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Abstract

Macula densa cells in the distal nephron, according to the classic paradigm, are salt sensors that 

generate paracrine chemical signals in the juxtaglomerular apparatus to control vital kidney 

functions, including renal blood flow, glomerular filtration, and renin release. Renin is the rate-

limiting step in the activation of the renin-angiotensin system, a key modulator of body fluid 

homeostasis. Here, we discuss recent advances in understanding macula densa sensing and suggest 

these cells, in addition to salt, also sense various chemical and metabolic signals in the tubular 

environment that directly trigger renin release.

The juxtaglomerular apparatus in the renal cortex represents a major structural component of 

the renin-angiotensin system and is one of the most important regulatory sites of renal salt 

and water conservation and BP maintenance. The juxtaglomerular apparatus consists of a 

tubular component, the macula densa, the extraglomerular mesangium, and a vascular 

element that involves the terminal parts of the afferent arteriole containing renin-producing 

juxtaglomerular cells. Two major regulatory functions are performed by the juxtaglomerular 

apparatus: the high distal tubular [NaCl]-induced afferent arteriolar vasoconstriction 

(tubuloglomerular feedback) and the low tubular [NaCl]-induced renin release.1 Macula 

densa cells are strategically positioned in the juxtaglomerular apparatus with their apical 

membrane exposed to the tubular fluid, whereas their basilar aspects are in contact with cells 

of the mesangium and the afferent arteriole (Figure 1A).

The macula densa plaque is a unique group of 15 to 20 cells located at the end of the cortical 

thick ascending limb forming a juxtaglomerular apparatus-glomerular complex. These cells 

play a pivotal role in sensing changes in tubular fluid composition, generating and sending 

signals to the juxtaglomerular apparatus that control renal blood flow and GFR through 

tubuloglomerular feedback and renin release.1–3 Tubular salt sensing by the macula densa 
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involves apical NaCl transport mechanisms, including the furosemide-sensitive Na+:

2Cl−:K+ cotransporter (NKCC2), which is the primary NaCl entry mechanism. In fact, a 

classic hallmark of tubuloglomerular feedback and renin release is their effective inhibition 

or stimulation, respectively, by furosemide or other loop diuretics.1–4

The downstream elements of macula densa-mediated signaling of renin release include, at 

least, the low tubular salt-induced and NKCC2-mediated activation of p38 and extracellular-

regulated kinase 1/2 (ERK1/2) mitogen-activated protein (MAP) kinases, cyclooxygenase-2 

(COX-2) and microsomal prostaglandin E synthase (mPGES) in the macula densa,4–9 and 

the synthesis and release of PGE2.8 PGE2 acts on EP2 and EP4 receptors in juxtaglomerular 

cells and causes renin release (Figure 1B).10 In addition to COX-2-derived prostaglandins, 

the neural isoform of nitric oxide synthases, which is selectively expressed in macula densa 

cells,11 is critical in the tubuloglomerular feedback and renin signaling cascade.2,12,13 The 

paracrine chemical signals of macula densa-mediated inhibition of renin release include 

ATP and adenosine.1–3,14

Besides the well-known NKCC2 cotransporter, macula densa cells possess an apical Na+:H+ 

exchanger (NHE), identified as the NHE2 isoform,15 that participates in Na+ transport as 

well as the regulation of cell volume and intracellular pH.15,16 A recent study found that 

NHE2 is also involved in macula densa salt-sensing and renin control, and suggests that 

macula densa cell shrinkage is the likely cellular signal that activates renin release 

signaling.17 Renal tissue renin activity and plasma renin concentrations are both elevated 3-

fold and 2-fold, respectively, in NHE2−/− mice compared with wild type.17 NHE2−/− mice 

also exhibit a significantly increased renal expression of cortical COX-2 and mPGES, 

indicating macula densa-specific mechanisms responsible for the increased renin content.17 

Importantly, pharmacologic inhibition or genetic deletion of NHE2 activates MAP kinases 

ERK1/2, causing activation of the PGE2 synthetic enzymes COX-2 and mPGES. 

