Olfactory receptor responding to gut microbiotaderived signals plays a role in renin secretion
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Olfactory receptors are G protein-coupled receptors that mediate
olfactory chemosensation and serve as chemosensors in other tissues. We ﬁnd that Olfr78, an olfactory receptor expressed in the
kidney, responds to short chain fatty acids (SCFAs). Olfr78 is
expressed in the renal juxtaglomerular apparatus, where it mediates renin secretion in response to SCFAs. In addition, both Olfr78
and G protein-coupled receptor 41 (Gpr41), another SCFA receptor, are expressed in smooth muscle cells of small resistance vessels. Propionate, a SCFA shown to induce vasodilation ex vivo,
produces an acute hypotensive response in wild-type mice. This
effect is differentially modulated by disruption of Olfr78 and
Gpr41 expression. SCFAs are end products of fermentation by
the gut microbiota and are absorbed into the circulation. Antibiotic treatment reduces the biomass of the gut microbiota and
elevates blood pressure in Olfr78 knockout mice. We conclude
that SCFAs produced by the gut microbiota modulate blood pressure via Olfr78 and Gpr41.
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lfactory receptors (ORs) are seven transmembrane G protein-coupled receptors (GPCRs) that function as chemosensors in the olfactory epithelium (OE), where they detect
exogenous chemical ligands, referred to as odorants (1). ORs
also play important roles outside of the OE, serving as specialized chemosensors in a variety of tissues (2, 3). We have recently
demonstrated that major components of the olfactory signaling
pathway are present in the kidney, where they play important
functional roles in the regulation of both glomerular ﬁltration
rate (GFR) and renin release (4). In addition to the olfactory G
protein Golf and the olfactory adenylate cyclase AC3, we reported
that at least six members of the OR gene superfamily are expressed
in renal tissue. To explore further the role that OR signaling plays
in governing renal and systemic physiological processes, we ﬁrst
determined the ligand proﬁle for one of the renal ORs, olfactory
receptor 78 (Olfr78). Olfr78 is a bona ﬁde OR that is expressed in
olfactory sensory neurons (5). We ﬁnd that Olfr78 functions as
a receptor for short chain fatty acids (SCFAs) and in particular, for
acetate and propionate.
A growing body of evidence indicates that the gut microbiota
exerts important inﬂuences on the physiology of their mammalian
hosts by signaling through metabolic byproducts such as SCFAs,
which enter the bloodstream via colonic absorption (6–9). Both
adiposity (10) and inﬂammatory responses (11, 12) are modulated
by SCFAs produced by the microbiota. These effects are mediated via SCFA signaling through the G protein-coupled receptors
Gpr41 and 43, which are expressed in adipocytes, neutrophils, and
sympathetic ganglia (13). Data from ex vivo studies indicate that
SCFAs also induce vasodilation in both rodents and humans
(14, 15). Furthermore, the presence of acetate in hemodialysis
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solutions can induce hypotension (16, 17). Intriguingly, a previous
study of human populations living in Asia (China and Japan) and
Europe (United Kingdom) showed a direct association between
urinary formate, a SCFA generated by microbial fermentation of
dietary polysaccharides, and blood pressure (18); the signaling
pathways and mechanisms underlying this association have not
been delineated. In addition, many human studies have examined
the effects of various types of dietary ﬁber on BP reduction
(reviewed in ref. 19).
Here, we show that Olfr78 is expressed in smooth muscle cells
of the vasculature, including the renal afferent arteriole. The afferent arteriole, part of the juxtaglomerular apparatus (JGA) of
the kidney, is responsible for mediating the secretion of renin, an
enzyme that plays a key role in the regulation of body ﬂuid volume
and blood pressure (BP). We use Olfr78−/− and Gpr41−/− mice
and treatment with antibiotics to demonstrate that SCFA receptors exert signiﬁcant modulatory effects on renin secretion
and vascular tone, and that two major determinants of systemic
BP are modulated in response to signals generated via gut
microbes. The present study extends the list of important physiological processes that are modulated by SCFA receptors, expands the SCFA receptor family to include an OR, and describes
a form of cross-talk between the gut microbiota and the renal–
cardiovascular system that may be relevant to the pathogenesis
and treatment of hypertension.
