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Diabetes mellitus is the most common and rapidly growing cause of end-stage renal disease in developed countries. A classic hallmark of early diabetes mellitus includes activation of the renin-angiotensin system (RAS),
which may lead to hypertension and renal tissue injury, but the mechanism of RAS activation is elusive. Here
we identified a paracrine signaling pathway in the kidney in which high levels of glucose directly triggered the
release of the prohypertensive hormone renin. The signaling cascade involved the local accumulation of succinate and activation of the kidney-specific G protein–coupled metabolic receptor, GPR91, in the glomerular
endothelium as observed in rat, mouse, and rabbit kidney sections. Elements of signal transduction included
endothelial Ca2+, the production of NO and prostaglandin (PGE2), and their paracrine actions on adjacent
renin-producing cells. This GPR91 signaling cascade may serve to modulate kidney function and help remove
metabolic waste products through renal hyperfiltration, and it could also link metabolic diseases, such as diabetes, or metabolic syndrome with RAS overactivation, systemic hypertension, and organ injury.
Introduction
Renin-angiotensin system (RAS) activation in diabetes mellitus and
the metabolic syndrome is a core abnormality that leads to many
complications of the disease, including hypertension, proteinuria,
and renal tissue injury (1, 2). It has been difficult to isolate acute and
direct actions of hyperglycemia on glomerular structures from the
systemic factors and complex intrarenal feedback mechanisms (3)
that can indirectly activate the RAS. Therefore, the primary cause and
exact mechanism of RAS activation in early diabetes is still elusive.
The G protein–coupled receptor, GPR91, which functions as a
detector of cell metabolism (4, 5), may provide a new, direct link
between hyperglycemia and RAS activation. Its ligand, the TCA
cycle intermediate succinate (4), which is normally present in the
mitochondria, can be released extracellularly if the local tissue energy supply and demand is out of balance (5). Succinate accumulation
caused by restricted organ blood supply (local ischemia), GPR91
activation, and subsequent renin release has been recently implicated in the development of renovascular hypertension (4). GPR91 is
present in many organs, including the kidney, liver, spleen, breast,
and blood vessels, but it is expressed most abundantly in the kidney
(4, 6). In the renal cortex, GPR91 was detected in various nephron
segments and in the juxtaglomerular apparatus (JGA) (4), although
the specific cellular localization has not been determined.
The JGA represents the major structural component of the RAS
and is one of the most important regulatory sites of systemic blood
pressure (7–9). Renin-producing juxtaglomerular (JG) cells, located
in the wall of the terminal afferent arteriole, are key components of
the JGA and receive numerous chemical signals from adjacent vasNonstandard abbreviations used: [Ca2+]i, intracellular Ca2+; GENC, glomerular
endothelial cell; JG, juxtaglomerular; JGA, JG apparatus; RAS, renin-angiotensin
system; STZ, streptozotocin.
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cular endothelial, smooth muscle, and tubular epithelial cells that
precisely control the rate of renin release (8). Classic chemical mediators that stimulate renin release include prostaglandins (PGE2 and
PGI2) and NO (8, 9). Release of renin from JG cells is considered the
rate-limiting step of RAS activation, and it ultimately leads to the
generation of Ang II, the main RAS product and the primary effector of pathology in diabetes (1). In addition, the renin precursor
prorenin, which is also produced and released by JG cells, has been
directly implicated in diabetic nephropathy (10).
Succinate has earlier been shown to cause renin release from
the kidney (11). However, this effect has never been linked to the
metabolism of high levels of glucose. Because of the newly discovered GPR91 receptor and its role in RAS activation (4), we hypothesized that it is a (patho)physiologically significant mediator by
which high levels of glucose supply and metabolism at the onset of
diabetes directly cause renin release through succinate and GPR91
signaling in the JGA.
Results
High glucose level directly triggers renin release in vitro. Direct and
acute effects of high glucose levels on the JGA were studied free
of systemic influences, using a well established in vitro approach
(12, 13) that combines a JGA microperfusion model with fluorescence confocal imaging. Increasing glucose concentration of
the afferent arteriole perfusate triggered renin release and vasodilatation of the afferent arteriole within a few minutes (Figure
1 and Supplemental Video 1; supplemental material available
online with this article; doi:10.1172/JCI33293DS1). Within
30 minutes of high levels of glucose application, JGA granular
content was reduced by 54 ± 5Δ% (where Δ% means the change
in quinacrine fluorescence intensity [F0–F] normalized to the
baseline [F0]) compared with control basal release (11 ± 5Δ%),
and the afferent arteriole dilated significantly. These effects of
high glucose level were endothelium dependent, since remov-
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Figure 1
Direct and acute effects of high glucose level on the JGA. (A and B)
Real-time confocal fluorescence imaging of renin content (quinacrine,
green) and vascular diameter (cell membranes are labeled with R-18,
red) in the in vitro microperfused terminal afferent arteriole (AA) with
attached glomerulus (G) freshly isolated from rabbit kidney. In response
to increasing glucose concentration of the afferent arteriole perfusate
from 5.5 mM (control, A) to 25.5 mM (high glucose level, B), a significant number of renin granules in JG cells (JG) released their fluorescent content and the afferent arteriole internal diameter (arrows)
increased. Scale bar: 20 μm. (C) Normalized reductions in quinacrine
fluorescence (as an index of renin release) and increases in afferent
arteriole diameter within 30 minutes of high glucose level (HG) application. Blockade of NO synthases (L-NAME; 1 mM) and cyclooxygenases
([I] indomethacin; 50 μM) inhibited the effects of high glucose level, indicating involvement of NO and prostaglandins, respectively. Removing
the endothelium (endo) or bath glucose had no effect, and equimolar
mannitol caused only minor renin release. *P < 0.01; n = 6 each.