Hypertonicity-induced cell shrinkage, but not cell acidification, also triggers ERK1/2 

activation in macula densa cells,17 suggesting it is the low macula densa cell volume rather 

than low intracellular pH that activates macula densa renin-release signal. Interestingly, 

macula densa cells also possess a basolateral Na+:H+ exchanger, NHE4.15 This polarized 

NHE2/NHE4 configuration in the macula densa is unique and distinct from the usual NHE3/

NHE1 arrangement in other nephron segments, further suggesting that NHEs play a 

combined role in macula densa cell function.15

THE CLASSIC VIEW OF RENIN CONTROL IN THE JUXTAGLOMERULAR 

APPARATUS

Release of renin from juxtaglomerular cells in the terminal afferent arteriole is the first and, 

at least initially, the rate-limiting step of renin-angiotensin system activation that is precisely 

controlled by several mechanisms (Figure 1B). Reductions in extracellular fluid volume 

through four major mechanisms: low renal perfusion pressure (local baroreflex mechanism); 

activation of the sympathetic nervous system; reductions in macula densa salt transport; and 

reduced levels of locally acting hormones (such as angiotensin II and atrial naturetic 

peptide) ultimately increase circulating and interstitial renin levels that lead to enhanced 

generation of angiotensin peptides.18 Angiotensin II, one of the most potent vasoconstrictors 
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and major products of the renin-angiotensin system, helps re-establish fluid balance and 

normal BP by actions on multiple organs providing blood vessel constriction, increased 

renal and gastrointestinal salt and water reabsorption, and aldosterone production by the 

adrenal gland.

On a cellular and molecular level, prostaglandins (mainly PGI2 and PGE2) and nitric oxide 

mediate paracrine renin-release signals in the juxtaglomerular apparatus (Figure 1B).18 

These autacoids increase the production or block the degradation of juxtaglomerular cell 

cAMP, the key intracellular signaling molecule in juxtaglomerular cells that stimulates renin 

release.18 The most important inhibitory mechanism of renin synthesis and release is 

elevations in juxtaglomerular cell calcium concentration.19 This effect of calcium is rather 

unusual because calcium usually facilitates exocytosis in other cells and systems. Its 

inhibitory effect on renin secretion has been coined the “calcium paradox of renin release,” 

and this is because of the expression of calcium-inhibited adenylate cyclase, AC5, in 

juxtaglomerular cells.

COX-2, the source of macula densa-derived prostaglandins mediating renin expression and 

release by the juxtaglomerular apparatus, is present at low but detectable levels in the 

macula densa under normal homeostatic conditions.5 Induction of a high-renin state by 

imposition of a salt-deficient diet, angiotensin-converting enzyme inhibition, diuretic 

administration, or experimental renovascular hypertension all significantly increase COX-2 

expression by the macula densa.20–23 Alterations in macula densa COX-2 expression also 

play an essential role in the tonic expression of juxtaglomerular cell renin rather than acting 

as an acute regulator of stimulated renin production and release in response to macula densa-

derived signals as well as other signals for renin release, particularly β-adrenergic 

stimulation or renal perfusion pressure.24,25

Complex interactions exist between COX-2 expression by the macula densa and components 

of the renin-angiotensin system, with both positive and negative feedback mechanisms. 

Angiotensin II normally inhibits macula densa COX-2 expression, perhaps through a direct 

inhibition through macula densa AT1 receptors,26,27 suggesting an inhibitory feedback loop. 