Results
Localization of Olfr78. Olfr78 is one of six ORs whose expression we
detected in the kidney (4). As shown in Fig. 1A, Olfr78 expression is
detectable by RT-PCR analysis of total kidney RNA. We identiﬁed
the cell types that express Olfr78 within the kidney using a mouse
model (5) in which the gene encoding Olfr78 was replaced by
β-galactosidase (whose expression is driven by the native Olfr78
promoter). β-Galactosidase staining in the Olfr78−/− mice revealed
localization of Olfr78 gene expression to the major branches of the
renal artery (Fig. 1 B and C) and the juxtaglomerular afferent arteriole (Fig. 1D). Intriguingly, Olfr78 expression in small resistance
vessels in the kidney was restricted to cells of the juxtaglomerular
afferent arteriole, which mediate renin secretion. β-Galactosidase
staining was never observed in wild-type littermates. Staining in
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Fig. 1. Olfr78 is expressed in large renal vessels, renal afferent arterioles,
and extrarenal vascular beds. Olfr78 mRNA is detectable in whole kidney
by PCR (product was sequenced to conﬁrm identity) (A). Olfr78 expression
is localized to large renal vessels by β-galactosidase staining in Olfr78−/−
mice (B and C, 15× magniﬁcation). In addition, β-galactosidase signal is
found in renal afferent arterioles (D, 100×) and in small resistance vessels
in a variety of other tissues, such as the heart (E) and the diaphragm (F ).
Also see Fig. S1.

larger vessels colocalized with a marker for smooth muscle cells
(smooth muscle actin, SMA), but did not colocalize with the neuronal cell marker tyrosine hydroxylase (Fig. S1 A and B). Some cells
were positive for SMA but negative for β-galacatosidase (Fig. S1A),
indicating that only a subset of smooth muscle cells express Olfr78.
In addition to the kidney, we examined β-galacatosidase staining
in a large number of other tissues in Olfr78−/− mice, including OE,
vomeronasal organ (VNO), heart, skeletal muscle, brain, testes,
large intestine, bladder, lung, liver, pancreas, spleen, and fat. As
shown previously, Olfr78 was expressed in the OE and VNO (20). It
was also expressed in smooth muscle cells of small blood vessels in
a variety of tissues including: heart (Fig. 1E), diaphragm (Fig. 1F),
skeletal muscle (Fig. S1C), and skin. In the heart, esophagus, and
stomach, we also observed staining in axons of autonomic neurons
and neurons of the enteric plexus, respectively (Fig. S1 D and E).
Deorphanization of Olfr78. To elucidate the function of Olfr78, we
sought to identify the class of ligands to which it responds. For this
analysis to succeed, the receptor must trafﬁc to the cell surface
when expressed in a cell culture system. Many ORs fail to properly trafﬁc to the cell surface when expressed heterologously, even
when coexpressed with a variety of receptor chaperone proteins
(21, 22). Therefore, we ﬁrst assayed the ability of Olfr78 to reach
the cell surface in transfected cells using two different methods—
surface immunoﬂuorescence and surface ELISA. We prepared
Flag-tagged full-length constructs encoding both Olfr78 and its
human homolog, OR51E2, and expressed them in HEK 293T
cells. mOR-EG (mouse olfactory receptor EG), an OR that has
been previously reported to reach the cell surface (23) was tested
in parallel. As shown in Fig. 2 A and B, whereas surface expression
of mOR-EG (anti-Flag) was comparatively weak, Olfr78 and
OR51E2 exhibited strong expression on the surfaces of HEK
293T cells, even when expressed in the absence of receptor
chaperone proteins.
We made use of a luciferase-based reporter assay (24) in which
OR-ligand binding produces an increase in cAMP that in turn
drives cAMP response element-dependent expression of luciferase. We tested Olfr78 using odorant mixtures designed to cover
a wide array of chemical groups and found a response for Olfr78
only to a mixture “OxlK” (Fig. 3A; OxlK is described in Methods).
