-
od)] is lower in female KO as compared to male KO mice for DBP. In
contrast, there is no difference in surge BP between the sexes in WT
mice (fig. S8). There are no genotypic differences in heart rate when
comparing WT mice to KO mice for either sex (fig. S9, A to D).
However, when comparing within the KO genotype, we find that fe-
male KOs have higher heart rate than male KOs. No genotypic or sex
differences are seen in pulse pressure (fig. S9, E to H). We also note
that KO females are more active than KO males. In addition, in fe-
males, KOs are more active than WTs during the dark but not the
light cycle (fig. S9, I to L). Notably, other sex differences (not related
to blood pressure) are intact in Olfr558 KO: for example, KO males
weigh more than KO females (fig. S6A), and KO males and females
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are fertile. Given the lack of sex differences in blood pressure in KO
mice, we expanded our localization of Olfr558 to include testes and
ovaries: In testes, Olfr558 not only is expressed primarily in blood
vessels but is also seen in a minority cell type (fig. S10). In ovaries,
Olfr558 is solely expressed in blood vessels (fig. S11).

OLFR558 modulates renin in males

Given the localization of Olfr558 to renin-expressing cells in the renal
afferent arteriole, we examined a potential role for OLFR558 to regu-
late renin. Using qPCR, we find that Olfr558 mRNA is absent in KO
kidneys (Fig. 3, A and F), as expected. In KO female versus WT fe-
male kidneys, we find no differences in renin mRNA (Fig. 3B), no
differences in the percentage of renin positive to total glomeruli
(Fig. 3, C and D), and no differences in plasma renin activity (PRA)
(Fig. 3E). In KO male versus WT male kidneys, we find a significant
decrease in renin mRNA (Fig. 3G), a reduction in the percentage of
renin positive to total glomeruli (Fig. 3H), and decreased PRA on two
different diets (0.2% NaCl, Fig. 31; 0.49% NaCl, Fig. 3]) in KOs. Nota-
bly, renin mRNA expression exhibits no difference between Olfr558
WT and KO males in the heart (fig. S12). These data suggest that
OLFRS558 acts to support renin levels in WT males, and thus changes
in renin may contribute to the lower blood pressure in male KOs.

To determine whether the changes in male KOs are due to a de-
creased number of renin cells, we costained renin and a-SMA in
male Olfr558 WT and KO kidneys (Fig. 4A) and quantified the num-
ber of cells that costained for both markers or for either one alone [as
done previously (44)]. We find a decreased number of cells staining
for “renin only” in male KO mice and, to a lesser extent, a decreased
number of cells labeling for both a-SMA and renin (Fig. 4B). Simi-
larly, gPCR for the renin cell marker Akr1b7 revealed a decrease in
renal Akr1b7 expression in male but not female KO (Fig. 4, C and D).

OLFR558 modulates vasoreactivity in males

Given the localization of Olfr558 to vascular smooth muscle cells in
a variety of vascular beds, we examined a role for OLFR558 to regu-
late vasoreactivity in aortic rings and mesenteric arteries. We first
confirmed that OIfr558 is expressed in aortic rings and mesenteric
arteries by reverse transcription PCR (RT-PCR) (fig. S13). Ex vivo
vascular reactivity studies show that Olfr558 KO aortic rings from
females exhibit higher maximal contractility induced by potassium
chloride (KCl) as compared to WT. Similar responses to phenyleph-
rine (PE), acetylcholine (ACh), and sodium nitroprusside (SNP)
(fig. S14, A to D) suggest no impairments in vascular smooth mus-
cle or endothelial function in female KO. In males, KO aortic rings
exhibit less constriction to PE (fig. S14F). In contrast, there were no
genotypic differences in males to the constriction to KCl (fig. S14E)
or relaxation to ACh (fig. S14G) or SNP (fig. S14H).

Olfr558 KO mesenteric arteries from females demonstrate simi-
lar constriction to KCl and PE and similar relaxation to ACh and
SNP (Fig. 5, A to D). In males, there are no genotypic differences in
the constriction to KCl and PE or in the relaxation to ACh (Fig. 5, E
to G). However, Olfr558 KO mesentery from males exhibit increased
relaxation to SNP, which could contribute to the decreased blood
pressure in males (Fig. 5H).

OLFR558 modulates arterial stiffness in females

Data from the studies described above imply that the decreased DBP
in the males may be driven by decreased renin and/or an exagger-
ated relaxation to SNP in the mesentery. However, the only genotypic
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Fig. 2. OLFR558 regulation of blood pressure is sex specific. Blood pressure was measured by telemetry. Olfr558 WT mice exhibit previously reported sex differ-
ences in (A) MAP, (B) SBP, and (C) DBP. These differences are absent in Olfr558 KO (D to F) due to increased blood pressure in females, along with decreased male
DBP. Gray areas depict the active (dark, 9 p.m.to 7 a.m.) phase, and white areas depict the resting (light, 7 a.m. to 9 p.m.) phase. Averaged data from the light cycle
(9 a.m.to 1 p.m.) are shown in (G to I), and averaged data from the dark cycle (11 p.m. to 3 a.m.) are shown in (J to L). Male WT: n = 7, male KO: n = 9. Female WT and
KO:n =8.%P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 by phenotype (Olfr558 WT versus KO) and sex (male versus female) using two-way analysis of variance
(ANOVA). ns, nonsignificant.
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Fig. 3. Olfr558 modulates renin in males. (A and F) O/fr558 mRNA is absent in kidneys of Olfr558 KO. Renin mRNA levels in the kidney are not altered in females (B) but
are decreased in KO males (G). Renin antibody staining (red, white arrow) is observed in glomerulus (C). Scale bar, 50 pm. (D and H) Ratio of renin-positive/total glomeru-
liis reduced in male KOs but not females. PRA is decreased in male KOs on standard chow (I) and 0.49% NaCl diet (J) but is not altered in KO females (E). Notably, (A) to (D)

and (F) to
same sex. *P < 0.05, **P < 0.01, and **#P < 0.001. ns, nonsignificant by t test.

difference in females was KCl constriction in the aorta. Thus, to bet-
ter understand the female phenotype, we evaluated the mechanical
properties of female aortas ex vivo and measured arterial stiffness in
females in vivo. The tensile properties are similar between OIfr558
WT and Olfr558 KO in both intact and decellularized aortic rings
from 10-week-old female mice (Fig. 6A). Likewise, there are no dif-
ferences in the wall thickness and diameter of aortic rings from
10-week-old Olfr558 WT and KO females (Fig. 6, B and C). However,
pulse wave velocity (PWV) is significantly increased in 10-week-old
Olfr558 KO females as compared to WT (Fig. 6D), implying that in-
creased vascular stiffness may contribute to the female KO pheno-
type. Together, these data suggest that the in vivo smooth muscle
tone is responsible for the higher PWV noted in KO females, but that
OLFR558 does not contribute significantly to passive mechanical
stiffness of the matrix.

