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Abstract

Purpose of Review—Miicrobial short chain fatty acids (SCFAS) are byproducts of microbial
metabolism which can be absorbed into the bloodstream of the host, where they exert effects on
host physiology. SCFAs have been known to influence several aspects of host physiology,
including the regulation of blood pressure. In this review, we will consider recent studies linking
SCFAs to blood pressure regulation.

Recent findings—Several recent studies have found that changes in blood pressure often
coordinate with expected changes in SCFAS. Efforts are now well underway to dissect and better
understand this potential connection. One way that SCFAs can influence host cells is by
interacting with host GPCRs, including Gpr41l and OIfr78, among others. Intriguingly, mice null
for OIfr78 are hypotensive, whereas mice null for Gpr41 are hypertensive, implying that these
pathways may be physiologically important links between SCFAs and host blood pressure control.

Summary—In sum, these studies demonstrate that there does indeed appear to be a link between
SCFAs and blood pressure, which likely involves host GPCRs, at least in part — however, the
details and intricacies of these interactions are not yet fully understood, and will greatly benefit
from further studies.
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Introduction

Recent studies have begun to accumulate evidence that the gut microbiota and blood
pressure regulation are linked (1-5). One subset of this evidence is focused on the role of
short chain fatty acids (SCFAs) in modulating blood pressure control. As described below,
SCFAs are gut microbial metabolites which can bind to and activate host receptors, thereby
acting as a route of ‘communication’ between gut microbial metabolism and host
physiology. In this review, we will discuss SCFAs themselves and the evidence linking them
to blood pressure regulation, will review the known host receptors for SCFAs, and will
discuss the blood pressure phenotypes of mice null for SCFA receptors. Finally, we will
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attempt to integrate what is currently known into a cohesive view of how SCFAs and their
receptors may influence blood pressure control.

Short Chain Fatty Acids

Short chain fatty acids (SCFAS) are metabolites produced by the gut microbiota as a
byproduct of the fermentation of dietary fiber. SCFAs are subsequently absorbed into the
bloodstream of the host, where they can interact with host proteins in order to influence host
physiology. It is worth noting that plasma SCFAs levels in the host are dependent upon
microbial production: studies have shown that serum SCFA levels correlate with dietary
fiber levels (6), and studies comparing conventional and germ-free animals found that SCFA
concentrations in the cecum are enhanced over 100-fold by the presence of gut microbiota
(7). In fact, the three primary short chain fatty acids (acetate, propionate and butyrate) are
virtually undetectable in germ-free animals (8). Although acetate is typically the most
abundant SCFA in the plasma (~100uM on a standard diet (8)), the ratio of
acetate:butyrate:propionate can vary, especially with dietary manipulation (6, 9-11).

Lessons from studying and manipulating SCFAs

Reports in the clinical literature are supportive of the concept that microbial SCFAs lower
blood pressure. For example, manipulations which would be expected to elevated plasma
SCFAs (probiotic use, increased dietary fiber intake) also are associated with decreases in
blood pressure (12, 13). Conversely, a study of a >4,000 humans found that lowered levels of
urinary formate (a SCFA) correlate with increases in blood pressure (14). Intriguingly,
acetate was previously included as a competent of hemodialysis buffers, but this has been
largely discontinued because acetate was found to cause hypotension in patients — again,
consistent with the concept that SCFAs lower blood pressure (15, 16).

Several studies have attempted to purposely manipulate SCFASs in animal models in order to
determine whether this can alter blood pressure regulation, and/or to determine whether
SCFAs levels may change in hypertensive models. In general, it appears that manipulations
which are expected to increase SCFAs are associated with lower blood pressure — for
example, a recent study found that a high fibre diet in DOCA-salt hypertensive mice
increased the abundance of bacteria thought to be acetate-producers, and also lowered blood
pressure (17). Although plasma acetate levels were not measure in this study, the authors
reported that acetate supplementation had a similar effect on blood pressure. In addition,
decreases in bacterial taxa thought to produce short chain fatty acids have been reported in
two different rat models of hypertension (1, 5), but plasma levels of SCFAs were not
measured directly in these studies. Conversely, another study (4) (which did measure SCFA
levels) found that rats which received a microbial transplant which increased blood pressure
had Aigherlevels of plasma acetate. Thus, we clearly have much more work to do before we
fully understand the connection between SCFAs and blood pressure. In addition, although
these studies show correlations between SCFAs and blood pressure, in the future it will be
important to identify whether there is a causative link.
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Many studies now take advantage of bioinformatics analysis of microbial sequences in order
to ‘predict” whether SCFA levels would be expected to increase or to decrease (i.e., “acetate-
producing” bacteria are increased or decreased with a given treatment). Although this is a
logical and valid way to utilize the massive amount of sequencing data that is generated in
this field, it is not yet clear to what extent these predictions have been validated. In fact, one
recent study(18) showed an increase in acetate-producing bacteria by sequencing analysis,
but did not reveal any measurable changes in fecal acetate. There are many potential
explanations for such a finding — changes could be transient (peaking after mealtimes?),
fecal levels may not reflect SCFAs levels in other compartments (plasma), etc. In addition, it
should also be noted that we understand relatively little about the microbiota — it is possible
that a point mutation in an “acetate producing” strain of bacteria could drastically decrease
acetate production, without altering the bioinformatics analysis. Clearly, future studies are
required in order for us to better understand both the microbes and host, and the nuances of
their interactions. In addition, in the future it will be necessary to carefully elucidate the
pathways and mechanisms which underly the correlations seen between SCFAs and blood
pressure.