ing the endothelium of the afferent arteriole (14 ± 1Δ%) or bath
application of high glucose level (6 ± 7Δ%) had no effect on
renin release. The use of mannitol to control for the effect of
osmolality resulted in only minor renin release (19 ± 4Δ%). The
actions of high glucose level most likely involved NO and prostaglandins, since both NO synthase and cyclooxygenase inhibition abolished the effects of application of high levels of glucose
(14 ± 6Δ% and 13 ± 2Δ% renin release, respectively). Similar
effects were observed on the vascular tone.
Involvement of the TCA cycle intermediate succinate. Since it was established earlier that succinate causes renin release (11), we tested
whether the mechanism of the high-level-of-glucose effect involves
the TCA cycle. The effects of various TCA cycle inhibitors and
intermediates were studied using the same experimental model as
above. The strategy is summarized in Figure 2A, and the findings
are shown in Figure 2, B–D. First, the addition of 5 mM succinate to
the arteriolar perfusate triggered a robust renin release (73 ± 2Δ%),
confirming the earlier data (11). The effects of succinate and high
glucose levels did not appear to be additive (56 ± 3Δ%; Figure 2B).
Then malonate, an inhibitor of the TCA cycle at the succinate dehydrogenase step (succinate degradation), was used. Malonate alone,
in the presence of normal glucose (5.5 mM), caused significant renin
release (54 ± 7Δ%). Combining malonate with a high glucose level
produced an augmented response (77 ± 2Δ%). The effect of malonate was additive to that of succinate as well (83 ± 4Δ%; Figure 2B).
Fluorocitrate was next used to block the TCA cycle enzyme aconitase, which is essential for producing succinate. The addition of
fluorocitrate alone had no effect on renin release (11 ± 2Δ%), but it
abolished the effects of high glucose level on renin release (16 ± 2Δ%).
In subsequent studies, the dose-response relationship among succinate or malonate and renin release was established (Figure 2C).
The EC50 values for succinate and malonate were 335 and 367 μM,
respectively. Administration of α-ketoglutarate (5 mM), another
intermediate between the citrate and succinate steps, had no effect
(data not shown). Thus, Krebs-cycle intervention studies revealed