Gut microbiome is similar in Olfr558 WT and KO mice

Butyrate, an SCFA produced by gut microbes, is the ligand that
yields the strongest activation of both OLFR558 and OR51E1 (33,
34). In addition, several other ligands for OLFR558/OR51E1 are
also produced by gut microbiota, including isovaleric acid (IVA)
and valeric acid (VA) (33, 34). Thus, baseline differences in the gut
microbiome of WT versus KO mice could contribute to the pheno-
type. To interrogate this possibility, we analyzed 16S ribosomal RNA
(rRNA) from fecal DNA from OIfr558 WT and KO (females and

Xuetal., Sci. Adv. 10, eadk1487 (2024) 20 March 2024

(1) mice were treated with the same diet as for the telemetry data. The relative mRNA expression is presented normalized to its Gapdh or Gapdh and WT of the

males). The major phyla show no differences between WT and KO
(fig. S15), indicating that WT and KO have similar microbes, and
thus differences in the gut microbiome are an unlikely explanation
for the KO phenotype.

Human variants in OR51E1 alter blood pressure in

men and women

The human ortholog of OLFR558 is OR51E1. An OR5IE] variant
was previously identified by Evangelou et al. (45) as significantly as-
sociated with DBP (rs17224476): In the total genome-wide associa-
tion study (GWAS) meta-analysis (N ~ 750,000), each copy of the
minor allele A increased DBP by ~0.16 mmHg (P = 7.37x 10™°) ac-
cording to an additive allelic association model. However, this pre-
vious GWAS did not examine sex-specific effects. So, here, we
performed sex- and age-stratified analyses on OR51E] variants us-
ing UK. Biobank (UKB) data. Our analysis focused on the lead,
common, missense variant (rs17224476) from the Evaneglou et al.
study and also on a rare missense variant (rs202113356), which we
have previously studied in vitro (34). Within UKB data, the common
variant (rs17224476) has minor allele frequency (MAF) = 11.1%,
and the rare variant (rs202113356) has MAF = 0.025%. Although
these two variants are located very close together on the genome,
only 434 base pair apart, they are independent, uncorrelated vari-
ants, and calculated within UKB to not be in linkage-disequilibrium
(P~1x107°, very close to 0).
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bar: 20 pm. ***P < 0.001.

We confirm the previously published association of the lead vari-
ant in the total sample, with the association for DBP still being high-
ly significant in the UKB data alone (P = 4.27 X 10™°; N = 423,655).
This lead variant is significantly associated with DBP within each of
the separate men and women subgroups with the minor allele A in-
creasing DBP similarly in both men and women, showing no signifi-
cant sex-interaction (P = 0.76) (Fig. 7, A to C and tables S3 and S4).
This variant is also significant (P < 0.05) for females <50, females
>50, and males >50 within the stratified analyses (Fig. 7A) and with
no significant evidence of any age-interaction effect (Fig. 7C). So, for
this common variant, there is sufficient statistical power to clearly
demonstrate the significant association of OR51E1 with DBP overall,
showing across all subgroup analyses, that the minor allele A of this
variant increases DBP. These data therefore confirm and expand the
role of this OR in blood pressure regulation and imply that common
frequency variants in this receptor affect blood pressure equally in
men and women.

We also examined a rare variant, which is also localized to an
exon and is primarily seen in South Asia. We previously published
that this rare variant alters OR51E1 function in vitro (rs202113356)
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(34). The highlighting result from our UKB analyses is that this rare
variant has a significant sex-interaction result (P = 0.015), showing
sex-specific effects, with opposite directions of effect in men versus
women (Fig. 7, D to E and table S4). The association is nominally
significant (P = 0.053) within females, with the minor allele A in-
creasing DBP by +6.28 mmHg for female carriers (AG) versus fe-
male non-carriers (GG). In contrast, within males, the effect estimate
(—4.77 mmHg) indicates that the rare variant decreases DBP in men,
and the association result is not significant (P = 0.149), which could
either be due to a lack of association in males completely relating to
the sex-specific nature of the variant or simply due to lack of statisti-
cal power for analysis of the rare variant (Fig. 7D). Furthermore,
from the age-stratified analyses within females, there is a stronger
association in younger females with a more significant result despite a
lower sample size (P = 0.0501; N = 57,464) in women <50 years com-
pared to in women >50 years (P = 0.29; N = 171,067) and also a much
larger effect size (+13.44 mmHg in women <50 versus +3.89 mmHg
in women >50) (Fig. 7D), as can also be seen by the steeper gradient
of the effect slope (Fig. 7F), although there is no significant age-
interaction effect (P = 0.26), likely due to a lack of statistical power
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enotypic differences were observed in mesentery constriction to 100 mM KCI (A and

E), mesentery constriction to PE (B and F), or mesentery relaxation to ACh (endothelium dependent) (C and G). However, endothelium-independent vasorelaxation in
response to SNP (endothelium independent) was enhanced in KO males (H) but not females (D). PE responses are normalized to the KCI response, and ACh and SNP re-
sponses are normalized to the maximum PE response. n = 8 to 14 Mesenteric arteries from n = 7 Olfr558 WT and KO females. **P < 0.01 and ***P < 0.001 by t test for (A)

and (E) and two-way ANOVA for (B) to (D) and (F) to (H).

for detecting a higher-order interaction effect within a smaller strati-
fied analysis sample for a rare variant. Acknowledging that we always
expect less statistical power for such a rare variant, the significant sex-
interaction results for this rare variant (Fig. 7E) is therefore a very
clear conclusion, indicating that this variant has a strong, differential
effect on DBP with opposing effects in men versus women.

OR activity is reduced in cells transfected with the

OR51E1 variants

Given these findings, we further examined both variants using in vitro
studies to determine whether they have altered responses to known
ligands. The common (rs17224476) variant results in a missense
change (SION). (Notably, the “S” residue is conserved in numerous
species, including humans, mouse, and rat.) We find that OR51E1
S10N shows similar cell surface trafficking (fig. S17) and total pro-
tein expression (fig. S16) as WT OR51E1. However, in the absence
of Golf (olfactory G protein), butyrate-induced cyclic adenosine
3’,5’-monophosphate (cAMP) production is significantly and dose
dependently attenuated in OR51E1 S10N-transfected cells (Fig. 8, A
and B). Results with other ligands [which we have previously identi-
fied for the WT receptor (33)] did not reach statistical significance
in the absence of Golf (Fig. 8C). When cotransfected with Golf, the
reduction in OR51E1 S10N signaling is significant for all ligands
tested (Fig. 8, B and D).

