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Abstract

In order to assess the status of the volume and composition of the body fluid compartment, the kidney monitors a
wide variety of chemical and physical parameters. It has recently become clear that the kidney’s sensory capacity
extends well beyond its ability to sense ion concentrations in the forming urine. The kidney also keeps track of
organic metabolites derived from a surprising variety of sources and uses a complex interplay of physical and
chemical sensing mechanisms to measure the rate of fluid flow in the nephron. Recent research has provided new
insights into the nature of these sensory mechanisms and their relevance to renal function.
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Introduction

It has long been appreciated that we use sensory
receptors to detect the chemical and physical proper-
ties of the world around us. However, it has recently
become clear that we also utilize the same molecular
tools to monitor the composition of the world within
us. Many sensory receptors, including olfactory re-
ceptors (ORs), taste receptors, and other sensory G
protein—coupled receptors (GPCRs), as well as recep-
tors that function as mechanosensitive or chemosen-
sitive ion channels, have recently been shown to play
key roles in organs and tissues traditionally thought
of as “nonsensory.” In the past few years, a large and
diverse literature has developed documenting systems
in which “sensory” receptors are exploited to serve in a
wide variety of physiologic processes. The tongue’s sour
taste receptors, for example, are also called upon to
sense pH in the spinal column (1), its bitter taste recep-
tors also regulate bronchodilation and ciliary beat fre-
quency in the lung in response to certain inhalants (2,3),
and its sweet taste receptors regulate glucose transport
in the gut (4,5). In addition to taste receptors, there are
also numerous examples of ORs playing a variety of
roles in tissues outside of the nose. The OR gene family,
in fact, is the largest gene family in the genome (6-8),
and thus forms an expansive repertoire of GPCR-based
chemical detectors. In addition to odorant detection in
the nose, ORs are now understood to also mediate
chemical detection in other environments. For example,
ORs play roles in muscle cell migration and sperm che-
motaxis (9). Ligands for these receptors are often pro-
duced as a result of metabolic processes, implying that
seemingly inert intermediate metabolites or by-products
may have unappreciated signaling roles (1,10-13).

The kidney stands out as a particularly appropriate
tissue in which to deploy sensory receptors for chemo-
detection. The kidney evaluates and maintains a large
number of physiologic parameters, including systemic
acid-base balance, electrolyte concentrations, volume

www.cjasn.org Vol m umm, 2014

status, and toxin levels. To achieve this, the kidney must
monitor the concentration of numerous substances in
the plasma and the early urine. Sensory chemoreceptors
are by their nature well suited to play central roles in
these renal “chemosensory” tasks.

In addition to sensing chemical cues, the kidney must
also monitor physical or mechanical stimuli, such as
shear stress, pressure, and flow rate. Recent studies
have shown that fluid flow is an important sensory cue
in the acute regulation of urine composition (14) and in
the proper development and maintenance of the struc-
ture of the nephron. Studies in the fruit fly have shown
that mechanical stimulation is important in regulating
the pathways that control planar cell polarity (15),
which is the process through which neighboring epi-
thelial cells acquire distinct structural and functional
properties. Planar cell polarity signaling pathways are
critically important in the differentiation of the distinct
epithelial cell types that constitute the nephron. Impair-
ments in fluid flow detection may play roles in the de-
velopment of clinically significant diseases of the
kidney (16,17). Mechanical forces are important regula-
tors of the activity of renal ion channels (18-25), as well
as of the signaling activities that regulate renal ion and
fluid transport (14,26-28). Therefore, the capacity to
monitor mechanical sensations is exploited by the kid-
ney in its efforts to maintain homeostasis. In this re-
view, we discuss recent studies that reveal surprising
and important roles for mechanosensitive and chemo-
sensory molecular machinery in renal function.

