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Succinate is a paracrine signal for liver damageq
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Background/Aims: A G-protein-coupled succinate receptor has recently been identified in several tissues, including the

liver. The objectives of this work were to determine the hepatic cell types that express this receptor and to determine

its physiological role.
Methods: Expression and distribution of the succinate receptor was determined by RT-PCR and confocal immunofluo-

rescence. Biochemical assays were used to measure succinate and cAMP. Cytosolic Ca2+ was monitored in single cells by

time-lapse imaging. Western blot was used to study the effect of succinate on activation of hepatic stellate cells.

Results: The succinate receptor was expressed in quiescent hepatic stellate cells, and expression decreased with activa-

tion. Ischemia induced release of succinate in isolated perfused livers. In contrast to what is observed in cell expression

systems, succinate did not inhibit cAMP production or increase cytosolic Ca2+ in primary hepatic stellate cells. However,

succinate accelerated stellate cell activation.

Conclusions: Hepatic stellate cells express the succinate receptor. Succinate may behave as a paracrine signal by which
ischemic hepatocytes trigger stellate cell activation.

� 2007 European Association for the Study of the Liver. Published by Elsevier B.V. All rights reserved.
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1. Introduction

Succinate is an important metabolic molecule that
constitutes one of the intermediates of the citric acid
cycle. Recently, a succinate receptor was identified that
suggests succinate may also act as a signaling molecule
[1]. This newly described receptor is the former orphan
G-protein-coupled receptor GPR91. This receptor is
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expressed in kidney, liver, spleen and to a lesser extent
small intestine [1]. The distribution and function of the
succinate receptor within the kidney has been examined,
but nothing is known about the receptor in the liver. The
principal signaling actions of succinate that are medi-
ated by the receptor GPR91 in kidney are to increase
Ca2+ via Gq and to decrease cAMP via Gi. The princi-
pal downstream effect that has been identified is an
increase in renin release, which produces a rise in arterial
blood pressure [1]. Given the important role of succinate
as an intermediary of the central cross-road of metabo-
lism – the citric acid cycle – and its novel signaling prop-
erties, an attractive hypothesis is that GPR91 might
serve as a sensor of metabolic activity in organs or tis-
sues. Of special interest is the fact that succinate levels
rise in response to ischemia [2,3], because GPR91 could
be responsible for mediating the adaptation of organs
and tissues to hypoxic conditions, including regulating
Published by Elsevier B.V. All rights reserved.

mailto:michael.nathanson@yale.edu


P.R.A.V. Correa et al. / Journal of Hepatology 47 (2007) 262–269 263
secretion or repair and proliferation. Because the liver is
the central metabolic organ and is particularly suscepti-
ble to ischemia, we examined the intrahepatic distribu-
tion and functional role of the succinate receptor.
2. Materials and methods

2.1. Animals and materials

Male Sprague–Dawley rats (200–250 g, Charles River Laborato-
ries, Boston, MA) were used for all studies. Animals were maintained
on a standard diet and housed under a 12-h light–dark cycle. Ultra-
pure succinic acid and ATP were purchased from Sigma Chemical
Co. (St. Louis, MO). All other chemicals were of the highest quality
commercially available.

2.2. Isolation of hepatic cell types

Hepatic stellate cells (HSC) were isolated from male Sprague–Daw-
ley rats by Nycodenz gradient centrifugation, as described previously
[4]. Primary cells were >95% pure. Cells were grown on glass coverslips
in DMEM-F12 medium with 10% FCS. At day 1 after isolation HSC
are phenotypically quiescent, while by day 7 they have become pheno-
typically activated. Portal fibroblasts were isolated from biliary trees as
described previously [5], following in situ pronase/collagenase perfu-
sion of male Sprague–Dawley rat livers. The biliary tree was minced
and digested by collagenase, pronase and deoxyribonuclease, then
filtered through 30 lm nylon mesh. The resulting cells were grown
on tissue culture flasks in DMEM-F12 medium with 10% FCS. Hepa-
tocytes and cholangiocytes were isolated by collagenase perfusion,
according to protocols described previously [6,7]. Kupffer cells were
isolated by collagenase perfusion followed by centrifugal elutriation
[8] and their purity was confirmed by immunostaining with commer-
cially obtained antibodies (Serotec, Düsseldorf, Germany) for the
Kupffer cell marker F4/80 [9], while sinusoidal endothelial cells
were isolated by collagenase perfusion followed by Percoll gradient
centrifugation [10] and their purity was confirmed by staining with
commercially obtained antibodies for endothelial nitric oxide synthase
(eNOS) (BD Biosciences, San Jose, CA).