The rare variant (rs202113356) also results in a missense change
(A156T). For OR51E1 A156T, we recently published that OR51E1
A156T exhibits less cell surface but similar total protein expression
as OR51E1 (34). We also reported that butyrate activation is signifi-
cantly and dose dependently reduced in OR51E1 A156T-and/or
Golf-transfected cells (34). Here, we further evaluated the response
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of OR51E1 A156T to other ligands and found that cAMP produc-
tion is also attenuated in OR51E1 A156T-transfected cells for all li-
gands tested (Fig. 8, E and F).

DISCUSSION

We report here that OLFR558 is required for sex differences in blood
pressure. Olfr558 localizes to vascular smooth muscle cells in a sub-
set of non-nasal tissues including the kidney, heart, BAT, skeletal
muscle, testes, and ovaries but is absent from other tissues (e.g., the
liver). In the kidney, Olfr558 is expressed in both afferent and effer-
ent arterioles, including renin-positive cells. Functional studies us-
ing Olfr558 WT and KO mice demonstrate that the sex difference in
blood pressure is intact in Olfr558 WT but absent in Olfr558 KO
mice, suggesting that OLFR558 is required for sex differences in
blood pressure. The loss of sex differences in the KO appears pri-
marily driven by increased blood pressure in females, with a more
minor contribution of decreased blood pressure in males. The in-
creased blood pressure in KO females may be driven by increased
vascular stiffness, as indicated by the elevated PWV. Lowered DBP
in the males may be driven by decreased plasma renin and an exag-
gerated relaxation to SNP in the mesentery. The directionality of the
changes in renin, vascular reactivity, and arterial stiffness indicates
that these changes may contribute to the change in blood pressure
(compensatory changes would be expected to be in the opposite di-
rection). In humans, OR51E]1 has been identified as a locus that is
associated with significant changes in DBP. We find that a rare
OR51E] variant induces changes in DBP, which match both the di-
rection (increased in females and decreased in males) and the mag-
nitude seen in KO mice of each sex. Together, these data imply that
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Fig. 6. Increased arterial stiffness in OIfr558 KO females. (A) Tensile testing of intact and decellularized thoracic aortic rings from Olfr558 WT and KO females did not
reveal genotypic differences. Likewise, there were no genotypic differences in wall thickness (B) or aortic diameter (C). (A to C: n = 4 for WT, n = 9 for KO). (D) However,
PWV, an in vivo measure of arterial stiffness, is higher in OIfr558 KO females. n = 8 for WT, n = 11 for KO. **P < 0.01 by t test.

this evolutionarily conserved OR is required for sex differences in
blood pressure through a mechanism that involves modulation of
both renin and in vivo smooth muscle tone.

OLFR558 and OR51E1 localization

Our studies demonstrate that OLFR558/OR51E1 is broadly expressed
in non-nasal tissues, where it localizes to blood vessels in both mice
and humans. Our findings are supported by a report that Olfr558 is
expressed in the blood vessels of the eye (24), a report that the rat or-
tholog of Olfr558 (Olr63) is associated with glomeruli (46), and a study
(47) that used microarray to identify genes that confer the identity of
the renin cell. Intriguingly, this latter study also reported that Olfr558
is up-regulated in response to captopril treatment, implying that
Olfr558 expression is regulated in response to changes in blood pres-
sure. It has also been reported that Olfr558 is highly and selectively
expressed in the carotid body (48) and that Olfr558 localizes to vascu-
lar smooth muscle cells of carotid body blood vessels using an Olfr558
lacZ knock-in reporter allele (48), consistent with our findings. Olfr558
is expressed in vascular smooth muscle cells but not endothelial cells

Xuetal., Sci. Adv. 10, eadk1487 (2024) 20 March 2024

or fibroblasts by RNAScope; this is in agreement with published single-
cell RNA-seq (scRNA-seq) data showing that OR51E1 is expressed in
vascular smooth muscle but not endothelial cells or fibroblasts in hu-
man vascular tissue (and most other tissues) (42, 43). Although these
scRNA-seq databases do show OR5IEI expression, we should note
that ORs are sometimes absent from scRNA-seq databases. This is
likely due to the fact that ORs are the largest gene family in the genome
(~1000 genes in mice and ~350 genes in humans), and thus short se-
quencing reads for ORs may be discarded if they match multiple genes.
In addition, GPCRs (including ORs) have relatively low levels of ex-
pression, which may also be “missed” by RNA-seq depending upon
read depth.

Notably, we did not observe any sex differences in expression of
Olfr558. Although there is a previous report that OR51El is ex-
pressed in renal epithelial cells (both in the HK-2 human proximal
tubule cell line and in human kidney) (38), we did not observe local-
ization to renal tubular epithelial cells by RNAScope; similarly,
Olfr558 has previously been reported to expressed in enterochro-
maffin cells, which we did not investigate in this study (49).
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Fig. 7. OR51E1 variants and blood pressure. (A to C) Lead variant (rs17224476); (D to F) Rare variant (rs202113356). (A) and (D) Forest plots illustrating all association
results for different subgroup models for each variant. A positive p value for the linear regression effect estimate indicates that the minor allele A of the variant increases
DBP, whereas a negative f value indicates that the minor allele A of the variant decreases DBP. P < 0.05 is declared as significant. (B) and (E) Sex-stratified analyses compar-
ing the mean DBP in noncarriers (GG) versus carriers of the minor allele (AG/AA) separately in males versus females. (C) and (F) Age-stratified analyses comparing the mean
DBP in noncarriers (GG) versus carriers of the minor allele (AG/AA) separately in younger women <50 years versus older women >50 years. In these stratified analysis plots,
the mean DBP values within each subgroup are plotted together with the interval limits for the SEM bars. The lead OR51E1 variant (rs17224476) is significantly associated
with DBP overall and within sex- and age-stratified analyses [(A) to (C)]. The minor allele A of this variant increases DBP within all individuals, without any sex (B) or age (C)
interactions. The rare OR51ET variant (rs202113356) has a significant sex-interaction effect (P = 0.0148) (E), with sex-specific opposing effects on DBP in males versus fe-

males [(D) to (F)]. The rare variant decreases DBP in men but increases DBP in women (D).