Of the individual components of OxlK, Olfr78 responded only to
acetic acid (Fig. 3B). A wide array of compounds with chemical
structures similar to acetic acid were then tested, some of which
are shown in Fig. 3C. We found that Olfr78 responded only to
acetate and propionate. Dose–response curves (Fig. 3 D and E)
Pluznick et al.

showed that the human (OR51E2) and mouse orthologs behave
similarly (Olfr78: EC50 = 2.35 mM for acetate and 0.92 mM for
propionate; OR51E2: EC50 = 2.93 mM for acetate and 2.16 mM
for propionate). It is worth noting that previous reports have
documented that plasma concentrations of these compounds
range between 0.1 and 10 mM (11, 12, 25).
SCFA and Renin Release. The renin–angiotensin system is a key
participant in BP control. We have previously shown that disrupting the olfactory signaling pathway in the kidney causes
dysregulation of plasma renin levels (4). The renal JGA, which
resides adjacent to the glomerulus, synthesizes and secretes renin. Renal glomeruli with attached JGA were dissected from
wild-type mouse kidneys and RNA was extracted. In agreement
with the pattern of β-galactosidase staining (Fig. 1D), RT-PCR
demonstrated that Olfr78 is expressed in JGA/glomeruli (Fig.
4A). Additional PCR reactions (Fig. S2) demonstrated expression of mRNAs encoding AC3 and Golf, which are downstream
signal transducing components of the olfactory signaling machinery, in cells present in the isolated JGA. We have previously
shown that AC3 and Golf are present in macula densa cells, an
epithelial cell type that is a component of the JGA (4).
To determine if propionate modulates renin release, renincontaining granules of the afferent arteriole were labeled with
quinacrine in dissected JGA/glomeruli. The disappearance of
quinacrine over time was measured as an index of renin release
(26, 27). Addition of 10 mM propionate to the bathing solution
of JGA/glomeruli from wild-type mice resulted in a decrease in
cell-associated quinacrine ﬂuorescence. This effect was absent
in JGA/glomeruli from Olfr78−/− mice (Fig. 4B). Consistent with
this result, plasma renin measurements (27, 28) revealed that
Olfr78−/− mice fed a standard chow diet rich in plant polysaccharides have signiﬁcantly lower plasma renin levels than
wild-type mice fed the same diet (Fig. 4C, P < 0.05). To assess
whether these decreased renin levels are correlated with reduced baseline blood pressure, we measured mean arterial
pressure (MAP) by carotid artery cannulation in anesthetized
animals. The results indicated that Olfr78-KO mice had a MAP
of 81.4 ± 2.8 mmHg (n = 9), whereas wild-type littermates had
MAP of 94.5 ± 2.4 mmHg (n = 7) (P < 0.005).
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Fig. 2. Olfr78 and its human homolog, OR51E2, trafﬁc to the cell surface
when expressed in transfected HEK cells, as shown by surface immunoﬂuorescence (A, 20×; Inset shows higher magniﬁcation) and ELISA (B). mOR-EG,
which trafﬁcs to the surface weakly, is shown for comparison.
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Two other SCFA GPCR receptors exhibit ligand response proﬁles similar to that of Olfr78: Gpr41 and Gpr43 (29). Therefore, we
screened several vessels (renal artery, aorta, and iliac artery) from
both wild-type and Olfr78−/− mice by RT-PCR to assay for Gpr41,
Gpr43, and Olfr78 expression. All three G protein-coupled receptors were expressed in all three arteries examined, with Gpr41 and
Olfr78 appearing to be relatively enriched in renal artery (Fig. 5D).
We also found that AC3 and Golf expression was detectable in
aorta and renal artery but not iliac artery by RT-PCR (Fig. S3).