that renin release specifically occurred in the presence of succinate.
Using real-time imaging, the time course of high glucose level– and
succinate-induced renin release was established (Figure 2D). Succinate produced a more robust and rapid effect, consistent with
the hypothesis that high glucose levels act through accumulating
succinate levels. In addition to renin release, we observed substantial vasodilatation of the afferent arteriole within 3–4 minutes after
treatment with high glucose levels.
Succinate levels in normal and diabetic kidney tissue and urine. To
demonstrate local accumulation of succinate in the diabetic kidney tissue to levels that are consistent with GPR91 activation, we
measured succinate in nondiabetic and diabetic kidney tissue and
urine (Figure 3). In freshly harvested urine and whole kidney tissue samples of nondiabetic mice, the succinate concentration was
26 ± 7.0 and 10 ± 0.2 μM, respectively. In contrast, 1–2 orders of
magnitude higher levels were detected in samples from diabetic
mice 1 week after streptozotocin (STZ) injection (168 ± 45 μM in
urine; 616 ± 62 μM in tissue).
GPR91 specificity. Similar microperfusion experiments were performed using preparations dissected from GPR91+/+ and GPR91–/–
mouse kidneys. Increasing glucose content of the afferent arteriole perfusate from 5.5 to 25.5 mM greatly stimulated the rate of
renin release in GPR91+/+ mice, similar to that observed in rabbits
(Figure 1C). Granular content was reduced by 44 ± 3Δ% within
30 minutes (Figure 4). Importantly, high glucose level–induced
renin release was diminished in GPR91–/– mice; granular content
was reduced by only 16 ± 3Δ%. Interestingly, the magnitude of this
response is comparable to what was obtained before using mannitol for the control of osmolality effect (Figure 1C). These data
suggest that the effect of high glucose level on renin release has a
minor hyperosmotic, but a very significant metabolic component.
The succinate receptor GPR91 appears to be involved in the metabolic component, consistent with our main hypothesis that high
glucose level triggers renin release through the accumulation of
succinate and GPR91 signaling.
Localization of GPR91. Molecular and functional studies were performed to identify the cell type(s) expressing GPR91 and involved
in the generation of the renin release signal. RT-PCR was performed
to detect GPR91 mRNA in mouse whole kidney and in cell cultures
of various JGA cell types (Figure 5A). Consistent with the role of the
vascular endothelium in glucose-induced renin release (Figure 1C),
expression of the succinate receptor GPR91 was found on the mRNA
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mediates that were used with in vitro
renin release measurements (Figure 2B). Figure 5F shows significant
elevations in GENC intracellular
Ca2+ [Ca2+]i levels in response to high
glucose level (605 ± 36 nM), succinate (549 ± 29 nM), and malonate
(377 ± 22 nM) compared with [Ca2+]i
levels measured in presence of normal
glucose (133 ± 14 nM). Fluorocitrate
failed to increase GENC [Ca2+]i levels
(143 ± 11 nM) (Figure 5F). GENCs
produced a substantial, dose-dependent Ca2+ signal when high levels of
glucose or succinate were added to
the superfusate, with an EC50 value of
11 mM and 69 μM, respectively (Figure 5G). These data are consistent
with the central role of succinate and
the proposed Ca2+-coupled mechanism of GPR91 signaling (4). In addition, saturating doses of succinate did
not cause [Ca2+]i elevations in VSMCs,
JG cells, or HEK cells (Figure 5H).
Also, the succinate-induced response
in GENCs was GPR91-specific, since
silencing GPR91 with short, interfering RNAs (siRNA) produced no
[Ca2+]i response (Figure 5H). Evidence
Figure 2
Effects of TCA cycle intermediates and inhibitors on renin release. (A) Overview of the TCA cycle and for effective silencing of GPR91 in
sites of inhibition with fluorocitrate (F; 100 μM; blocks aconitase in step 2) and malonate (MAL; 1 mM; cultured GENCs using siRNA can be
blocks succinate dehydrogenase in step 6). (B) Effects of TCA cycle inhibitors on renin release in found in Supplemental Figure 2.
presence of normal (5.5 mM when not indicated) or high glucose (25.5 mM), or succinate (SUCC, 5
Elements of the paracrine signal
mM) levels. C, control. *P < 0.001, control vs. high glucose, high glucose plus succinate, succinate,
transduction cascade. Since endothelial
and malonate. **P < 0.001 malonate alone vs. malonate plus high glucose, and malonate plus succinate. n = 6 each. (C) Dose-dependent effects of succinate and malonate on in vitro renin release. n = 6 cells are indispensable for high glumeasurements for each dose. (D) Representative recordings of changes in quinacrine fluorescence cose level–induced renin release and
intensity (renin release) in control and in response to high glucose and succinate levels (black lines), are the only cell types in the terminal
and the time course of the high glucose level–induced afferent arteriole vasodilatation (gray line).
afferent arteriole to express GPR91,
they appear to be key components of
generating the renin release signal.
level in a recently established glomerular endothelial cell (GENC) Fluorescence imaging studies in the microperfused JGA measured
line (14). In contrast, primary cultures of VSMCs and JG cells pro- endothelial intracellular Ca2+ ([Ca2+]i) changes and NO producduced no signal (for confirmation of cell phenotypes see Supple- tion (Figure 6, A–C). Increasing glucose concentration from 5.5 to
mental Figure 1). Whole kidney tissue from GPR91+/+ and GPR91–/– 25.5 mM or the addition of 5 mM succinate to the arteriolar permice served as positive and negative controls. To determine the fusate caused significant elevations in [Ca2+]i and NO production in
localization of GPR91 protein in the kidney and in cells of the JGA the vascular endothelium (Figure 6C). In addition, the effect of high
in particular, immunohistochemistry on rat (Figure 5, B–E), mouse, glucose level was GPR91-dependent (Figure 6C). Since prostaglanand rabbit (data not shown) kidney sections was performed using a dins (PGE2 and PGI2) are classic mediators of renin release, further
recently produced, commercially available GPR91 polyclonal anti- experiments tested if endothelial [Ca2+]i elevations trigger not only
body. Vascular endothelial cells in the afferent arteriole and glom- NO but also PGE2 production and release from GENCs (Figure 6D).
erulus, but not JG cells, were labeled positive for GPR91 (Figure 5B). As expected, GENCs released PGE2 in response to succinate in a doseEndothelial localization was confirmed by double labeling with the dependent fashion with an EC50 value of 214 μM. These chemical
rat endothelial marker RECA-1 (Figure 5C). GPR91 and RECA-1 mediators, NO and PGE2, are effective vasodilators and were most
immunolabeling were localized to the same structures (Figure 5D). likely involved in the high glucose level–induced increase in afferent
This is consistent with the RT-PCR data above (Figure 5A) and with arteriole diameter observed simultaneously with renin release.
our hypothesis that it is the vascular endothelium, rather than other
GPR91 signaling in the STZ model of type 1 diabetes in vivo. Whole
JGA cells, that is capable of detecting extracellular succinate.
animal studies were performed using GPR91+/+ and GPR91–/– mice
Additional functional studies tested whether GENCs that express to evaluate the in vivo importance of GPR91 in renin signaling in
GPR91, but not VSMCs and JG cells, produce elevations in cytosolic diabetic and nondiabetic control animals using the STZ model of
Ca2+ levels in response to the same TCA cycle inhibitors and inter- type 1 diabetes (STZ-diabetes). A multiphoton imaging approach
2528
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Figure 3
Succinate accumulation in diabetic kidney tissue and urine. An enzyme
assay and freshly harvested urine and whole kidney homogenates
were used to estimate succinate accumulation in control (n = 5) versus
diabetic (DM; 1 week after STZ treatment; n = 6) GPR91 WT mouse
kidneys. Individual samples were measured in triplicates and averaged. *P < 0.001 control vs. diabetic.