Physiology and Pathophysiology of Renal Cilia
With the possible exception of the intercalated cells of
the collecting duct (29), every epithelial cell that lines
the nephron is endowed with a single primary cilium
(30). These cilia arise from the apical surfaces of the
epithelial cells and protrude into the tubule lumen.
The typical renal epithelial cell cilium is 2- to 3-um
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long and <1 um in cross-sectional width. The cilium’s sur-
face membrane is continuous with that of the apical plasma
membrane, although its lipid and protein compositions dif-
fer substantially from those of the surrounding apical cell
surface (31). Just beneath the ciliary membrane is the ciliary
axoneme, which is a scaffolding composed of nine doublet
microtubules that are parallel to one another and that extend
from the base of the cilium along its entire axial length. In
contrast with the motile cilia that are found on airway and
oviduct epithelial cells, primary cilia, such as those found on
renal epithelial cells, do not beat and do not move fluid.
Instead, their function appears to be entirely sensory and
their structure reflects their sedentary nature. The axonemes
of motile cilia possess a central pair of microtubules that is
connected by radial spokes to the nine doublet microtubules
at the ciliary periphery. These additional components in-
clude the motor proteins that allow motile cilia to generate
force. Although primary cilia, such as those found in the
kidney, lack these components found in their motile cousins,
they are by no means devoid of motor proteins. Large pro-
tein assemblies known as intraflagellar transport (IFT) com-
plexes exploit motor proteins to crawl up and down the
axonemal microtubules. These IFT complexes serve as de-
livery machinery that transport newly synthesized proteins
into the cilium and carry away components that are destined
for removal (32,33). The IFT complexes are absolutely re-
quired in order for primary cilia to form and to function.
It should also be noted that every cilium arises from a basal
body, which is a structure composed of paired cylindrical
assemblies of microtubules. The basal body serves as the
centriole that organizes the mitotic spindle in dividing cells.
A complex array of proteins connects the base of the axo-
neme to the basal body and forms the ciliary transition zone,
which serves as a barrier that helps to maintain the compo-
sitional distinctions between the apical and ciliary mem-
brane domains (34,35).

Although the structure of the renal primary cilium is
fairly well understood, the same cannot be said of its
function. It is clear that the cilia of renal epithelial cells
serve extremely important purposes, as evidenced by the
large number of renal phenotypes arising from mutations
in genes whose products participate in ciliogenesis (36).
Bardet-Biedl syndrome, nephronophthisis, Meckel-
Gruber syndrome, Joubert’s syndrome, Senior-Loken syn-
drome, and orofaciodigital syndrome are all caused by
loss-of-function mutations in genes that encode distinct
subclasses of the components of the cellular machinery
that is required to build and maintain the primary cilium
(37,38). These pleomorphic conditions are characterized by
partially overlapping lists of neurologic, skeletal, meta-
bolic, and sensory phenotypes, including renal cystic dis-
ease. In addition, the proteins encoded by the genes
responsible for both the autosomal dominant and autoso-
mal recessive forms of polycystic kidney disease localize,
at least in part, to the primary cilium (39-41). On the basis
of this brief summary, it might be logical to suggest that
the cilium participates in sending signals that are required
to prevent the development of renal cysts. Recent data,
however, suggest that the cilium’s role in renal cystic dis-
ease, although critical, is not this straightforward.

The groundbreaking work of Praetorius and Spring
revealed that the primary cilium can detect and respond