Sex differences in blood pressure

Sex differences in blood pressure in normotensive subjects are well-
documented in both animal models (1) and humans (1-14). In hu-
mans, 24-hour ambulatory blood pressure measurements show that
men have higher SBP (~10 mmHg) than women from the ages of 20
to 70; this difference is absent in those above the age of 70 (6). Fur-
thermore, a study of 27,542 participants demonstrated that not only
do women have lower blood pressure than men, but also women in-
cur increased risk for cardiovascular disease at lower blood pressures
than men (10): For example, the stoke risk for women with SBP from
120 to 129 mmHg is comparable to the risk for men with SBP from
140 to 149 (10), highlighting the clinical relevance of these sex differ-
ences. The sex differences in blood pressure seen in humans are also
observed in mice, where the MAP of males is ~10 mmHg higher than
that of females by telemetry (I). This differences persists through
12 months of age but is absent by 18 months of age due to an increase
in female blood pressure (1). Consistent with previous report, we
find that Olfr558 W'T males have blood pressure that is ~10 mmHg
higher than females (Fig. 2). However, this blood pressure difference
is absent in OIfr558 KO mice (Fig. 2), indicating that Olfr558 is re-
quired for sex differences in blood pressure. We also noted that DBP
exhibits no significant difference between male WT and KO mice
during the dark cycle; this could be due to an increase in activity of
the mice during the dark cycle leading to a greater DBP variability.
Notably, activity data from the telemeters indicates that KO females
are more active than KO males, and KO females are more active than
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WT females during the dark but not the light cycle. Given that the
difference in blood pressure (both MAP and DBP) between WT and
KO females persists during both the dark and light cycles, activity
alone is unlikely to explain the blood pressure phenotype; however,
this factor could certainly play a contributory role. Notably, differ-
ences in sodium intake could also contribute to differences in blood
pressure and were not examined in this study.

From our UKB analyses (Fig. 7E), although baseline blood pres-
sure is higher in males, the sex-specific opposing effects of the rare
variant (rs202113356) lead to male minor allele carriers having lower
mean DBP than noncarrier females; and vice versa, that female minor
allele carriers have higher mean DBP than noncarrier males, demon-
strating how the effect of the genetic variant completely counterbal-
ances and switches the normal underlying blood pressure levels in
men and women.

Renin

Sex differences in renin expression have previously been reported.
For example, the renal renin concentration in adult females is lower
than that of males in both Wistar and Sprague-Dawley rats (50).
Similarly, we find that OIfr558 WT female kidneys have less renin
mRNA than male kidneys (P < 0.01 by ¢ test; Fig. 3, B versus G); this
sex difference is muted in KO mice. In our hands, PRA exhibited no
differences between WT males and females (Fig. 3); this is in agree-
ment with a previous study showing that PRA is similar in normo-
tensive men and women (51) as well as in Lewis rats (52).
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Fig. 8. OR51E1 mutants have reduced activity as compared to WT OR51E1. (A and B) Butyrate-induced cAMP production is significantly attenuated in OR51ET STON-
transfected cells with or without Golf cotransfection. For other ligands, the difference between WT and S10N is significant with but not without Golf (C and D). (E and F)
Ligand-induced cAMP production is reduced in OR51E1 A156T-transfected cells with or without Golf cotransfection. AF/Fy, = (Fiigand — Fbaseline)/ Foaseline- IVA, isovaleric acid;
VA, valeric acid; 3-MVA, 3-methylvaleric acid; 4-MVA, 4-methylvaleric acid; CCA, cyclobutane-carboxylic acid. Ligands in (C) to (F) were tested at 1T mM. *P < 0.05 and

**P < 0.01 OR51E1 (+Golf) versus OR51E1 STON or OR51E1 A56T (+Golf) by ANOVA.

As for genotypic differences, we find that male KO (versus male
WT) have decreased renin mRNA, decreased glomeruli-associated
renin positive cells, and decreased PRA (Figs. 3 and 4). Moreover,
male KO exhibit a decreased number of cells staining for renin only
and for both a-SMA and renin, suggesting that decreased renin in
male KO is primarily driven by a decreased number of renin-
expressing cells (as opposed to a change in protein amount per
cell), possibly reflecting a change in renin cell recruitment (53). No-
tably, low renin paired with lowered blood pressure implies that the
low renin is a contributing factor to the blood pressure change, as
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otherwise one would expect renin to be elevated when blood pres-
sure is lowered. However, if lowered renin were fully responsible for
the male blood pressure phenotype, diastolic and systolic pressure
should be altered equally. Instead, KO males exhibit isolated lower
diastolic BP. Furthermore, renin is not altered in WT versus KO
females (Fig. 3). Therefore, Olfr558-induced sex differences in
blood pressure cannot be explained by renin alone. In addition, a
microarray study indicates that Olfr558 expression may decrease
through renal development (47), indicating the importance of bet-
ter understanding if OLFR558 is involved in renal development.
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Vascular tone

We find that Olfr558 WT males and females exhibit similar re-
sponses to PE and ACh in both aortic rings and mesenteric arteries
ex vivo (Fig. 5). This is consistent with a previous report that mes-
enteric arteries demonstrate similar relaxation to ACh in female
and male rats and were unaffected by ovariectomy (54), but contra-
dicts reports that aortic rings show more constriction to PE in
male versus female rats (55, 56). It has also been reported that vas-
cular constriction is significantly enhanced in ovariectomized ver-
sus intact female rats (with no difference between castrated and
intact male rats), suggesting that the sex differences in vascular
tone are likely related to sex hormones (57). Notably, the maxi-
mum contraction to KCl in WT mesenteric arteries is higher in
females versus males (Fig. 5).

As for genotypic differences, male KOs exhibit decreased con-
striction to PE in the aorta and exaggerated relaxation to SNP in
the mesentery as compared to WT males. However, ex vivo stud-
ies in females found no differences in the response to PE, ACh, or
SNP in WT versus KO. Although KO females do have an in-
creased response to KCl in the aorta, this alone seems unlikely to
explain the blood pressure phenotype. However, female KOs
manifest increased PWV in vivo, indicating stiffer blood vessels
that could contribute to the increased blood pressure in KO fe-
males. The fact that the female KO vessels appeared normal
ex vivo but were stiffer in vivo implies that there may be a circu-
lating factors or hormones required to manifest the phenotype.
Although we acknowledge that these studies have used whole-
animal OIfr558 KOs, the localization of Olfr558 is quite specific
to vascular smooth muscle and renin-specific cells (Fig. 1 and
figs. S2 to S5), and we see changes in vascular reactivity ex vivo
(Fig. 5). Thus, we conclude that smooth muscle cells (together
with renin cells) drive the blood pressure phenotype. However,
future studies using renin-specific or smooth muscle cell-specific
KO mice models will allow us to dissect the precise contribution
of renin versus smooth muscle cells in mediating sex differences
in blood pressure. Similarly, the whole-animal KO does not allow
us to assay a potential role of developmental processes; this will
be another key area to explore in future studies.