(15, 16) was used to directly visualize and quantify JGA renin granular content in the intact, living kidney (Figure 7, A–E). Nondiabetic GPR91–/– mice had reduced JGA renin granular content compared with GPR91+/+ littermates (Figure 7, A, B, and E), although
total renal renin content was not altered based on whole kidney
immunoblotting (Figure 7, F and G). In GPR91+/+ mice, the STZdiabetes caused a 3.5-fold increase in total renin (Figure 7, F and
G) and a less pronounced but still significant increase in JGA renin
granular content (Figure 7, C–E). Importantly, both total and JGA
renin were significantly reduced in GPR91–/– littermates with STZdiabetes (Figure 7, E and G).
As an important hallmark and in vivo parameter of diabetes, we
measured prorenin levels in kidney tissue and plasma samples of
control and diabetic GPR91+/+ and GPR91–/– mice (Figure 8). Diabetes induced a robust, more than 20-fold increase in kidney tissue
and plasma prorenin contents in GPR91+/+ mice. In contrast, the
increases in kidney tissue and plasma prorenin were significantly
blunted in GPR91–/– mice (Figure 8). These results clearly suggest
the involvement of GPR91 in the (patho)physiological control of
renal renin and prorenin synthesis and release in vivo.
Discussion
The present work identified succinate as an important element of the
diabetic milieu that links high level of glucose supply and metabolism with RAS activation. High glucose level, through the TCA cycle
intermediate succinate and the activation of its receptor GPR91, acts
directly and acutely on the JGA and triggers renin release, the ratelimiting step of RAS activation. The central role of RAS in the pathogenesis of diabetic nephropathy has been established in the past several decades; however, a unifying mechanism of RAS activation in
both type 1 and type 2 diabetes has been sorely lacking (2). The presently identified GPR91-dependent paracrine JGA-signaling cascade
provides, for what we believe to be the first time, a direct mechanism
for the local intrarenal activation of RAS in diabetes.
Normally, succinate is present in mitochondria, but it is also found
in the systemic circulation in the 1- to 20-μM range (17). However, succinate can accumulate extracellularly in peripheral tissues in certain
pathophysiological states when energy and oxygen supply/demand
are out of balance (5). Although, it is not feasible to measure succinate
levels in the JGA interstitium, conditions of the renal cortical environment seem to be favorable for local succinate accumulation. In spite
of high cortical blood flow, significant shunting of oxygen within
the cortical, preglomerular vasculature between interlobular arteries
and veins results in low cortical pO2 values in the range of 40 mmHg
(18). The nonlinear nature of single nephron blood flow (19) is
another possible contributing factor. Hyperglycemia is associated
with further, marked reductions in renal oxygen tension and mito-

chondrial respiration (20). Therefore (juxta)glomerular endothelial
cells appear to be well suited and strategically positioned to sense the
local accumulation of succinate. Consistent with this, we measured
1–2 orders of magnitude higher levels of succinate in the urine and
kidney homogenates of diabetic animals 1 week after STZ injection
compared with controls (Figure 3). In addition, a recent report found
similar but less pronounced changes in serum succinate levels in diabetes (21), further supporting the local, intrarenal accumulation of
succinate. The present findings (Figure 5, F and G, and Figure 6, A
and C) that GENCs, either in culture or in the native tissue, respond
to high glucose level with dose-dependent, significant elevations in
[Ca2+]i, a response which is GPR91 specific, further support local succinate accumulation. Although GENCs alone appear to be capable
of generating extracellular succinate in amounts that trigger GPR91,
other JGA cell types most likely contribute to the local succinate
accumulation. GPR91 localization studies on both the mRNA and
protein level (Figure 5) identified the (juxta)glomerular endothelium
as one possible sensor of local succinate. Succinate-induced GPR91
signaling in GENCs, either cultured (Figure 5F) or freshly dissected
(Figure 6C), involved elevations in [Ca2+]i and the production and
release of NO and PGE2 (Figures 5 and 6), well established vasodilators and classic mediators of renin release from adjacent JG cells (8, 9).
Although high, saturating concentrations of succinate (5 mM) were
used in some studies, the low EC50 values resulting from the succinate effect on GENC [Ca2+]i (69 μM), PGE2 production (214 μM),
and renin release (335 μM) suggest that near physiological succinate
levels can activate GPR91. The relatively higher EC50 values established

Figure 4
High glucose level–induced renin release in GPR91+/+ and GPR91–/–
mice. Effects of high glucose level (25.5 mM) on renin release, measured by the reduction in quinacrine fluorescence. Hyperosmotic control using mannitol is also shown (same data as in Figure 1C). C, control baseline renin release. GPR91+/+ (WT, n = 6) and GPR91–/– (KO,
n = 4) mice were used. *P < 0.001, control vs. high glucose lumen
(rabbit, mouse).
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Figure 5
Localization of GPR91 in GENCs. (A) Representative RT-PCR demonstrating the presence/absence of GPR91 in various mouse kidney cell
types. C, control mix with no cDNA; WK, whole kidney from WT GPR91+/+ or KO GPR91–/– mice. Same results were obtained in n = 6 different
samples each. JGC, renin-producing JG cells. (B–E) Localization of GPR91 protein in rat kidney with immunohistochemistry. (B) Strong GPR91
labeling (red) was found in vascular endothelial cells, in both terminal afferent arteriole (Aff. art.) and glomerulus. One region of the glomerulus
(indicated by a rectangle) is magnified in C and D for high-resolution colocalization studies. (C) Double labeling for rat endothelial cell marker
RECA-1 (green) identified the endothelium of intraglomerular capillary loops (cl). (D) Overlay of GPR91 (red) and RECA-1 (green) images shows
colocalization (yellow) of the 2 proteins in the same structures. DIC background is merged with fluorescence to show glomerular morphology. (E)
Negative control using no GPR91 primary antibody. Nuclei are blue. Scale bar: 10 μm (B–E). (F) Elevations in GENC [Ca2+]i levels from baseline
(under normal glucose [NG], 5.5 mM) in response to high glucose level (25.5 mM) and TCA cycle inhibitors and intermediates. Succinate, 5 mM;
malonate, 1 mM; fluorocitrate, 100 μM. *P < 0.001, compared with NG; n = 9 each. (G) Dose-response relationship of high glucose level– and
succinate-induced elevations in GENC Ca2+ levels; n = 6 each. F/F0, fluorescence (F) normalized to baseline (F0). (H) Cell- and GPR91-specificity of the succinate-induced [Ca2+]i response. HEK cells were used for biosensor experiments (see below). *P < 0.001, compared with baseline;
n = 6 each. Cells were grown on coverslips to near confluency, loaded with Ca2+ sensitive fluorescent dye fura-2, and [Ca2+]i was measured using
a cuvette-based spectrofluorometer (Quantamaster-8; Photon Technology Inc.).