to mechanical stimuli (42). These investigators showed that
either direct or flow-induced bending of the primary cilia
of cultured renal epithelial cells led to the activation of ion
channels that mediated calcium influx, which secondarily
activated calcium release from intracellular stores. Studies
into the function of the proteins encoded by the autosomal
dominant polycystic kidney disease genes (41) have pro-
vided insight into the nature of the mechanosensitive ion
channels responsible for this cilia-dependent activity.
Polycystin-1, the product of the Pkd1 gene, encodes a mas-
sive protein. It is composed of 4302 amino acids and spans
the membrane 11 times. Polycystin-2, encoded by the Pkd2
gene, is roughly one fourth of the size of polycystin-1 and spans
the membrane 6 times. Polycystin-2 belongs to the transient re-
ceptor potential (TRP) family of calcium-permeable ion chan-
nels. Polycystin-1 and polycystin-2 interact with one another
to form a complex that localizes in part to the cilium and that
may contribute to the calcium channel activity that is induced
by ciliary bending. This activity may depend upon TrpV4,
another membrane of the Trp family of cation channels
whose channel activity may be regulated in some manner
by the polycystin proteins (43). These observations have
inspired a model in which the ciliary population of the
polycystin-1 and polycystin-2 complex serves as a sensor
that transduces tubular fluid flow to produce an elevation
of renal epithelial cell cytoplasmic calcium concentrations
(44). These observations prompt the further suggestion that
loss of this mechanically activated polycystin channel activity,
or of the mechanosensitive cilium in which this activity re-
sides, could lead to the perturbations in cell proliferation, dif-
ferentiation, and fluid secretion that together characterize the
formation of autosomal dominant polycystic kidney disease re-
nal cysts. Recent data indicate that close relatives of polycystins,
rather than the polycystin-1 and polycystin-2, may mediate
ciliary ion currents in at least some cell types (45,46).

Although the role of the ciliary polycystins as flow sensors
is intriguing, it seems quite likely that these proteins also
participate in other sensory processes. In addition to their
connection to cytoplasmic calcium levels, the polycystin pro-
teins have been connected to a very large and diverse
collection of signaling pathways that have the potential to
influence cellular growth and metabolism (41). Further-
more, polycystin-1 interacts with trimeric G proteins, sug-
gesting the intriguing possibility that it functions as an
atypical GPCR (47). Finally, it is worth noting that both
polycystin proteins have homologs that have been shown
to serve as chemosensors. Polycystin-1-like-3 and polycystin-
2-like-1 form a complex that detects low pH, serving both as
sour taste receptors in the tongue and as sensors of pH in the
central nervous system (1,48,49). Taken together, these facts
suggest that the polycystins may serve chemosensory roles in
renal epithelial cells. The nature of the ligands to which the
polycystins might respond and the subcellular localization in
which the polycystins perform this putative activity remain to
be determined.

As noted above, the connection between ciliary function
and the prevention of renal cystic disease has recently
become more complex. Clearly, the pathology associated
with the ciliopathies confirms that loss of cilia is sufficient
to lead to the development of renal cysts. Surprisingly,
however, studies utilizing mouse models reveal that loss of
cilia can suppress cyst formation that is caused by the loss
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of polycystin-1 or polycystin-2 expression (50). This unex-
pected observation suggests that, in the absence of the poly-
cystin proteins, cilia send a message or messages that
activate cystogenic processes. The polycystins appear to
counteract or suppress these messages. The nature of these
putative procystogenic and countercystogenic messages re-
mains to be determined. Elucidating the molecular details of
this apparently antagonistic relationship between the cilium
and the polycystins will no doubt provide interesting in-
sights into the mechanisms through which renal epithelial
cells exploit cilia and the polycystins to interrogate the chem-
ical composition and flow rate of the tubular fluid.
Although flow-induced ciliary bending may activate ion
channels directly, it is clear that this mechanical stimulus
also initiates a fascinating autocrine chemical signaling
process (Figure 1). Bending of the primary cilium causes
renal epithelial cells to release ATP into the tubule lumen
(51). This ATP appears to be stored inside the cell in ve-
sicular compartments that, upon stimulation, fuse with the
apical plasma membrane and release their contents (52).
This extracellular ATP can bind to and activate purinergic
receptors that are present on the apical plasma membranes
of renal epithelial cells. There are two distinct families of
purinergic receptors, each of which has many branches.
Members of the P2Y family are metabotropic receptors
that signal through trimeric G proteins, whereas the P2X
receptors are ligand-gated ion channels (53). Both types of
purinergic receptors populate the apical and basolateral
surfaces of renal epithelial cells. Thus, flow-induced ATP
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release can activate both ionic currents and intracellular
second messenger pathways. Each nephron segment
expresses a distinct collection of purinergic receptors, dis-
tributed among their apical and basolateral plasma mem-
brane domains, which modulate the tubule segment’s
physiologic properties in response to the various physio-
logic stimuli that are transmitted through elevations in
extracellular nucleotide concentrations (54). Activation
of the apical P2Y G protein—coupled purinergic receptor
in the renal collecting duct, for example, results in activa-
tion of protein kinase C, which, in turn, inhibits the epi-
thelial sodium channel (ENaC) and, consequently, reduces
transepithelial sodium reabsorption (55). Thus, in this seg-
ment, high flow rates can be sensed by the bending of the
primary cilium and communicated to the epithelial ion
transport machinery through the release of ATP via fusion
of intracellular vesicles with the apical plasma membrane.
This autocrine and paracrine messenger acts through purinergic
receptors to reduce sodium uptake. Hence, high flow rates,
which can arise as a consequence of expansion of the extracel-
lular fluid volume leading to an increase in the GFR, reduce the
retention of sodium and volume. Through a collaboration be-
tween mechanical and chemical sensory tools, this multicompo-
nent and multimodal mechanism thus underlies a logical and
elegant physiologic adaptation.