Human genetic analysis

In support of a role for this evolutionarily conserved OR in blood pres-
sure regulation, OR51E1 was previously identified as a locus associated
with DBP (45). We report here that a (relatively) common OR51EI
variant (rs17224476; MAF = 11.1%) is associated with increased DBP
and affects blood pressure similarly in both men and women, whereas
a rare OR51E] variant (rs202113356; MAF = 0.025%) effects blood
pressure in the opposite direction in men as opposed to women. Nota-
bly, both the magnitude and the direction of the change in blood pres-
sure for the rare variant is remarkably similar to the changes seen in
male and female OIfr558 KO. It is also intriguing that the rare variant
seems to have a stronger effect to increase blood pressure in women
<50 versus women >50. It is imperative to note that due to the rarity
of this variant, the number of patients with this variant is quite small
and thus we must interpret our conclusions appropriately according to
the reduced statistical power. However, the presence of a variant in
humans that differentially alters blood pressure by sex is supportive of
the idea that our findings in mice are relevant to other species, includ-
ing humans, especially when we observe such consistency and similar-
ity in the effect estimates from our analyses in both humans and mice.
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OLFR558/0OR51E1 trafficking and ligands

To explore how these two OR51E1 variants may alter the cell biology
of OR51E] signaling, we carried out in vitro studies. We previously
published that the surface expression of the rare variant is reduced as
compared to WT (34); however, we find here that the common variant
does not alter surface expression. We previously reported that butyr-
ate is the best ligand for OLFR558/OR51E1 and that other ligands in-
cluding IVA, VA, 3-methylvaleric acid (3-MVA), 4-methylvaleric acid
(4-MVA), and cyclobutane-carboxylic acid (CCA) also activate
OLFR558 and OR51E1 (33). In this study, we find that the activity of
both the common and rare variants is reduced in vitro compared to
WT OR51EL. Given that both variants reduce OR51E1 activity, yet
the effects of the variants in vivo are different in each sex, it seems
likely factors are missing from our in vitro system which prevent full
recapitulation of OR51E1 biology. These factors may include sex chro-
mosomal effects (HEK293T are XX), the absence of gonadal hor-
mones, or downstream signaling partners. Notably, in our in vivo
studies, we were unable to detect any differences in Olfr558 mRNA
expression (levels or localization) in males and females. Thus, there
are likely other signals that “tell” the receptor whether it is in a male
versus a female and/or which alter its downstream signaling accord-
ingly. Moving forward, it is important to examine both a potential role
for gonadal hormones to influence how ligands interact with the re-
ceptor, and whether there may be genes on the X or Y chromosome
that alter some aspect of OLFR558 expression or signaling.

In conclusion, we have elucidated that an evolutionarily conserved
ORis required for sex differences in blood pressure. In a mouse mod-
el, we find that OIfr558 KO females have increased blood pressure
associated with increased arterial stiffness, whereas KO males exhibit
decreased DBP associated with alternations in renin and vascular re-
activity. Uncovering the origin of sex differences in blood pressure
regulation can help to move the field toward a more thoughtful ap-
proach to blood pressure management in both men and women.

MATERIALS AND METHODS

Ethical approval

All animal protocols and procedures were approved by the Johns
Hopkins University Institutional Animal Care and Use Committee
(accredited by the Association for Assessment and Accreditation of
Laboratory Animal Care International).

Animals

Global OIfr558 KO mice were generated by Ingenious Targeting Labo-
ratory using Flexible Accelerated STOP TetO (EA.S.T.) technology
(58) by inserting a stop cassette before the ATG start site of Olfr558.
Olfr558 heterozygotes (C57BL6/N background) were bred in-house to
obtain Olfr558 WT and KO littermates. Mice were housed in individu-
ally ventilated cages with maximum of five adult mice per cage. Geno-
types were confirmed by PCR of tail biopsies. All animals were given
unrestricted access to food and water throughout the duration of the
experiments and were maintained on Teklad 2018SX, 18% protein diet
except when noted. For radio-telemetry studies, mice were housed
separately in static cages placed on the telemetry receiver platform.

qPCR and RT-PCR

Mice were euthanized between 10 a.m. and 4 p.m. After euthanizing,
whole tissues of interest were homogenized in TRIzol (Life Tech-
nologies) and RNA was extracted using the RNeasy Mini Kit
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(QIAGEN). Isolated RNA was reverse-transcribed to cDNA using
reverse transcriptase (RT-PCR) or water (mock RT-PCR). qPCR was
performed using TagMan Master Mix (Applied Biosystems) with
probes for renin (catalog no. Mm02342887_mH, Thermo Fisher Scien-
tific), Akr1b7 (catalog no. Mm00477605_m1, Thermo Fisher Scientific,
renin cell marker), or Gapdh (catalog no. Mm99999919_g1, Thermo
Fisher Scientific) by cycling at 50°C for 2 min and 95°C 10 min,
followed by 95°C 15 s and 60°C 1 min for 40 cycles. For OIfr558,
SYBR green (Applied Biosystems) qPCR was performed using prim-
ers for Olfr558 forward (5'-GGGGGAAAAGACACACAGGC-3')
and reverse (5'-AAAGCCAGCCAAAACTGAACC-3’) and gapdh
primers (forward: 5-CCCTTAAGAGGGATGCTGCC-3’; reverse:
5'-ACTGTGCCGTTGAATTTGCC-3’) using the cycling conditions
listed above. For conventional RT-PCR, RNA was isolated from aortic
and mesenteric arteries, respectively, and then reverse-transcribed to
c¢DNA. RT-PCR was performed using the Olfr558 primers listed
above and cycling at 95°C for 5 min, followed by 94°C for 30 s, 56°C
for 30 s, and 72°C for 60 s for 35 cycles, and then 72°C for 10 min.
RT-PCR and mock RT-PCR were run simultaneously.