with the PGE2 biosensor assay and the in vitro renin release model
are not unexpected, since these are more downstream, complex, and
highly regulated mechanisms; therefore, they are somewhat less sensitive. The involvement of NO and prostaglandins in high glucose
level–induced (succinate-induced) renin release was also supported
by in vitro microperfusion data (Figure 1C), using blockers of the synthetic enzymes NOS and cyclooxygenase (COX). Nonselective inhibitors were used, since many isoforms of NOS (NOSI–III) (22, 23) and
COX (COX-1 and -2) (24, 25) are present in the JGA. Importantly,
NOSIII (endothelial NOS) and COX-2 are upregulated in diabetes
(23, 25). Localization of GPR91 in the proximal and distal nephron
(4) suggests other potential sites of succinate detection in the kidney
and warrants further studies. It should be noted that numerous, well
established, and ubiquitous dicarboxylate carriers and organic anion
transporters are expressed in high amounts in the kidney, both in
mitochondrial and cell membranes that transport succinate along
its concentration gradient and that may be involved in extracellular
succinate accumulation (26–28).
Inhibition of the Krebs cycle before or after the succinate step
caused marked but differing changes in renin release (Figure 2, A–C).
At normal glucose levels, malonate, an inhibitor of the succinate
dehydrogenase complex (29), caused robust renin release, the effect
2530

of which was markedly enhanced in the presence of high glucose
level or succinate. In contrast, fluorocitrate, an inhibitor of aconitase
(30, 31) and succinate production, blocked renin release induced by
high glucose level. Consistent with these data and Ca2+-mediated
GPR91 signaling, differing GENC Ca2+ level changes were observed
with malonate and fluorocitrate (Figure 5F). The opposite effects of
these metabolic inhibitors suggest the specific role of succinate and
exclude the possibility of tissue injury. Oxygen consumption and
ATP production in the kidney remain constant after malonate and
fluorocitrate administration in vivo (29, 31) due to the use of alternative substrates (glutamine). Also, the partial renin-releasing effect
of osmolytes (controlled with mannitol) is consistent with a recent
report (32) that acute increases in osmolality trigger renin release.
Reduced JGA renin content in control, nondiabetic GPR91–/– mice
(Figure 7, B and E) suggests that succinate signaling through GPR91
is a physiological mechanism to control RAS activity, in addition to
its potential role in diabetic pathology. Since the present in vivo studies focused on the early phase of diabetes, it will be interesting to
study in future work the chronic phase of the disease and the role of
GPR91 in the development of in vivo diabetic renal complications,
such as proteinuria and hypertension. It should be noted, however,
that further studies on the role of GPR91 in blood pressure control
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Figure 6
GPR91 signaling in the vascular endothelium. Succinate- and GPR91-induced endothelial cytosolic Ca2+
[Ca2+]i signaling and NO production were studied
using the microperfused mouse afferent arteriole–
attached glomerulus preparation and confocal
fluorescence microscopy with fluo-4/fura red ratiometric Ca2+ (A) and DAF-FM imaging (B), respectively. Arrows point at glomerulus and afferent
arteriole endothelial cells in situ. Scale bar: 20 μm.
(C) Summary of the high glucose– (25.5 mM) and
succinate- (5 mM) induced normalized changes
in endothelial [Ca2+]i and NO production in WT
GPR91+/+ or KO GPR91–/– kidney tissue. *P < 0.05,
WT (+/+) vs. KO (–/–); n = 6 each. (D) Dose-response
relationship of succinate-induced elevations in
PGE2 production and release from cultured GENCs,
measured using a PGE2 biosensor. Specially engineered biosensor cells, HEK293 cells, expressing
the Ca2+-coupled PGE2 receptor EP1 were loaded
with fluo-4 and positioned next to GENCs in culture.
Effects of succinate on GENC PGE2 production
were measured based on the biosensor cell Ca2+
signal, since upon PGE2-binding these biosensor
cells produce a Ca2+ response detected by fluorescence imaging. The cyclooxygenase inhibitor
indomethacin (50 μM) and EP1 receptor blocker
SC-51322 (10 μM) in presence of 5-mM succinate
both served as negative controls for PGE2 specificity. Normalized changes in HEK293-EP1 biosensor cell fluo-4 intensity are shown and served as an
index of PGE2 release. n = 6 for each dose.