The intriguing mechanism described in the preceding
paragraph by no means constitutes the only example of
renal tubule fluid flow being sensed or interpreted to in-
fluence the composition of the forming urine. The process

y
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Figure 1. | Flow-induced bending of the primary cilium can be transduced through several mechanisms, including the activation of
mechanosensory ion channels and the release of vesicular ATP, which, in turn, activates purinergic receptors.
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of tubuloglomerular feedback is a classic example of flow
rates being “sensed” (as an index of changes in tubular fluid
electrolyte concentrations) to mediate changes in renal func-
tion. In addition, the large-conductance Ca?*-sensitive potas-
sium channel of the renal collecting duct is responsible for the
capacity of the late nephron to increase potassium secretion
in response to increased flow rates (25,56). Therefore, a vari-
ety of renal mechanisms depend upon a complex combina-
tion of sensors and signaling pathways that participate in
adjusting the kidney’s capacity to modify the forming urine
to the rate at which it is flowing through the tubule lumen.

Finally, it is worth noting that cilia are not the only
mechanosensitve cellular organelles that extend into the
lumen of the renal tubule. The microvilli that constitute the
luxuriant brush borders of proximal tubule epithelial cells
may also manifest the capacity to monitor and communicate
tubular fluid flow rates (14). Flow-induced microvillar
bending, communicated through elements of the cyto-
skeleton to the intracellular signaling machinery that
regulates transport processes, may play an important
role in governing transepithelial uptake of sodium,
bicarbonate, and water in the initial segment of the
nephron (57).

Renal Chemosensors

The kidney monitors and responds to the levels of a
number of key metabolites. In this review, we focus on the
chemosensors that detect succinate, short chain fatty acids
(SCFAs), and bicarbonate.