We next assessed the effects of propionate on BP in Gpr41−/−
and heterozygous Gpr41+/− littermates (10) that had been maintained on a plant polysaccharide-rich diet. Whereas 10 mM
propionate (a concentration at the high end of the physiologically
relevant range) (12) produced a slight 2.9 ± 1.6 mmHg hypotensive response in Gpr41+/− heterozygotes (n = 8), the same
propionate dose produced a modest 4.5 ± 2.4 mmHg hypertensive response (not seen with an equal volume of normal saline) in
Gpr41−/− animals (Fig. 5E) (n = 6) (P < 0.035), although a hypotensive response to propionate was observed in these animals
at higher, supraphysiological doses of propionate. Taken together,
these data indicate that Gpr41 contributes to the hypotensive effects of propionate, whereas Olfr78 functions to raise BP and to
antagonize the hypotensive effects of propionate.

Fig. 3. Screening for ligands showed that Olfr78 responded only to mix OxlK
(A), and that the component of OxlK eliciting a response was acetic acid (B). A
screen using chemically similar compounds showed that Olfr78 responded to
acetate and propionate, but not to other related compounds (C). Dose–response curves for Olfr78 and OR51E2 are shown in D and E, respectively.

SCFA and Blood Pressure. The effects of propionate on renin release suggest that this SCFA exerts a chronic hypertensive effect
on the complex array of pathways that contribute to the regulation
of blood pressure. We next examined whether propionate administration also exerts acute effects on BP. All mice were maintained on a plant polysaccharide-rich chow.
Propionate administration caused a large, rapid, and reproducible drop in BP (Fig. 5A)—a decrease of ∼20 mmHg that
occurred over 1–2 min and recovered within ∼5 min. Fig. 5B
demonstrates that this response is dose dependent. Olfr78−/−
mice also manifest a hypotensive response to propionate, indicating that one or more other receptors likely mediate this
response. As illustrated in Fig. 5C, Olfr78−/− mice are considerably more sensitive to the hypotensive effects of propionate
than are their wild-type littermates; whereas 100 μM propionate
produced a 5.5 ± 0.5 mmHg increase in the blood pressures of
wild-type animals (Fig. 5 B and C) (n = 4), it induced a fall of
11.9 ± 1.6 mmHg in Olfr78−/− mice (n = 7) (P < 0.000013).

A

B

Blood Pressure Regulation After Antibiotic Treatment. To investigate whether the role of Olfr78 in BP regulation is dependent on
the gut microbiota, wild-type and Olfr78−/− mice were treated
with antibiotics for 3 wk (30) and BP was measured by tail cuff
plethysmography 5 d per week both before and after antibiotic
treatment. Mice were weighed 5 d per week throughout the experiment, and no signiﬁcant differences were seen (either before
and after antibiotics or between WT and KO). Fecal pellets were
collected before (−11 d, −7 d, and −5 d) and during antibiotic
administration (17 d, 20 d, and 21 d). We quantiﬁed fecal DNA
content—a biomarker of microbial productivity (biomass) and sequenced the variable region 4 (V4) of bacterial 16S rRNA genes
present in each fecal sample. 16S rRNA sequence datasets were
analyzed using UniFrac, a tool that measures phylogenetic similarity between microbial communities based on the degree to which
their taxa share branch length on a 16S rRNA-based bacterial tree
of life (31). Treatment with an orally administered antibiotic mixture composed of vancomycin, ampicillin, and neomycin for 3 wk
resulted in a dramatic reduction in fecal microbial biomass and
major changes in the structure of the microbiota (Figs. S4 and S5).
16S rRNA sequencing analysis revealed no signiﬁcant differences
in fecal microbiota composition between wild-type and Olfr78−/−
mice before or at the end of the antibiotic treatment (Figs. S4 and
S5). However, antibiotic treatment resulted in a signiﬁcant increase
in BP in Olfr78−/− animals as measured by tail cuff plethysmography, but had no effect in wild-type mice (MAP rose from 86 to 104
mmHg (P < 0.007; t test), systolic BP from 99 to 119 mmHg (P <
0.004), and diastolic BP rose from 79 to 97 mmHg (P < 0.01); values
for wild-type mice were: MAP: 107 vs. 115 mmHg, P = 0.23; systolic
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Fig. 4. Olfr78 expression is detectable by PCR (A) in a
preparation of microdissected glomeruli/JGAs (expected
size: 614 nt; product was sequenced to conﬁrm identity).