in diabetes are hampered by the lack of good mouse models of diabetic nephropathy (2, 33). Mice are resistant to a number of renal
and systemic complications of diabetes, such as the lack of diabetesinduced hypertension (2, 33). Nevertheless, hypertension and systemic RAS activation may not be as central to diabetes as previously
thought (1, 2), since the identification of the prorenin receptor in the
kidney (34) and its local signaling provides an Ang II–independent
alternative in the pathogenesis of diabetic renal damage (35, 36). The
possible involvement of prorenin in GPR91-mediated renin granule
exocytosis in diabetes (Figure 8) is intriguing and consistent with the
importance of the prorenin receptor and requires further study. Nevertheless, the present studies established that the elevation in plasma
and kidney tissue prorenin, at least one in vivo parameter that is classic in diabetes, is GPR91-dependent. In addition to triggering renin
release, GPR91-mediated NO and PGE2 production in the JGA could
be an important causative mechanism of vascular smooth muscle
and mesangial relaxation (Figure 1C and Figure 2D), resulting in glomerular hyperfiltration, another hallmark of early diabetes (1–3).
In summary, we identified a paracrine signaling mechanism
within the JGA initiated by high glucose levels (such as those characteristic of diabetes), which directly activates renin synthesis and
release and causes vasodilatation of the afferent arteriole. This signaling mechanism involves the (juxta)glomerular endothelium, a
sensor of accumulating succinate levels in hyperglycemia through
what we believe to be a novel metabolic receptor GPR91, Ca2+-coupled generation and release of endothelial NO and prostaglandins
(at least PGE2), and their actions on adjacent JG renin-producing
cells. We believe GPR91 is a new potential therapeutic target to
prevent renal complications of diabetes.

Methods
Animals. All experiments were performed with the use of protocols
approved by the Institutional Animal Care and Use Committee at the University of Southern California (USC). Female New Zealand rabbits (about
500 g) were purchased from Irish farms. Breeding pairs of GPR91+/– mice
(C57BL/6 background) were provided by Amgen and were bred at USC.
Animals were housed in a temperature-controlled room under a 12-hour
light-dark cycle with water and standard chow available ad libitum. In
some mice, the STZ model of type 1 diabetes was used as described before
(15, 33). Briefly, diabetes was induced by daily i.p. STZ (50 mg/kg) injections for 4 days. Blood was collected from tail vein, and blood glucose levels
were measured with test strips (Freestyle Blood Glucose Monitoring System; Abbott Laboratories) to confirm the successful induction of diabetes
(blood glucose levels greater than 400 mg/dl). Animals were studied within
4 weeks after STZ injection, during the early phase of diabetes.
Genotyping of mice. Mice were characterized by PCR using genomic DNA
extracted from tail biopsies. DNA was digested with the REDExtract-NAmp Tissue PCR Kit (Sigma-Aldrich). Routine genotyping by PCR was performed using the following primers: Neo3A (5′-GCAGCGCATCGCCTTCTATC-3′), GPR91–/– reverse (5′-GCTGCCTTCTGATTCATGTGG-3′), and
GPR91–/– forward (5′-GTCGTCTGGGCCTTAGTGACC-3′).
In vitro microperfusion. A superficial afferent arteriole with its glomerulus was microdissected from freshly harvested kidney slices. The afferent
arteriole was cannulated and perfused using a method similar to those
described previously (37). Briefly, dissection media were prepared from
DMEM mixture F-12 (Sigma-Aldrich). Fetal bovine serum (Hyclone) was
added at a final concentration of 3%. Vessel perfusion and bath fluid was
a modified Krebs-Ringer–HCO3 buffer containing 115 mM NaCl, 25 mM
NaHCO3, 0.96 mM NaH2PO4, 0.24 mM Na2HPO4, 5 mM KCl, 1.2 mM

The Journal of Clinical Investigation    http://www.jci.org    Volume 118    Number 7    July 2008

2531

research article

Figure 7
Renin granular content in GPR91+/+ and GPR91–/– mice in vivo. (A and B) Representative multiphoton fluorescence images of JGA renin content
(green) in nondiabetic (A and B) and diabetic (C and D) GPR91+/+ (A and C) and GPR91–/– (B and D) mouse kidneys. The intravascular space
(plasma) was labeled using a 70-kDa dextran rhodamine conjugate (red). Scale bar: 20 μm. (E) Summary of changes in JGA renin content in
control and in the STZ model of type 1 diabetes (STZ-diabetic; DM) GPR91+/+ and GPR91–/– mice. JGA renin content was calculated based
on measuring the area of quinacrine fluorescence (μm2).*P < 0.05, C vs. DM GPR91+/+; §P < 0.05, C GPR91+/+ vs. C GPR91–/–; #P < 0.05, DM
GPR91+/+ vs. DM GPR91–/– (n = 4 each). (F) Renin immunoblot (green) using control and STZ-diabetic GPR91+/+ and GPR91–/– mouse whole
kidney. Four samples are shown for each group. β-actin (red) served as loading control. (G) Summary of changes in whole kidney renin content
based on renin immunoblot densitometry. *P < 0.05 C vs. DM GPR91+/+; #P < 0.05 DM GPR91+/+ vs. DM GPR91–/– (n = 4 each).