Succinate

Succinate, which participates in the tricarboxylic acid (TCA;
or citric acid) cycle, resides primarily in the mitochondria.
However, this metabolite is also found in the plasma in the
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micromolar range (11), where it plays an important signaling
role. It has been suggested that plasma succinate levels are an
index of the level of hypoxia and/or of oxidative or mito-
chondrial stress, based in part on the observation that tissue
levels of succinate rise in hypoxic conditions while the levels
of other TCA cycle intermediates fall (58,59). Succinate ad-
ministration increases BP in a dose-dependent manner (11),
and the succinate receptor GPCR 91 (Gpr91) was originally
identified as a mediator of the hypertensive response to suc-
cinate (11,60). The initial characterization of Gpr91 clearly
demonstrated that this receptor is highly expressed in the
kidney and that the hypertensive response to succinate was
dependent on the renin-angiotensin system (RAS) (11). The
details of the mechanism underlying this phenomenon
were unraveled in several studies that revealed that
Gpr91 is localized in the distal nephron, including the
macula densa (MD) (61). Succinate increases BP by bind-
ing to Gpr91 on the MD cells, which leads to renin release
from the adjacent juxtaglomerular apparatus, thus driving
the increase in BP (13) (Figure 2). Renin is an enzyme that
cleaves angiotensinogen to form angiotensin 1, and this
reaction constitutes the rate-limiting step in the RAS path-
way. Because elevated succinate levels are associated with
hypoxia and oxidative or mitochondrial stress, it may be
that the kidney uses succinate as a “cue” to increase sys-
temic BP (and, thus, its own perfusion) in the face of renal
energy deprivation.

Intriguingly, this Gpr9l-renin-angiotensin signaling
pathway has been implicated in the pathophysiology of
diabetic nephropathy. It has been appreciated for some
time that diabetic nephropathy is a feature of both type
1 and type 2 diabetes, and that pharmacologic blockade of
the RAS can slow the progression of diabetic nephropathy
in patients with type 1 and type 2 diabetes (62). However,
the unifying mechanism underlying this synergy has not

(O Renin () Succinate 4 Gpr91 Macula densa cell [ ] Renal epithelial cell

Figure 2. | Macula densa cell Gpr91 mediates renin release from juxtaglomerular cells in response to succinate binding. Gpr91, G protein—

coupled receptor 91.
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been well understood. The connection appears to be high
plasma glucose levels, which are associated with elevated
succinate levels in both kidney tissue and in urine (63).
There is likely also increased localized succinate produc-
tion (through the TCA cycle) in the kidney under condi-
tions of hyperglycemia. These elevated succinate levels
activate Gpr91, increasing renin release. It should be noted
that although a minor component of the renin release re-
sponse may be induced by the osmolar effects of high glu-
cose levels, which is independent of Gpr91 (63), the
majority of this response is Gpr91l-mediated and succinate-
dependent. Therefore, inappropriate activation of the RAS
in diabetes is likely tied to elevated plasma glucose, and
as a consequence, elevated succinate levels, which activate
Gpr91 (and, therefore, renin release). These observations
provide an interesting rationale for the well understood
benefits of RAS blockade and plasma glucose control in
the setting of diabetes.

Adenylate Cyclase 3

Adenylate cyclase 3 (AC3) is best known as a key com-
ponent of the canonical signaling pathway underlying
olfaction (64), but is also expressed in a variety of nonol-
factory tissues (9,65), including the kidney (66). In the
nose, when an odorant binds to its OR, OR activation leads
to downstream activation of the olfactory G protein (Gy),
which, in turn, activates AC3, leading to the opening of
nucleotide-gated ion channels, and, ultimately, to an ac-
tion potential (6,64,67). AC3 is indispensable for the sig-
naling pathway underlying olfaction, as evidenced by the
fact that AC3 knockout mice are anosmic (64).

Within the kidney, AC3 colocalizes with G in the distal
convoluted tubule and the MD. The MD is a highly spe-
cialized, tightly packed cell type that occurs where each
nephron makes physical contact with the vascular pole of
its own parent glomerulus. At the junction between the
thick ascending limb and the distal convoluted tubule,
the renal epithelial cells lining the tubule are referred to
as MD cells. These cells have a specialized sensory func-
tion that permits them to use chemical cues to deduce the
flow rate of the tubular fluid in the distal nephron. These
cells measure the chloride concentration of the tubular
fluid, which is higher when the flow rate through the thick
ascending limb is high. The MD cells can then signal the
parent glomerulus to increase or decrease the flow rate,
serving as a continuously operating single nephron GFR
calibrator, in a process known as tubuloglomerular feed-
back. In addition, when flow rates are low, MD cells can
also signal the juxtaglomerular cells associated with the
afferent arteriole that feeds their parent glomerulus to in-
crease renin secretion, which then raises systemic BP. Con-
sistent with the role of the MD cells in tubuloglomerular
feedback (and, therefore, GFR regulation) and renin secre-
tion, knockout mice that do not express AC3 have de-
creased GFR and decreased plasma renin (66) levels,
consistent with a defect in MD function. It remains to be
determined which receptor and ligand signal through
AC3 in the cells of the MD. It is clear, however, that com-
ponents of the molecular machinery of olfaction play a
key role in the kidney to regulate both GFR and renin
secretion.
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Short Chain Fatty Acids