RNAScope and immunostaining

Olfr558 localization was determined using RNAScope. Olfr558 WT
and KO mice under anesthesia were perfused with phosphate-
buffered saline (PBS), followed by 4% paraformaldehyde (PFA)
(catalog no. 15714-S, Electron Microscopy Sciences) between
10 a.m. and 4 p.m. Tissues including the kidney, heart, BAT, skeletal
muscle, testes, and ovaries were harvested; fixed in 4% PFA at 4°C
overnight; and then immersed in 30% sucrose. For OE, the head
(with fur, skin, and lower jaw removed) was fixed in 4% PFA at 4°C
overnight and then transferred to PBS overnight. The head was im-
mersed in EDTA solution (120 g of EDTA in 900 ml of H,O with
pH =7.3) at 4°C for 1 week and then dehydrated with 30% sucrose
(30 g of sucrose in 100 ml of PBS), 50% optimal cutting temperature
compound (OCT)/50% sucrose, and lastly 100% OCT for 48 hours,
20 to 30 min, and 20 to 30 min, respectively.

For all tissues, the tissue was then frozen in OCT and cryo-sections
(10 pm) were generated. RNAScope was then performed. For RNA-
Scope, cryo-sections (10 pm) were permeabilized, retrieved, and hy-
bridized with Mm-OIfr558 probe (catalog no. 316131, ACDBio),
followed by AMP (RNAScope@ Multiplex FL v2 AMP, ACDBio) hy-
bridization and HRP-C1 (catalog no. 323104, ACDBio) signal develop-
ment. For double-staining with antibodies (markers of cell types),
sections were then blocked with superblock and incubated with rabbit
anti-a-SMA (catalog no. ab5694, Abcam) or rabbit anti-renin (a gener-
ous gift from T. Inagami, Vanderbilt) antibody overnight at4°C. Sections
were then washed and incubated with Alexa Fluor 488 goat anti-rabbit
secondary antibody followed by Hoechst staining. Sections were im-
aged using a confocal microscope (Zeiss LSM 700). For renin-glomeruli
association, glomeruli were identified by Hoechst staining and then
scored (4/—) for adjacent renin signal. Approximately 90% glomeruli
in each section were scored. Images were taken using a fluorescence
microscope (Keyence BZ-X710). For renin antibody and Olfr558 probe
double staining, quantification was performed on cells adjacent to a
glomerulus that stained for Olfr558, renin, or both.

Olfr558 and Olfr78 probe double staining was examined using
RNAScope. Briefly, kidney or heart sections were hybridized with
Mm-Olfr558 (C1) and Mm-Olfr78 (catalog no. 436601-C2, ACD-
Bio) probes, and then signal was developed using HRP-C1 for Mm-
Olfr558 and subsequently developed using HRP-C2 (catalog no.
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323105, ACDBio) for Mm-OlIfr78. In separate experiments, kidney
sections were hybridized with Mm-Colla2 (Colla2, catalog no.
585461, ACDBio) and Mm-OIfr558 (catalog no. 316131-C2, ACD-
Bio) probes, and the signal was developed using HRP-C1 for Mm-
Colla2 and HRP-C2 for Mm-OIfr558. Images were obtained by a
confocal microscope (Zeiss LSM 700).

Radio-telemetry

Male and female OIfr558 WT and KO mice (3 to 4 months old) were
implanted with radio-telemetry devices (PA-C10, Data Science In-
ternational) as previously described (59, 60). Radio-telemetry cath-
eters were inserted into the aorta from left carotid artery, and the
body of transmitter was placed subcutaneously in the abdomen. The
procedure was performed under the mixture of 1.5% isoflurane and
2% O,. After 10 to 14 days of recovery from surgery, when the sur-
gery site was healing well and body weight was stable, the waveform
was then examined to ensure correct placement of the device cath-
eter. If placement was incorrect, then the telemetry data from that
animal were excluded from analysis. The transmitter implantation
success rate was ~80 to 90%. Blood pressure was measured every 30 min
with a duration of 10 s for a total of 5 days after recovery. The light/
dark cycle was 7 a.m. to 9 p.m. and 9 p.m. to 7 a.m., respectively.

Wire myography

Active properties of the vessels in response to vasoconstrictors and
vasodilators were examined by wire myography in both the aorta
and mesenteric artery as reported (61). Briefly, the thoracic aorta
was cut into 2-mm rings after carefully removing connective tissues.
Each aortic ring was placed into Krebs buffer (containing 118 mM
NaCl, 4.7 mM KCl, 2.5 mM CaCl,, 1.1 mM KH,POy, 25 mM NaHCO;,
1.2 mM MgSOy, and 11 mM glucose) and then mounted to a
myograph chamber (Danish Myo Technology) and continuously
bubbled with 95% O, and 5% CO; at 37°C. The rings were stretched
to a final tension of 550 mg in 100-mg force increments. The second
and third order mesenteric arteries were dissected and cut into 2-mm
in Hepes-Tyrode solution [containing 137 mM NaCl, 2.7 mM KCl,
1.8 mM CaCl,, 1 mM MgCl,#6H,0, 5.6 mM D-glucose, and 10 mM
Hepes (pH 7.3 to 7.4)] as previously reported (62). Two wires were
inserted into the lumen of the mesenteric artery in Hepes-Tyrode
solution in a petri dish, and the vessel segments were mounted on
the wire myograph chamber. All mounted vessels were submerged
in Krebs buffer. The mesenteric artery was stretched to a final tension
of 500 mg in 100-mg force increments. KCI (60 mM for aorta and
100 mM for mesentery) was added to determine vessel viability and
obtain the maximal contractility. PE-induced vasoconstriction was
studied using increasing doses of PE (107 to 10> M). Endothelial-
mediated vasorelaxation was then evaluated using increasing doses
of ACh (107 to 107> M) after PE preconstriction. Notably, indo-
mentacin (3 pM; a cyclooxygenase-2 inhibitor) was added just be-
fore ACh dose response to exclude the COX pathway and, instead,
focus on nitric oxide-mediated vasorelaxation. Last, endothelial-
independent vasorelaxation was measured by increasing doses of
SNP (107 to 10> M) in vessels preconstricted with PE.

Pulse wave velocity

PWYV was measured noninvasively using a high-frequency and
high-resolution Doppler spectrum analyzer, as previously reported
(61). Briefly, Olfr558 WT and KO females (10 weeks old) were
placed supine on a 37°C plate anesthetized with 1.5% isoflurane and
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2% O,. The aortic pulse wave at the thorax and abdomen were sepa-
rately recorded at a distance of ~3 cm using a 10-MHz probe, simul-
taneously with electrocardiograph recording. The time for the pulse
wave transit from the thoracic to the abdominal aorta was measured
using the electrocardiograph as a fixed point. Subsequently, PWV
was calculated as the separation distance divided by the pulse transit
time between the two points.