MgSO4, 2 mM CaCl2, 5.5 mM d-glucose and 100 μM l-arginine. The solutions were aerated with 95% O 2 and 5% CO2 for 45 minutes, and their
pH was adjusted to 7.4. Each preparation was transferred to a thermoregulated Lucite chamber mounted on the Leica inverted microscope. The
preparation was kept in the dissection solution, and also, temperature was
kept at 4°C until cannulation of the arteriole was completed and then was
gradually raised to 37°C for the remainder of the experiment. In some
experiments, the endothelium was mechanically removed from the vessel
wall with the help of the perfusion pipette and by perfusing the control
solution under the endothelium (between the endothelium and smooth
muscle). This maneuver resulted in the detachment of the endothelial
layer from the smooth muscle–JG cells. The bath was continuously aerated with 95% O2 and 5% CO2. The acidotropic fluorophore quinacrine
(Sigma-Aldrich), which is an intravital fluorescent dye selective for densecore secretory granules, was used for labeling the renin granules (12, 13,
15). The membrane staining octadecyl rhodamine B chloride R18 and the
nuclear stain Hoechst 33342 were used to visualize the glomerulus with
its attached afferent arteriole. For ratiometric Ca2+ imaging, the fluo-4/
fura red pair was used and calibrated as described before (37). DAF-FM
was used to monitor changes in NO production as described (38). All fluorophores were from Invitrogen.
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Multiphoton fluorescence microscopy. Preparations were visualized using a
2-photon laser scanning fluorescence microscope (TCS SP2 AOBS MP confocal
microscope system; Leica-Microsystems). A Leica DM IRE2 inverted microscope
was powered by a wideband, fully automated, infrared (710–920 nm), combined photo-diode pump laser and mode-locked titanium:sapphire laser (MaiTai; Spectra-Physics) for multiphoton excitation and/or by red (HeNe 633 nm/
10 mW), orange (HeNe 594 nm/2 mW), green (HeNe 543 nm/1.2 mW) and
blue (Ar 458 nm/5 mW; 476 nm/5 mW; 488 nm/20 mW; 514 nm/20 mW)
lasers for conventional, 1-photon–excitation confocal microscopy. Images were
collected in time-series (xyt) and analyzed with Leica LCS imaging software.
Cell culture. TsA58 immorto mice GENCs (a generous gift from N. Akis,
Halic Univerisity, Istanbul, Turkey) have been characterized before (14) and
were grown to confluence in 10% DMEM, 25 mM HEPES, 9 mM NaHCO3,
7.5% new born calf serum (Gibco), and 1% penicillin/streptomycin in a
humidified (95% O2 and 5% CO2) incubator at 37°C. Afferent arteriolar
VSMCs and JG renin-producing cells were freshly isolated from C57BL/6
mouse kidneys using available techniques (39–41).
Succinate assay. Kidney tissue and urine succinate concentration was
determined using a cuvette-based enzymatic assay according to manufacturer’s instructions (Boehringer Mannheim/R-Biopharm AG). Briefly,
the enzymatic reaction measures the conversion of succinate by succinyl-
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Figure 8
Changes in whole kidney and serum prorenin content in control and
STZ-diabetic GPR91+/+ and GPR91–/– mice. Prorenin was measured
in whole kidney homogenates and serum as the difference between
renin activity before and after trypsin activation of prorenin measured
with a fluorescence renin enzyme essay. Compared to age-matched
nondiabetic control animals, prorenin content of both whole kidney tissue and plasma samples increased significantly in diabetic animals.
Diabetic GPR91–/– animals showed no change in kidney or serum prorenin content. *P < 0.05, C vs. DM GPR91+/+; #P < 0.05, DM GPR91+/+
vs. DM GPR91–/– (n = 4 each).

CoA synthetase, pyruvate kinase, and l-lactate dehydrogenase and the
stoichiometric amount of NADH oxidized in the reaction. By measuring
the absorbance at 340 nm (UV detection), the amount of succinate can
be calculated from the amount of NADH oxidized. Whole kidney tissue
and urine samples were freshly harvested from nondiabetic and diabetic
GPR91+/+ mice. The kidneys of anesthetized, live animals were first flushed
with ice-cold PBS injected through the heart and then removed and immediately homogenized on ice in a buffer containing 20 mM Tris-HCL, 1 mM
EGTA, pH 7.0, and a protease inhibitor cocktail (BD Biosciences), similar
to that described below for western blotting. Urine samples were removed
from the bladder and diluted 1:20 with water. Prior to measurements, protein content of kidney homogenates and urine samples was eliminated by
using 1 M perchloric acid, which was then neutralized by 2 M KOH. The
precipitant was filtered and the pH of the clear solutions was adjusted to
8.5. A reaction solution was combined per kit instructions and incubated
with the sample at 37°C for 5 minutes before reading the absorbance of
the sample. After 20 minutes of incubation at 37°C, samples were again
measured for completion of the assay. The absorbance value was compared
against a blank and the concentration was determined.
PGE2 biosensor technique. Generation of HEK293-EP1 cells as PGE2 biosensors and their use has been described before (42).
RT-PCR. Total RNA was purified from confluent tsA58 mouse-derived
GENC line, afferent arteriolar VSMCs, JG cells, and whole kidney tissue of
GPR91+/+ and GPR91–/– mice using a Total RNA Mini kit (Bio-Rad). RNA
was quantified using spectrophotometry and reverse-transcribed to singlestranded cDNA using avian reverse-transcritpase and random hexamers
according to the manufacturer’s instructions (Thermoscript RT-PCR System;
Invitrogen). cDNA (2 μl) was amplified using a master mix containing Taq
polymerase (Invitrogen) and the following primers: GPR91 sense, 5′-TGTGAGAATTGGTTGGCAACAG-3′; GPR91 antisense, 5′-TCGGTCCATGCTAATGACAGTG-3′, each at a final concentration of 100 μM. The PCR reaction
was carried out for 30 cycles of the following: 94°C for 30 seconds, 55.4°C for
30 seconds, and 72°C for 30 seconds. The PCR product was analyzed on a 2%
agarose gel to identify GPR91 fragments of approximately 330 bp.