The succinate pathway nicely exemplifies the kidney’s
use of sensory receptors to monitor intermediates and by-
products of the body’s own metabolism. Recent studies
support the surprising conclusion that the kidney also ap-
pears to pay attention to metabolic by-products produced
by the gut microbiota. Indeed, the number of cells con-
tained within the human microbiota outnumbers the num-
ber of human cells in our bodies by more than a factor of
10 (68-71). The colon is the home to >70% of these mi-
crobes (69,71). A major class of metabolites produced by
the gut microbiota in the colon are SCFAs (primarily ace-
tate, propionate, and butyrate), which are produced at
such a high rate that SCFAs are found in the colon at
concentrations of approximately 100 mM (72). After ab-
sorption into the bloodstream, SCFAs are found in the
plasma at concentrations ranging between 0.1 and 10
mM (73-75). SCFAs produced by gut microbes have re-
cently emerged as signaling molecules in the physiology
of the host, where they play roles in modulating physio-
logic processes, such as metabolism, immune responses,
and susceptibility to HIV infection (73,74,76-79).

Gpr41 and Gpr43 are well characterized SCFA receptors
(73,74,77) that have been shown to play important roles in
regulating the physiology of the host organism in response
to gut microbiota metabolite production. For example, in
response to changes in plasma SCFA concentrations,
Gpr41 regulates host adiposity (77), and Gpr43 modulates
host inflammatory responses (73,74). It was recently found
that both Gpr4l and Gpr43 are expressed in the kidney
and the vasculature, along with a novel SCFA receptor,
OR 78 (Olfr78).

The identification and localization of Olfr78 was partic-
ularly intriguing, because it was found in the kidney
specifically in the afferent arteriole (a key component of the
juxtaglomerular apparatus [JGA], which regulates renin
secretion), as well as in resistance vasculature beds (80).
The identification of Olfr78 as a SCFA receptor (80), to-
gether with the distribution of Olfr78 (80), led to the novel
hypothesis that SCFA receptors may be responding to gut
microbiota—derived SCFAs in order to regulate BP. Indeed,
it was found that Olfr78 is responsible for inducing renin
release from the JGA upon increases in SCFAs (80) (Figure
3). This effect is detected in isolated JGA cells in culture,
and Olfr78 knockout mice exhibit reduced levels of plasma
renin and resting BPs. In addition, a separate acute vascu-
lar effect of SCFAs was identified: SCFAs delivered intra-
venously cause a rapid and dose-dependent hypotensive
response. This acute vascular effect was found to be me-
diated primarily by Gpr41, and to be opposed by a milder
counter-regulatory hypertensive response to SCFAs driven
by Olfr78. In summary, SCFAs have an acute effect to
lower BP via Gpr4l, which is opposed by Olfr78 in two
ways: first, by an acute effect of Olfr78 to support vascular
tone; and second, by a more “chronic” effect of SCFAs to
increase renin secretion via Olfr78.