However, in the presence of AT1 inhibition, angiotensin II actually stimulates macula densa 

COX-2 expression through AT2 receptors.27 To further complicate matters, transgenic rats 

overexpressing the prorenin receptor in all cells increase macula densa COX-2 expression 

and hyperfiltration,28 and immunoreactive prorenin receptor can be detected in the macula 

densa.29

The intrarenal dopaminergic system serves as a counter-regulatory mechanism to the renin-

angiotensin system.30 Although studies in isolated cells from the juxtaglomerular apparatus 

indicate dopamine directly stimulates renin release by increasing cAMP, the net effect of 

activation of the intrarenal dopaminergic system is actually to decrease the expression and 

release of renin from juxtaglomerular cells through inhibition of macula densa COX-2 

expression.31,32
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MACULA DENSA CELLS AS METABOLIC DETECTORS AND 

CHEMOSENSORS

In addition to tubular salt sensing, macula densa cells also sense alterations in tissue 

metabolism through the accumulation of the Krebs cycle intermediate, succinate, in tubular 

fluid.33 At the onset of diabetes mellitus, tubular succinate activates a newly identified 

metabolic receptor (GPR91) localized to the apical membrane of macula densa cells.33 

GPR91 activation in macula densa cells is connected to the same signaling cascade as salt 

sensing; namely, the activation of p38 and ERK1/2 MAP kinases, COX-2, and the synthesis 

and release of PGE2-triggered renin exocytosis.33 GPR91 expression is localized in the 

juxtaglomerular vasculature, where it plays a similar role in renin control,34 most likely 

acting in parallel with the macula densa mechanism. GPR91 signaling in the juxtaglomerular 

apparatus in early diabetes provides a new, direct link between high glucose levels and 

intrarenal renin-angiotensin activation. The importance of the renin-angiotensin system in 

the pathology of several metabolic diseases, including diabetes, metabolic syndrome, and 

hyperuricemia, is well established.35,36 Activated by alterations in local tissue metabolism 

and succinate accumulation, GPR91 signaling also regulates pathophysiological functions in 

other organs, such as the retina,37 another organ with common diabetic complications. It is 

interesting to speculate that GPR91 may be the molecular link between diabetic nephropathy 

and retinopathy.

Further supporting the ability of macula densa cells to directly sense certain chemical 

compounds in the tubular microenvironment is the recent discovery of the olfactory 

signaling system along the apical surface of these cells.38 At least one olfactory receptor, the 

olfactory G protein, and the olfactory isoform of adenylate cyclase, AC3, are found in 

macula densa cells.38 Consistent with macula densa function, AC3−/− mice have 

significantly reduced glomerular filtration and plasma renin levels,38 suggesting the 

physiologic importance of this tubular chemosensory machinery. It remains to be 

established, however, exactly which chemical compounds macula densa cells can “smell” in 

addition to succinate. Nevertheless, the idea that certain chemical signals in the tubular fluid 

can directly regulate GFR and renin-angiotensin activity is exciting and will undoubtedly 

open new areas in renal research.
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Figure 1. 
Fluorescence microscopic image (A) and schematic (B) of the juxtaglomerular apparatus 

(juxtaglomerular apparatus). (A) A multiphoton confocal fluorescence image of the 

juxtaglomerular apparatus in the intact rat kidney in vivo showing the afferent (AA) and 

efferent arterioles (EA) and cortical thick ascending limb (cTAL) containing the macula 

densa. Original magnification, ×250. Renin granular content in juxtaglomerular cells under 

the macula densa is labeled green using quinacrine as described before.34 (B) The main 

control mechanisms of renin release and elements of the macula densa sensing and signaling 

apparatus. Macula densa cells can sense variations in tubular fluid composition, including 

salt content and metabolites such as succinate. Salt is sensed via the NKCC2 and NHE2, 

whereas tubular succinate triggers the metabolic receptor GPR91 at the luminal plasma 

membrane. Signal transduction includes activation of MAP kinases p38 and pERK1/2, 

PGE2 synthesis through COX-2, and mPGES. PGE2 via paracrine signaling causes 

increased renin synthesis and release from adjacent juxtaglomerular cells and activation of 

the renin-angiotensin system (RAS). S, succinate; nNOS, neural nitric oxide synthase.
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