siRNA interference of GPR91 in GENCs. On the first day of the study,
GENCs were trypsinized, and cells were resuspended at a concentration of
100,000 cells/ml in antibiotic-free complete DMEM medium. Then, 100 μl
of cell suspension was added to each well of a 96-well plate and incubated
overnight at 37°C with 5% CO2. The next day, GENCs were transfected
employing the protocols validated for the DharmaFECT 1 Transfection
Reagent and ON-TARGETplus SMARTpool of 4 GPR91 siRNAs (Dharmacon). Media were removed from each well of the 96-well plate, and 100 μl
of transfection medium was then added to each well. Cells were incubated
at 37°C in 5% CO2 for 48 hours, transferred to larger plates, and then cultured in complete GENC medium for studies. RNA was extracted from
cells and amplified to validate inhibition of GPR91 synthesis. Functional
confirmation of GPR91 knockdown was provided by fluorometric studies
on cells. Cells retained adequate GPR91 silencing for at least 3 passages.
Immunohistochemistry. GPR91 polyclonal antibody (Millipore) and rat
endothelial marker RECA (mouse anti rat RECA-1; AbD Serotec) antibody
were used on mouse, rat, and rabbit kidney sections as described before (12,
42). GENCs, VSMCs, and JG renin granular cells on glass coverslips were
fixed in 4% formalin for 10 minutes and permeabilized with 0.1% Triton-X
in PBS for 5 minutes. Sections were blocked with goat serum (1:20) and incubated overnight with an affinity-purified antibody against the endothelial
cell marker CD31 (1:50; Abcam), α-smooth muscle actin (1:400; SigmaAldrich), or renin (1:100; a generous gift from T. Inagami, Vanderbilt University, Nashville, Tennessee, USA). This was followed by 1-hour incubation
with a AF594- or AF488-conjugated secondary antibody (1:200; Invitrogen).
The GPR91 signal was enhanced with AF594-labeled tyramide signal amplification (TSA) according to the manufacturer’s instructions (Invitrogen).
Sections were mounted with VECTASHIELD media, containing DAPI for
nuclear staining (Vector Laboratories).
Western blot analysis. Manually dissected slices of kidney cortex were homogenized in a buffer containing 20 mM Tris-HCl, 1 mM EGTA, pH 7.0, and a
protease inhibitor cocktail (BD Biosciences). Forty micrograms of protein
were separated on a 4%–20% SDS-PAGE and transferred onto PVDF membrane. The blots were blocked for a minimum of 1 hour with Odyssey Blocking Buffer (LI-COR Biosciences) at room temperature. This was followed by
an incubation of the primary antibody (1:5,000 renin; Fitzgerald) overnight
at 4°C, along with β-actin (1:5,000; Abcam) in 2.5 ml 1× PBS (OmniPUR;
VWR), 2.5 ml Odyssey Blocking Buffer (LI-COR Biosciences), and 5.0 μl
Tween 20 solution (Sigma-Aldrich). After washing with PBS-T, 1× PBS plus
1:1,000 Tween 20, blots were incubated in 2.5 ml PBS, 2.5 ml Blocking Buffer, 5.0 μl Tween 20, and 5.0 μl 10% SDS, with a goat anti-mouse (1:15,000;
LI-COR Biosciences) and a goat anti-rabbit secondary antibody (1:15,000;
LI-COR Biosciences), and then were visualized with Odyssey Infrared Imaging System, Western Blot Analysis (LI-COR Biosciences).
Trypsinization protocol. Prorenin was evaluated as the difference in renin
activity before (active renin) and after trypsinization (total renin). Kidney homogenates were collected from nondiabetic and diabetic mice as
described above. Plasma samples were derived from whole blood collected
by cardiac puncture and centrifuged for 10 minutes at approximately
3,000 g and –4°C. Trypsinization activates prorenin to renin (43). Samples
were trypsinized (50 g/l) for 60 minutes on ice and reaction stopped with
Soybean Trypsin Inhibitor (100 g/l) for 10 minutes on ice. Renin activity was evaluated by cuvette-based fluorometry (Quantamaster-8; Photon
Technology Inc.) using a FRET-based renin substrate assay as described
previously (16). Substrate was present in excess, so the initial reaction rate
(within 50 seconds of adding 40 μg sample) estimated renin activity, using
Felix software (Photon Technology Inc.). Trypsin in the presence of trypsin
inhibitor did not interact with renin substrate.
Spectrofluorometry. [Ca2+]i of GENCs was measured with dual excitation
wavelength fluorometry (Quantamaster-8; Photon Technology Inc.) in a
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cuvette-based system using the fluorescent probe fura-2. Fura-2 fluorescence was measured at an emission wavelength of 510 nm in response to
excitation wavelengths of 340 and 380 nm. Emitted photons were detected
by a photomultiplier. Autofluorescence-corrected ratios (340:380) were calculated at a rate of 5 points/sec using Photon Technology Inc. software.
GENCs were loaded with fura-2 AM (10 μM) for 30 minutes. The 340:380
ratios were converted into Ca2+ values as described before (44).
In vivo experiments. Male GPR91+/+ and GPR91–/– mice (8–10 weeks of age)
were anesthetized using ketamine (50 mg/kg) and inactin (130 mg/kg)
and instrumented for multiphoton in vivo imaging of the intact kidney
as described before (15, 45). Briefly, the femoral artery was cannulated in
order to monitor systemic blood pressure, using an analog single-channel
transducer signal conditioner model BP-1 (World Precision Instruments).
The left femoral vein was cannulated for infusion of dye, such as quinacrine (Sigma-Aldrich), and rhodamine-conjugated 70,000 MW dextran
(Invitrogen). The kidney was exteriorized via a small dorsal incision. The
animal was placed on the stage of the Leica IRE2 inverted microscope with
the exposed kidney placed in a coverslip-bottomed, heated chamber and
the kidney was bathed in normal saline.
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