Short Chain Fatty Acid Receptors

In order to begin to understand the physiological actions of SCFAs, we must address the
cellular mechanisms which underlie SCFA signaling. SCFASs are known to mediate effects
on the host through a variety of mechanisms, including alterations in histone acetylation and
cell proliferation. For the purposes of this review, however, we will concentrate on the role
of SCFAs as ligands for host GPCRs. SCFAs are known to be ligands for a number of host
GPCRys, including Gpr4l, Gpr43, Gprl09a and OIfr78. In this section, we will briefly review
the cell biology of the known SCFA GPCRs.

Gprdl and Gpr43 were both first described as SCFA receptors by two reports published in
2003(19, 20). Gpr41l couples to Gi, whereas Gpr43 couples to both Gi and/or Gq. Propionate
is the strongest ligand (UM range) for both Gpr41 and Gpr43, although both receptors also
respond to several other compounds including acetate and butyrate. It is worth noting that an
additional receptor, Gpr42, is present in humans — however, although Gpr42 is quite
homologous to Gpr4l, it is as of yet unclear whether it may be a pseudogene (19, 21). Gpr41l
is also known as Free Fatty Acid Receptor 3 (FFAR3), and Gpr43 is also known as Free
Fatty Acid Receptor 2 (FFAR2).

Although Gpr41 and Gpr43 have been studied fairly extensively, Gpr109a is not nearly as
well studied. Unlike Gpr4l and Gpr43, Gpr109a does not respond to acetate or propionate,
but only to butyrate (ECsg ~1mM)(22). Gpr09a also responds to niacin and beta-D-
hydroxybutyrate(22—-24). Gpr109a is also known as hydroxycarboxylic acid receptor 2
(HCAZ2), Niacin receptor 1 (NIACR1), PUMA-G, and HM74a.

An additional SCFA receptor is an olfactory receptor known as OIfr78 in mice, and OR51E2
in humans. Although this receptor is included here as an SCFA receptor, it should be noted
that it has been reported to respond to additional ligands as well (summarized in Table 1 and
2). OR51E2 (the human ortholog) was first deorphanized by two groups in 2009 — one
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reported that OR51E2 was a receptor for B-ionone and other androgens (25), and a second
group reported that OR51E?2 is a receptor for propionate (26). A 2013 paper by an
independent group confirmed that OR51E2 responded to propionate as well as acetate, but
did not detect action of OR51E2 by B ionone(3). Similarly, it was found that OIfr78 (the
murine ortholog) responded to acetate and propionate, but not p-ionone(3). However, a study
in 2016 did show evidence that p ionone is a functional ligand: this study demonstrated that
cells natively expressing OR51E2 exhibited an increase in intracellular calcium in response
to B ionone which was negated by transfection of SiRNA for OR51E2 (27). In late 2015, it
was reported that OIfr78 responded to lactate in addition to acetate and propionate(28), and
this was confirmed by two other groups in 2016 (29, 30). Notably, microbial metabolism
also contributes to circulating lactate levels. Lactate, however, is a partial agonist of OIfr78
(acetate/propionate are full agonists), and is a ligand for (murine) OIfr78 but not for (human)
OR51E2 (29). The reported EC50 of lactate has varied between different reports, from
reported EC50’s of ~4 mM (28) vs. ~ 21 mM (29). Therefore, although the ligand profile of
this receptor has been fairly well studied, there still is not a clear consensus on which ligands
are most physiologically relevant. For the purpose of this review, we will primarily consider
this receptor as an SCFA receptor.