The functional significance of this pathway may be to
enhance the capacity of the colon to maximally absorb remaining
nutrients after a meal. Although most nutrient absorption
occurs in the small intestine, a significant quantity of nutrients
are absorbed from the large intestine in animals (72,81-89) and
in humans (90-98). After a meal, one would expect SCFA
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Figure 3. | SCFA Receptors and blood pressure. (A) Olfr78 mediates renin release from juxtaglomerular apparatus cells in response to binding
of SCFAs. (B) Two different SCFA receptors (Olfr78 and Gpr41) are both expressed in blood vessels. Olfr78 mediates vasoconstriction in re-
sponse to SCFAs, whereas Gpr41 mediates vasodilation. It should be noted that, whereas Olfr78 has been localized to vascular smooth muscle
cells, Gpr41 has notbeen localized to a specific cell type within blood vessels (it was identified in blood vessels by RT-PCR). Therefore, although
itis depicted here in vascular smooth muscle, the precise cell type in which it is localized has not been determined. Gpr41, G protein—coupled

receptor 41; OIfr78, olfactory receptor 78; SCFA, short chain fatty acid.

concentrations in the vessels serving the large intestine to
peak, driving localized vasodilation that would in turn facil-
itate nutrient absorption.

It should be noted that Gpr4l and Olfr78 have very
different ECsgs (half maximal effective concentrations) for
SCFAs [propionate: Gpr4l, ECsy 100-300 uM (73,99) in
a guanosine 5'-O-(3-[3S]thio)triphosphate binding assay;
Olfr78, ECsp 0.9 mM (80) in a cAMP-based reporter assay].
Therefore, under basal conditions in which plasma SCFAs
are 0.1-10 mM (73-75), one would expect Gpr41, but not
Olfr78, to be tonically active. After a meal, however, as
plasma SCFA concentrations rise, Gpr4l would become
further active and, thus, would further lower BP until
such a point that SCFA concentrations are sufficient to
activate Olfr78 as well. Activation of Olfr78 would act
as a “brake” on the hypotensive pathway, supporting an
increase in BP and, therefore, preventing dangerous hypo-
tension when SCFA concentrations are high.

These observations imply that BP is regulated not only by
the genetics of an individual, but potentially by the genetics
of that individual’s microbiota as well. The potential clinical
implications are numerous and prompt a variety of interest-
ing questions. For example, do alterations in the diet of the
host alter gut flora metabolite production and therefore BP?
Can purposeful alteration of the gut microbiota composition
alter BP? Similarly, are gut microbiota altered secondary to
other clinical treatments (e.g., antibiotics), and might this in-
fluence BP regulation? Future studies will be required to

better understand the complex and unexpected ways in
which gut microbiota affect host physiology in general,
and the renal regulation of BP in particular.

Bicarbonate

The proximal and distal segments of the renal tubule
utilize distinct sensory mechanisms to detect the concen-
tration of the bicarbonate ion and to tune ion transport
processes accordingly. Bicarbonate transport in the prox-
imal tubule is governed by several physiologic regulatory
mediators, including angiotensin II, which acts through its
GPCR to increase the activity of the apical sodium proton
exchanger NHE3 and, thus, to increase bicarbonate reab-
sorption (100). Bicarbonate itself also appears to serve as a
regulatory signal that modulates the activity of proximal
tubule transporters. Although the molecular nature of the
receptor that detects and responds to bicarbonate has yet
to be determined, the activity of a tyrosine kinase appears
to be involved in this process (101,102).