Propionate (P) induces quinacrine release (which is a surrogate for renin release) in wild-type but not Olfr78−/−
animals (B). PRA levels (plasma renin activity, normalized
ex vivo to wild-type and determined as the slope of the
time course of ﬂuorescent product production in a kinetic
assay) (27, 28) are signiﬁcantly reduced in Olfr78−/− mice
(C). * indicates statistical signiﬁcance.
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BP 92 vs. 98 mmHg, P = 0.10; and diastolic: 84 vs. 89 mmHg, P =
0.35) (Fig. 5F). In addition, no signiﬁcant changes in heart rate were
observed in both groups of mice in response to antibiotic treatment.
These data led us to conclude that products of the microbiota, likely
acetate and propionate, inﬂuence BP and that this effect is mediated in part by Olfr78.
Discussion
ORs play important roles as specialized chemosensors outside
the OE (2). We have recently demonstrated that components of
the olfactory signaling pathway are present in the kidney and that
they participate in regulating GFR and renin release (4). To
better understand the role of olfactory signaling in the kidney, we
examined the role of Olfr78, an OR expressed in renal tissue, by
investigating this receptor’s ligand proﬁle, localization, and
physiological function.
Although most ORs fail to trafﬁc beyond the endoplasmic
reticulum when heterologously expressed in cultured cell lines,
Olfr78 and its human ortholog (OR51E2) both trafﬁc to the
plasmalemma, allowing us to examine its odorant-binding proﬁles. We found that two SCFAs, acetate and propionate, are
ligands for Olfr78 and OR51E2. Remarkably, Olfr78 is unresponsive to other SCFAs, indicating that it is highly speciﬁc for
these two compounds.
Neuhaus et al. previously reported that OR51E2 is activated
by several androgens and by β-ionone (32). We were unable to
detect a response to β-ionone for Olfr78 or OR51E2 in our
luciferase-based reporter assay, and β-ionone also failed to
elicit changes in BP when delivered intravenously. It is possible
that this difference stems from the different methods used;
Neuhaus et al. (32) used a calcium imaging method to detect
odorant responses, whereas we assayed cAMP (via luciferase).
We did, however, conﬁrm in a separate assay that activation of
Olfr78 and OR51E2 by acetate or propionate produces a signal
detectable by calcium imaging. Our results agree with those of
Pluznick et al.

Saito et al. (33) who recently reported that among 93 odorants
tested, OR51E2 responded only to propionate (using a luciferase-based cAMP reporter assay).
We localized Olfr78 to the renal juxtaglomerular afferent arteriole as well as to smooth muscle cells of other arteries and to
a subset of nerves in the heart and in the gut. Neuronal expression of Olfr78 has been reported previously (34, 35), and in
both our study and in this previous work, a “patchy” pattern of
Olfr78 expression in blood vessels was seen. This staining pattern
was previously attributed to nerve endings (34). Although Olfr78
is clearly expressed in autonomic nerves elsewhere (34, 35) (see,
for example, Fig. S1D), the vascular distribution of Olfr78 did
not correspond to that of the neuronal marker tyrosine hydroxylase (TH), but instead colocalized with SMA. Thus, Olfr78 is
expressed both in nerves and in smooth muscle cells lining vessels. The localization of Olfr78 to the JGA, to both large and
small blood vessels, and to autonomic nerves in the heart makes
it well positioned to play a role in BP regulation.