Tensile testing

The mechanical properties of intact and decellularized aortic rings
were measured by tensile testing, as previously reported (63). Briefly,
the thoracic aorta from 10-week-old Olfr558 WT and KO females
were harvested and cut into 2-mm rings. Two intact and two decel-
lularized rings from each animal were tested. Vessel dimensions (lu-
men diameter, wall thickness, and length) were calculated by the
transverse and longitudinal images of aortic rings obtained using a
light microscope. Each vessel was then mounted on an electrome-
chanical puller (DMT). After calibration, the pins were moved apart
using an electromotor, and displacement and force applied by the
vessel wall on the pin were continuously recorded. To calculate engi-
neering stress (S), force (F) was normalized to the initial stress-free
area of the specimen (S = F/2t X L, where t = thickness and L =length
of the aortic ring). Engineering strain (A) was calculated as the ratio
of displacement to the initial stress-free diameter. The stress-strain
relationship was represented by the equation S = a exp. (B A), where
o and P are constants. a and  were determined by nonlinear regres-
sion for each sample and used to generate stress-strain curves by
treating the x axis as a continuous variable. Incremental elastic mod-
ulus (Ei,) was calculated as the slope of the stress-strain curve at a
strain of 0.5 and 1.8.

Other in vivo studies

Whole blood samples were collected from the superficial temporal
vein of 3-month-old Olfr558 WT and KO mice and were analyzed
by an iStat Chem8+ cartridge (Abbott). GFR was measured in con-
scious and unrestrained mice using transcutaneous measurement of
fluorescein isothiocyanate (FITC)-sinistrin (MediBeacon) as previ-
ously reported (32, 64). Briefly, a small area on the back of the mouse
was shaved and depilated with Nair under anesthesia with a mixture
of 1.5% isoflurane and 2% O,. A GFR device (MediBeacon), which
measures transcutaneous fluorescence, was attached to the hairless
region of the back and secured with surgical tape. A 7 mg/100 g
body weight of FITC-sinistrin was retro-orbitally injected into the
mouse who was then placed back into the cage with free access to
water and food for 1.5 hours, after which the device was removed
and data were analyzed using the MediBeacon software. Mice body
weight, kidney weight/body weight (KW/BW), and heart weight/
body weight (HW/BW) were measured. All in vivo data were col-
lected from both Olfr558 WT and KO males and females. The “n”
for each study is noted in figure legends.

Plasma renin activity

Plasma renin activity was measured in 3-month-old Olfr558 WT and
KO mice with a modified angiotensin I measurement kit (S-1188,
Peninsula Laboratories). Plasma was collected from male and female
Olfr558 WT and KO mice treated with 0.49% NaCl diet (catalog no.
TD.96208 modified with orange color, Envigo). From males, we also
collected plasma from mice given Teklad diet (Teklad 2018SX, 18%
protein). Plasma was diluted 15-fold and then incubated with excess
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porcine angiotensinogen (SCP0021, Sigma-Aldrich) for 20 min at
37°C in a buffer containing 50 mM sodium acetate (pH 6.5), 10 mM
4-(2-aminoethyl) benzenesulfony fluoride hydrochloride (Sigma-
Aldrich), 10 mM EDTA (pH 8.0), 1 pM porcine angiotensinogen,
and 10 mM 8-hydroxyquinoline (Sigma-Aldrich). After incubation,
the sample was analyzed according to the provided protocol. Plasma
renin activity was assayed by competitive binding of angiotensin
I antibody.

16S rRNA microbiome analysis

Fecal pellets (one to three for each sample) were collected from
8-week-old Olfr558 WT and KO males and females. Fecal DNA
was isolated using the Fast Stool Isolation Kit (catalog no. 51604,
QIAGEN). As previously reported (65), the 16S rRNA V3 through
V4 region was amplified using primers 319F (CTCCTACGGGAG-
GCAGCAGT) and 806R (GGACTACHVGGGTWTCTAAT). Se-
quencing was performed by the Johns Hopkins Transcriptomics and
Deep Sequencing Core and analyzed by Resphera Biosciences as
previously (65). Differential abundance analysis of a-diversity ana-
lyzed differences between groups (nonparametric difference test,
Mann-Whitney U test, and t test). Multiple hypothesis testing was
corrected using the false discovery rate. Generalized linear model-
ing was performed using R. 16S data have been deposited to the
National Center for Biotechnology Information (www.ncbi.nlm.
nih.gov/Traces/study/?acc=PRJNA902003&o=acc_s%3Aa).

Human genetic analysis

A previous GWAS (45) identified OR51E] as a locus significantly as-
sociated with DBP. Here, we performed new genetic association anal-
yses of DBP within the UKB cohort to conduct more detailed
stratified analyses of this published variant and also to analyze a new
rare variant of interest. We used the same dataset that was used for the
previous GWAS (table S2), as described (45). All UKB individuals
analyzed are of European ancestry. To perform simple linear regres-
sion analyses, we excluded first and second degree relatives, leaving a
total of n = 423,657 individuals for analysis. Linear regression analy-
ses testing the association of the genetic variant with DBP were ad-
justed for the following covariates: sex, age, age’, body mass index,
genotyping chip subset of UKB, and top 10 principal components of
ancestry. Sex-stratified analyses were performed using two separate
subgroups to compare males versus females. In addition, an analysis
was performed on all individuals with a sex-interaction term to iden-
tify any sex-specific effects. Last, given the changes in blood pressure
that occur with aging (particularly in women), we also performed
age-stratified analyses in women (<50 versus >50 years) and in men
(<50 versus >50 years) and a corresponding age-interaction analysis.
Within each analyzed subgroup, we calculated the mean DBP mea-
surement for creation of plots. We performed analyses for two vari-
ants: (i) the common missense variant, rs17224476 [chr11:4673788,
National Center for Biotechnology Information (NCBI) build 37],
previously identified by Evangelou et al. (45) as the lead variant at the
OR51E1 locus achieving the most significant association for DBP and
(ii) a rare missense variant, rs202113356, which we previously pub-
lished to alter OR51E1 function (chr11:4673788, NCBI build 37)
(34). This rare variant had not been analyzed previously by Evangelou
et al., as the published GWAS only included common variants. As
rs202113356 is a rare variant, there were no individuals in UKB with
two copies of the minor allele A. Thus, for consistency, all of our sta-
tistical analyses for both variants are performed according to a binary
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genotype model comparing noncarriers (GG) versus carriers of the
minor allele (AG/AA). The common variant (rs17224476) is directly
genotyped within the UKB data, whereas the rare variant (rs202113356)
is extracted from the imputed genetic data, with high imputation qual-
ity Rsq = 0.8. For analysis by genotype groups, the genetic data were
converted to hard-call genotype format using PLINK software, yield-
ing N = 58 individuals with missing data for the imputed rare variant
if their imputation certainty did not reach the hard-call thresh-
old in PLINK.