Lessons from OIfr78 null mice

To better understand how OIfr78 may influence blood pressure regulation, it can be useful to
consider the phenotype of OIfr78 null animals. First of all, it is important to note that Olfr78
localizes to at least two tissues which might be expected to influence blood pressure
regulation: (a) the renal afferent arteriole, and (b) vascular smooth muscle cells in the
peripheral vasculature(3). The renal afferent arteriole is a particularly intriguing place to find
OIfr78 localization, as this is the primary location where renin is stored, and secreted from.
In agreement with this, it was found that OIfr78 null mice had lowered plasma renin levels,
and lowered blood pressure. However, it is reasonable to assume that the expression of
OIfr78 in vascular smooth muscle cells in peripheral vessels may also influence baseline
blood pressure in OIfr78 KO. In the future, it will be necessary to use tissue-specific KOs in
order to conclusively determine to what extent expression at each site influences blood
pressure regulation.

Lessons from Gpr41 null mice

An initial study indicated that Gpr41 and OIfr78 likely played opposing roles in the
regulation of blood pressure(3). In agreement with this, a subsequent study reported that
Gpral null mice are hypertensive (the ‘opposite’ phenotype of the hypotensive OIfr78 null
animals)(2). Intriguingly, these mice have isolated systolic hypertension, a hypertension of
‘vascular’ origin (as opposed to the hypotension in OIfr78 null mice, which seems to be
largely renin-driven). In agreement with a vascular form of hypertension in the Gpr4l KOs,
Gpr4l was found to localize to the vascular endothelium. Gpr41l KO mice have increased
pulse pressure (in older animals); however, vessels studied ex vivo do not appear to be
‘stiffer’ (2). Therefore, if the vessels ‘behave’ stiffer /n vivo, but not ex vivo, it may be that
there is an increase in intrinsic vascular tone in these animals which drives the hypertension.
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Intriguingly, SCFAs are known to induce vasorelaxation (31-34), so it may be that SCFAs
acting on Gpr41 in the vascular endothelium may help to set vascular tone.

An Integrated view of SCFAs, SCFA receptors and Blood Pressure
Regulation

An experiment which highlights the dual roles of these two receptors in blood pressure
regulation was a study in which blood pressure was measured in wild-type and OIfr78 KO
mice before and after treatment with a mixture of antibiotics (3). Antibiotic treatment
dramatically reduced fecal microbiota, and also differentially affected blood pressure.
Whereas wild-type mice had a mild increase in blood pressure on antibiotics, Olfr78 KO
mice had a much more dramatic increase. This is thought to be due to the fact that OIfr78
and Gpr41 normally act in physiologically opposite roles in response to the same stimulus
(SCFAs). Therefore, in wild-type mice the two receptors balance each other out to avoid
‘wild swings’ in blood pressure. Thus, when antibiotics are given (and thus the amount of
SCFA ligands are decreased), both receptors decrease their signaling in parallel in wild-type
animals. However, when one receptor is absent (as in Olfr78 KO mice), the effect of the
antibiotics on SCFAs is solely affecting Gpr41l signaling. Therefore, antibiotic treatment
reveals a clear unidirectional change in blood pressure in the OIfr78 KO mice.

It may seem puzzling that OIfr78 and Gpr41 are activated by the same stimulus, yet work in
opposition to one another with regards to physiology. However, the explanation for this may
be the very different ECgq’s for these two receptors. Gpr4l has a relatively low ECsgp, and is
likely to be at least partially activated at basal concentrations of SCFAs, and therefore would
favor decreasing blood pressure. In contrast, OIfr78 has a much higher ECs, and would
only be activated when SCFA concentrations rise significantly. Thus, OIfr78 may act as a
safety ‘brake’” on Gpr41l-mediated decreases in blood pressure, to prevent inappropriate
levels of hypotension when SCFA levels rise (35).

Conclusions

Clearly, the role of SCFAs in blood pressure regulation is multi-faceted, involves at least two
different SCFA receptors, multiple species of bacteria, and multiple host tissues. In the
future, it will be important to explore how we can use both genetics (tissue-specific
knockouts) and pharmacology (agonists and antagonists) to manipulate these pathways —
this will allow us both to better understand the physiology, and perhaps, to explore potential
opportunities to leverage these pathways to manipulate blood pressure in a purposeful way.
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Table 1
Reported Ligands for OIfr78

M ouse Receptor: OIfr78
Pluznick, et al 2013  Chang, etal 2015  Zhou, et al 2016  Aisenberg, et al 2016

Acetate YES YES YES YES
Propionate YES YES YES YES

Lactate YES YES YES
B-ionone no

"YES" indicates the compound was found to be a ligand for the receptor, "no" indicates it was not.

A blank space indicates that the compound was not tested in this study.
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