We ﬁnd that propionate causes renin release from isolated
juxtaglomerular apparati ex vivo and that this response is absent
in Olfr78−/− mice (Fig. 4B). We also show that at baseline, Olfr78
KO animals tend to manifest lower blood pressure, an effect that
is consistent with the lower plasma renin levels which we detect
in Olfr78 null mice (Fig. 4C). These observations indicate that
Olfr78 plays a unique role in mediating secretion of renin in
response to SCFAs. Renin release from JGA cells is stimulated
by production of cAMP and inhibited by increases in cytosolic
calcium levels (36, 37). Thus, the capacity of Olfr78 to induce
elevations of cytosolic cAMP in response to SCFAs (Fig. 3),
taken together with the fact that ORs natively signal via adenylate cyclase in the OE (38), is consistent with the possibility that
activation of Olfr78 leads to renin release by stimulating cAMP
production in juxtaglomerular cells.
We have previously shown that mice that do not express the
AC3 isoform of adenylate cyclase also manifest reduced plasma
PNAS | March 12, 2013 | vol. 110 | no. 11 | 4413
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Fig. 5. Propionate causes a drop in BP in wild-type animals that is both reproducible (A) and dose dependent (B). In Olfr78−/− mice, this response is accentuated at low propionate doses (C). In addition to Olfr78, SCFA receptors Gpr41 and Gpr43 are also expressed in the vasculature, as revealed by RT-PCR
analysis of mRNA prepared from iliac arteries, renal arteries, and aortas of wild-type and Olfr78−/− mice (D). In Gpr41−/− mice, the response to propionate is
blunted. Whereas 10 mM propionate produces a hypotensive effect in Gpr41+/− mice, no such hypotensive effect is detected in the Gpr41−/− mice (E).
Treatment with orally administered antibiotics produced a marked reduction in microbial biomass in the gut (Figs. S4 and S5). This reduction was associated
with signiﬁcantly increased systolic (sys), diastolic (dias), and mean arterial blood pressure (MAP) in Olfr78−/− animals, but not in wild-type animals (F) (P < 0.04
vs. wild type). * indicates statistical signiﬁcance.

renin levels, and that AC3 localizes to the macula densa (4). We
ﬁnd that AC3 expression can be detected in dissected juxtaglomerular apparatus preparations, which include JG cells, glomeruli, and macula densa cells (Fig. S2). However, although
both Olfr78 and AC3/Golf are detected by PCR in dissected JGA
preparations, they localize to separate cell populations [JG cells
(Fig. 1D) and macula densa cells (4), respectively]. Because renin
release by JGA cells appears to be dependent upon the calciuminhibitable AC5 and/or -6 isoforms of adenylate cyclase (39), we
conclude that the effects of AC3 knockout on plasma renin levels
are not likely to be attributable to direct effects on JG cell cAMP
levels. Rather, AC3 likely acts within macula densa cells to
participate in the initiation of the paracrine signals that stimulate
JG cell renin secretion (4).
We found that propionate administration lowers BP in a rapid,
reproducible, and dose-dependent manner. Previous reports have
documented plasma concentrations between 0.1 and 10 mM (11,
12, 25). Thus, the propionate dose responses that we observed in
vivo (Fig. 5B) and in the Olfr78 luciferase assay (Fig. 3 D and E)
correspond to physiological concentrations. At the higher end of
the physiological range (10 mM), we see a hypotensive response in
WT mice of −13.7 mmHg (±3.9). Although this response is
transient, its magnitude is large enough to ensure that it would be
physiologically relevant. Furthermore, it has been shown that
transient changes in BP have the potential to “reset” baseline BP
(40, 41) and thus to exert physiologically signiﬁcant effects even
after the acute effect has resolved. Whereas the effect of propionate on renin release is absent in Olfr78-deﬁcient mice, the
acute hypotensive effect of propionate is accentuated at low
physiological doses in these animals, indicating that Olfr78 activation antagonizes the acute hypotensive effects of this SCFA. We
believe that these data, together with the localization of Olfr78 to
vascular smooth muscle in resistance beds, establish that the inﬂuence of Olfr78 on the acute blood pressure changes in response
to propionate is likely due to its expression in the smooth muscle
cells of resistance vessels. This implies that, both in the case of
renin release and smooth muscle cell responses, propionate may
stimulate Olfr78 to support BP and to counter the powerful hypotensive effects of propionate mediated through other receptors
or pathways. A likely candidate for these other receptors may be
Gpr41 and/or Gpr43, two previously characterized SCFA receptors (10–12) that we ﬁnd to be expressed in the kidney and major
arteries (Fig. S3). In mice lacking Gpr41, administration of propionate in a dose sufﬁcient to produce a calculated serum concentration of 10 mM does not produce a hypotensive response,
implying that at least some portion of the hypotensive effect of
propionate is mediated by Gpr41. Thus, the data indicate that
activating Olfr78 raises blood pressure, and activating Gpr41
lowers blood pressure. Importantly, Gpr41 responds in vitro to
much lower doses of propionate (EC50 = ∼11 μM) (11, 29) than
does Olfr78 (EC50 = ∼0.9 mM; Fig. 3). Thus, in the absence of
Olfr78 the response to propionate that is driven by Gpr41 predominates and there is an exaggerated hypotension, even at doses
as low as 100 μM. Conversely, in the absence of Gpr41, a dose at
the high end of the physiological range that should maximally
activate Olfr78 (10mM) results in modest hypertension.