Cloning and immunofluorescence

OR51E] has been previously cloned with Lucy-Flag-Rho tags at the
N terminus in the pMEI18S vector (32). In addition, we previously
reported that Lucy and Rho tags promote surface expression of ORs
(66). Thus, we used the Lucy-Flag-Rho tags for OR51EI variants—
rs202113356 (OR51E1 A156T) and rs17224476 (OR51E1 S10N).
The OR51E1 A156T mutant was generated as part of a previous
study (34); the SION mutant was generated for this study via PCR
and sequenced to confirm. To examine OR expression and surface
trafficking, human embryonic kidney (HEK) 293 T cells were seeded
onto poly-L-lysine—coated coverslips and transfected with OR con-
structs with receptor transporting protein 1S (RTP1S) and/or olfac-
tory G protein (Golf), as we previously reported (34). Cell surface
staining was done in live cells blocked with diluted superblock (1:4
dilution in PBS with 1 mM MgCl, and 0.1 mM CaCl,, Thermo Fish-
er Scientific) at 4°C for 0.5 hours and incubated with rabbit poly-
clonal anti-flag antibody (catalog no. F7435, MilliporeSigma) at
1:100 diluted superblock at 4°C for 1 hour. The flag tag on these con-
structs is on the N terminus, and thus can only be labeled in live cells
if the OR reaches the cell surface. Cells were then washed, fixed with
4% PFA, permeabilized with 0.3% Triton X-100, and blocked with
diluted superblock for 1 hour at room temperature. Total expression
staining was assayed in fixed, permeabilized cells by staining with
mouse monoclonal anti-flag antibody (M2, catalog no. F1802, Mil-
liporeSigma) at 1:100 in diluted superblock at 4°C overnight. All sur-
face and total staining cells were incubated with secondary antibody
at 1:1000 in diluted superblock with Hoechst 33342 (catalog no.
LSH3570, Invitrogen Molecular Probes) at 1:2500 dilution in the
dark for 1 hour at room temperature. Last, cells were washed and
mounted using VECTASHIELD Hard Set mounting medium (H-
1400, Vector Laboratories). Images were taken using a confocal mi-
croscope (Zeiss LSM 700). Images were quantified manually by
Image] by quantifying the signal per cell (quantified in every positive
cell within the field of view; values for cells within the same field of
view were averaged). Thus, each “n” represents the average of values
for a given field of view.

Real-time cAMP assay

HEK 293T cells were seeded into a poly-L-lysine-coated black 96-well
plate with a clear bottom and incubated overnight. Cells were trans-
fected with OR51E1 or OR51E1 variants with RTP1S and/or Golf. After
4-hour transfection, the cADDis cAMP sensor (BacMan baculovirus,
catalog no. U0205G, Montana Molecular) was transduced into the cells.
The cAMP fluorescence was measured 24 hours after the sensor trans-
fection at excitation of 490-nm and emission of 525-nm wavelengths.
Real-time cAMP production was measured before and every minute
after stimulus for a total 10 min. The stimulus was present during the
10-min sampling period. Stimuli were sodium butyrate (catalog no.
303410, MilliporeSigma), IVA (catalog no. 129542, MilliporeSigma),
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VA (catalog no. 240370, MilliporeSigma), 3-MVA (3-MVA, catalog no.
222453, MilliporeSigma), 4-MVA (catalog no. 277827, MilliporeSigma),
and CCA (catalog no. C95609, MilliporeSigma).

ELISA

Total protein expression of the OR51E1 constructs in HEK 293T cells
was measured by enzyme-linked immunosorbent assay (ELISA), as
previously reported (34, 66). Cells were grown in a poly-L-lysine
96-well-plate (black plate with clear bottoms) and transfected with
OR51E1 or OR51E1 variants with RTP1S and with or without Golf. Af-
ter 24-hour transfection, cells were fixed, permeabilized, and incubated
with mouse monoclonal anti-flag antibody (M2, catalog no. F1802, Mil-
liporeSigma) at 1:100 dilution and detected with anti-mouse horserad-
ish peroxidase (HRP)-conjugated secondary antibody (catalog no.
115-035-146, the Jackson Laboratory) at 1:8000 dilution. HRP levels
were measured with 1-Step Ultra TMB (3,3',5,5-tetramethylbenzidine;
catalog no. 34028, Thermo Fisher Scientific) at excitation of 450 nm.

RNA-seq data

We downloaded OR51E1 expression in kidney cell types from the Kid-
ney Precision Medicine Project (https://atlas.kpmp.org/explorer/data-
viz) and OR5IEI expression in other organs from the Human
Protein Atlas (www.proteinatlas.org/ENSG00000180785-OR51E1/
single+cell+type) including the heart muscle (https://v22.proteinatlas.
org/ENSG00000180785-OR51E1/single+cell+type/heart+muscle),
vascular (https://v22.proteinatlas.org/ENSG00000180785-OR51E1/
single+cell+type/Vascular), adipose (https://v22.proteinatlas.org/
ENSG00000180785-OR51E1/single+cell+type/adipose+tissue),
skeletal muscle (https://v22.proteinatlas.org/ENSG00000180785-
ORG51E1/single+cell+type/skeletal +muscle), and liver (https://v22.
proteinatlas.org/ENSG00000180785-OR51E1/single+cell+type/liver).
These data were downloaded in March 2023.

Ethics statement

The UKB study has approval from the North West Multi-Centre Re-
search Ethics Committee. Any participants from UKB who with-
drew consent were removed from our analysis.

Statistical analysis

Data are presented as means + SEM. Sample size (n) is indicated for
each reported value. Statistical significance was determined by ¢ test
or analysis of variance (ANOVA) with Tukey’s post hoc analysis for
multiple groups (P < 0.05). For human genetic data analysis, linear
regression analyses were performed using R statistical software
(https://www.r-project.org/).

Supplementary Materials
This PDF file includes:

Figs.S1to S17

Tables S1to S3

Legend for table S4

Other Supplementary Material for this manuscript includes the following:
Table S4
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