In more distal segments of the renal tubule, an ion
transport protein appears to serve as a key component of a
bicarbonate sensory mechanism that regulates sodium
transport. Pendrin is a Na*-independent C1~/HCO;~ ex-
changer expressed in the cochlea of the ear, the thyroid
gland, and the kidney. In the kidney, pendrin plays a
role in sensing and maintaining both volume status and
acid-base balance. The gene encoding pendrin (solute car-
rier family 26, member 4 [SLC26A4]) is mutated in the
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autosomal recessive disorder known as Pendred syn-
drome. The pathophysiology of Pendred syndome reflects
the tissue localization of the pendrin protein, as patients
typically have hearing loss, goiter, and hypothyroidism.
Pendrin mediates iodide flux in the thyroid (103), and it
plays a key role in generating the endocochlear potential in
the inner ear (104). Although patients with Pendred syn-
drome do not typically present with a clinically significant
renal phenotype, recent studies have shown that pendrin
does indeed play important roles in renal physiology. In
the kidney, pendrin is expressed in the collecting duct,
where it localizes apically in interacalated cells (105)—in
particular, in type B and non-A non-B intercalated cells
(105,106). The transport activity of pendrin in these cells
appears to serve two distinct purposes. In its most
straightforward role, pendrin is a coupled cotransport pro-
tein that mediates both Cl~ reabsorption and HCO;™~ se-
cretion (107) and, thus, contributes to the collecting duct’s
compendium of ion transport machinery. Pendrin activity
is upregulated by angiotensin II (108) and aldosterone
(109). By mediating Cl~ absorption in the collecting duct,
pendrin plays a role in volume homeostasis and, therefore,
in BP control (109-111). As a direct consequence of chloride/
bicarbonate exchange activity, however, pendrin also plays
a central role in a recently defined signaling pathway. By
modulating the bicarbonate concentration in the lumen of
the collecting duct, pendrin sends a message to the neigh-
boring principal cells that, in turn, regulates the functional
expression of the ENaC sodium channels.

Evidence in support of this conclusion derives from
observations made on mice that are deficient for pendrin
expression. Although pendrin knockout mice are normal
at baseline, they do not gain weight and do not become
hypertensive upon treatment with an aldosterone analog
(unlike their wild-type counterparts) (109). If, however, the
bicarbonate concentration of the collecting duct tubule
fluid in the pendrin knockout mice is raised artificially
through pharmacologic manipulations, then these animals
respond normally to aldosterone by increasing their
ENaC-mediated sodium absorption. It appears that the bi-
carbonate ions that pendrin secretes into the collecting
duct lumen act through an as-yet-mysterious signaling
pathway to stimulate the upregulation of ENaC expression
and activity in principal cells (107).

In addition, pendrin also acts as the “downstream” part-
ner in a paracrine signaling scheme. A recent study dem-
onstrated that pendrin activity is altered by changes in
proximal tubule transport (112). It was reported that
changes in acid-base status alter proximal tubule transport
of a-ketoglutarate (¢KG), and lead to changes in the con-
centration of aKG in the distal tubular fluid. In the con-
necting tubule and collecting ducts, aKG is sensed in
intercalated cells by a receptor (oxoglutarate receptor 1),
which then stimulates pendrin. Therefore, although pen-
drin itself is not found in the proximal tubule, it is respon-
sive to acid-base effects on proximal tubule transport.

Thus, pendrin appears to serve in a variety of physiologic
functions. By mediating C1™ absorption, pendrin collaborates
with ENaC to participate in transepithelial NaCl uptake,
thus playing a direct role in regulating volume status. By
mediating HCO;™ secretion, pendrin participates directly in
the regulation of acid-base balance. It also determines the
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luminal concentration of bicarbonate, which acts as the crit-
ical determinant in a chemosensory pathway that helps to
control the capacity of the principal cells to increase their
sodium absorptive capacity in response to aldosterone. Fi-
nally, pendrin activity is also regulated by the acid-base sta-
tus of the proximal tubule. Although many of the receptors
and signaling pathways involved in this bicarbonate chemo-
sensory process have yet to be elucidated, these schemes
beautifully illustrate a fascinating cross-talk between trans-
port and sensory processes in the kidney.

The kidney must respond to a wide variety of physio-
logic cues in its efforts to maintain homeostasis. It has only
recently been appreciated that both mechanosensors and
chemosensors play important roles in controlling a variety
of renal functions in response to a number of novel stimuli.
Future studies will no doubt provide us with a clearer
understanding of the physiologic and pathophysiologic
implications of these pathways in the governance of renal
function.
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