It is worth noting that Olfr78 and Gpr41 appear to signal
through different G protein α-subunits and different second
messenger systems. The data presented here, and those of Saito
et al. (33), demonstrate that Olfr78 can activate Gαs to induce
cAMP production. Gpr41 and Gpr43 appear to activate Gαi
(and/or Gαo) to decrease cAMP and to produce elevations in
cytosolic calcium and reductions in cAMP (42). The fact that
these receptors couple to distinct second messenger pathways
may explain, at least in part, their apparently opposing effects on
blood pressure in response to SCFA stimulation. Thus, the net
physiological effects of SCFAs may be complex, as multiple
SCFAs receptors are found in many of the same tissues and
activate a variety of signaling pathways. Although the effect of
propionate on blood pressure was observed in every animal
tested, the precise time course of the response was subject to
4414 | www.pnas.org/cgi/doi/10.1073/pnas.1215927110

signiﬁcant variability among animals. Thus, we were not able to
determine whether, in addition to the concentration dependence
of the blood pressure response, the time course of the response
also differed in wild-type vs. null mice.
SCFAs are produced by fermentation of polysaccharides by
the gut microbiota and enter the bloodstream primarily via the
portal vein circulation (43–45). Given that gut microbes are the
primary source of SCFAs in the plasma (25), we also assayed
whether reducing the biomass of the gut microbiota with antibiotics modulates BP in Olfr78−/− mice. Addition of antibiotics to
the drinking water caused a signiﬁcant increase in systolic, diastolic, and mean BP in Olfr78-deﬁcient mice, but did not signiﬁcantly affect BP in wild-type littermates. Taken together,
these data suggest that propionate and possibly acetate generated by the gut microbiota are able to modulate blood pressure
through their effects on multiple receptors and pathways. Propionate- and perhaps acetate-mediated stimulation of Olfr78
increases BP, whereas these compounds act through Gpr41 to
decrease BP. These opposing responses may produce a “buffering” effect to guard against wide swings in blood pressure as
a consequence of normal, physiological variations in SCFA
concentration. Consistent with this idea, Olfr78−/− mice appear
to be more susceptible to the hypotensive effects of propionate.
According to our model, when the ligand for both Olfr78 and
Gpr41 is removed (via antibiotic treatment), this has little effect
in a wild-type animal because the mutually antagonistic actions
of both receptors are similarly inhibited, and these effects essentially cancel out. However, in an Olfr78−/− animal, propionate
would be acting solely on Gpr41 to affect BP; therefore removing the source of this ligand would be expected to block the
unopposed hypotensive effect of propionate and thus produce
a substantial increase in BP.
The effects of the antibiotic treatment on BP in the Olfr78−/−
mice are modest. However, when viewed in light of the extensive
network of mechanisms that intersect to maintain BP within
a very narrow range (46), it is remarkable that a chronic and
signiﬁcant perturbation in the BP set point can be achieved by
perturbing the microbiota with antibiotics. It is interesting to
note in this context that in Olfr78−/− mice treated with antibiotics, BP rose to values exceeding those measured in the wildtype mice at baseline. This observation suggests that other
compensatory mechanisms are induced to maintain BP in the
face of the unopposed hypotensive effects of SCFAs in Olfr78−/−
mice, and that the effects of these SCFA-independent mechanisms are unmasked to produce hypertension when the SCFA
source is removed. Because propionate did not modulate renin
release from Olfr78−/− JGAs, the hypertension unmasked by
antibiotics in these mice is likely to be mediated by changes in
vascular resistance or cardiac output rather than by changes in
renin secretion.
SCFA receptors, responding to signals from the microbiota,
participate in many important physiological pathways in the
host, including nutrient metabolism, adiposity, and inﬂammatory responses (10–12). The present study extends the list of
important physiological processes that are modulated by SCFA
receptors to include BP regulation and also expands the SCFA
receptor family to include an OR. This cross-talk between the
gut microbiota and the renal–cardiovascular system constitutes
a unique pathway that may be relevant to the pathogenesis and
treatment of hypertension.
Materials and Methods
RT-PCR. RT-PCR was performed using standard protocols. Details of studies are
provided in SI Materials and Methods.
β-Galactosidase Staining. Cryosections were prepared from mouse kidneys that
had been perfusion ﬁxed in 4% (vol/vol) periodate-lysine-paraformaldehyde
(PLP) (42). β-Galactosidase staining was performed using standard protocols
(47). For whole-mount X-gal staining tissues were ﬁxed in 4% (vol/vol)
paraformaldehyde for 1 h, and then stained using standard protocols. When
immunostaining was performed in concert with β-galactosidase staining, the
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Surface Localization. Surface immunoﬂuorescence (nonpermeablized stain)
and surface ELISA were performed as previously described (24, 48). Wells for
surface ELISA were assayed in quadruplicate.
Luciferase Assay. Luciferase assay was performed as previously described (24),
with all treatments performed in triplicate. Odorant mixtures for initial
testing of ORs were developed to cover a wide amount of odorant space. All
mixes contained each compound at a ﬁnal concentration of 0.3 mM. Three of
the mixes were based, in part, on mixes used by Bozza et al. (49) and Ma and
Shepherd (50) and were termed BzB (n-valeraldehyde, heptaldehyde, nonyl
aldehyde), BzC (L-carvone, eugenol, and cinnamaldehyde), and MA (amyl acetate, 3-octanone, and acetophenone). These three mixes are expected to
activate 26% of olfactory sensory neurons. Two additional custom mixes were
used: Thi-Di (1,6-hexanedithiol, 1,2-ethanedithiol, 1-methyl-1propanethiol,
1,4-butanedithiol, and 2,3-butanedithiol) and OxlK (2,3-butanedione, pyruvaldehyde, acetic acid, 1,2-ethanedithiol, and 2-butanone).

the National Institutes of Health Guide for the Care and Use of Laboratory
Animals. Olfr78−/− mice, initially generated by Bozza et al. (5), were purchased from Jackson Laboratories; Gpr41−/− mice have been previously described (10). Mice were housed with food and water ad libitum. Details of in
vivo studies can be found in SI Materials and Methods.
Multiplex Sequencing of Amplicons Generated from Bacterial 16S rRNA Genes.
These studies are described in SI Materials and Methods.
Other Analyses. The statistical signiﬁcance of differences of measurements of
various aspects of host physiology and ex vivo assays was determined by
Student t test (P < 0.05 considered signiﬁcant). EC50 values were calculated
using Systat software (SigmaPlot).

In Vivo Studies. All experiments were performed in accordance with the policies
and procedures of the Yale Institutional Animal Care and Use Committee, the
University of Southern California Institutional Animal Care and Use Committee,
and the Johns Hopkins University Animal Care and Use Committee, as well as
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chromagen stain was developed ﬁrst, and immunostaining was then performed as previously described (4).