2.3. RT-PCR for GPR91

RNA was isolated from various tissues and cells using RNAqueous
(Ambion, Austin, TX). RNA obtained from whole liver, hepatocytes,
cholangiocytes, quiescent and activated hepatic stellate cells, quiescent
and activated portal fibroblasts and kidney was reverse transcribed
into cDNA by using SuperScript First-Strand Synthesis System for
RT-PCR (Invitrogen, La Jolla, CA) according to the manufacturer’s
instruction. The resulting cDNA was amplified by PCR using 45 lL
of PCR SuperMix (Invitrogen, La Jolla, CA) and 250 nM of both
sense and antisense primers for rat GPR91. The samples were sub-
jected to 30 cycles consisting of: 30 s at 94 �C, 30 s at 58 �C and
1 min at 72 �C. This was followed by a final extension at 72 �C for
10 min. The primers were designed using the software Primer3 [11]
based on the sequence deposited in the NCBI Nucleotide Bank
(AY612851). The forward primer sequence was 5 0-TTACGCCA
CTGGGAACTGGA-3 0 and the reverse primer sequence 5 0-TTGA
TGGCCTTCTGGGAACA-30. The primers for the GAPDH were
designed based on the Rattus norvegicus sequence deposited in the
NCBI nucleotide bank (NM_017008). The forward primer sequence
was 5 0-TGCCACTCAGAAGACTGTGG-3 0 and the reverse primer
sequence 5 0-TTCAGCTCTGGGATGACCTT-3 0. The PCR program
for GAPDH consisted of 25 cycles of: 30 s at 94 �C, 30 s at 60 �C
and 1 min at 72 �C, followed by a final extension at 72 �C for
10 min. Both PCRs were performed in a PTC-100 automated thermo-
cycler and the expected PCR products of 641 and 128 bp for the
GPR91 and GAPDH, respectively, were subjected to agarose gel
electrophoresis in TAE buffer, stained with ethidium bromide and
visualized using a UV-light transilluminator.
2.4. Immunofluorescence

Confocal immunofluorescence histochemistry was performed on
4-lm-thick frozen sections of rat liver as described previously [6].
The frozen tissue sections were fixed and permeabilized by cold
acetone. After blocking steps, specimens were labeled with primary
antibodies for GPR91 (Chemicon International, Temecula, CA) and
the stellate cell marker desmin (Sigma, St. Louis, MO), rinsed with
phosphate-buffered saline, and incubated with fluorescent secondary
antibodies (Invitrogen, Eugene, Oregon). Primary antibodies used
were anti-desmin mouse monoclonal (1:50) and anti-GPR91 rabbit
polyclonal (1:25). Secondary antibodies were Alexa 488 anti-rabbit
(1:500) and Alexa 568 anti-mouse (1:500). Tissue also was labeled with
the actin stain Alexa 647-conjugated phalloidin (Invitrogen) to
facilitate identification of individual cells. For negative control studies,
tissue was incubated with secondary antibodies, but primary antibod-
ies were omitted. In single cell studies, freshly isolated stellate cells
were double-labeled with GPR91 and a mouse monoclonal antibody
directed against the quiescent stellate cell marker glial fibrillary acidic
protein (GFAP, 1:100; Abcam, Cambridge, MA) [12]. Specimens were
examined with a Zeiss LSM 510 META Laser Scanning Confocal
Microscope equipped with argon and helium/neon lasers (Thornwood,
NY). To ensure specificity of staining, images were obtained by using
confocal machine settings (i.e., aperture, gain, and black level) at which
no fluorescence was detectable in negative control samples labeled with
secondary antibodies alone. Immunofluorescence images were
obtained by excitation at 488 nm with observation at 505–550 nm to
detect Alexa 488, by excitation at 543 nm and observed at 560–
615 nm to detect Alexa 568, then by excitation at 633 nm with
observation at >650 nm to detect Alexa 647. This approach eliminated
bleed-through of Alexa 488 fluorescence into the longer wavelength
detection channel. These confocal images used a Plan Apochromat
63·, 1.20 numeric aperture water immersion objective, argon
(488 nm) and helium/neon (543 and 633 nm) laser lines, and a confocal
pinhole adjusted to obtain a 1-lm depth of focus.

2.5. Isolated perfused rat liver studies

Liver perfusions were performed as described previously [13]. The
pancreatoduodenal branch of the portal vein was ligated and the bile
duct, portal vein and inferior vena cava were cannulated with the ani-
mal under pentobarbital anesthesia (50 mg/kg of body weight). The
liver was transferred to a chamber maintained at 37 �C and perfused
at 40 ml/min with Krebs–Ringer bicarbonate (KRB) buffer containing
5 mM glucose and gassed with 95% O2/5% CO2. Using a single-pass
system, bile flow was measured gravimetrically in pre-tared tubes
and perfusion pressure was monitored continuously before, during
and after isolated perfused rat livers (IPRLs) were infused with succi-
nate (100 lM). Viability of each IPRL was assessed by observing por-
tal pressure and bile flow throughout each experiment. In addition,
each liver was examined for evidence of mottling or other gross mor-
phological changes, and trypan blue was added to the perfusate at
the end of each experiment to assess the adequacy of vascular perfu-
sion. Hepatic glucose release was measured throughout the course of
experiments as an additional index of effects on hepatocytes.

2.6. Succinate assay

Succinate released from the liver was measured directly in IPRL
effluent. The perfusion buffer was collected in plastic tubes after it
passed through the liver and placed immediately on ice. The concentra-
tion of succinate in those samples was tested by using the Succinic Acid
Assay Procedure (Megazyme, Bray, Ireland), which applies the method
of succinyl-CoA synthase, pyruvate kinase, and lactate dehydrogenase,
according to Beutler [14]. The principle of this method is that in the
presence of adenosine-50-triphosphate (ATP), succinate is converted
to succinyl-CoA by the enzyme succinyl-CoA synthetase (SCS), with
the concurrent formation of adenosine-5 0-diphosphate (ADP) and
inorganic phosphate (Pi). In the presence of pyruvate kinase, ADP
reacts with phosphoenolpyruvate (PEP) to form pyruvate and
ATP. The pyruvate produced is reduced to L-lactate by L-lactate dehy-
drogenase (L-LDH) in the presence of reduced nicotinamide adenine
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dinucleotide (NADH), with the production of NAD+. The amount of
NAD+ formed in the above coupled reaction pathway is stoichiometric
with the amount of succinate. The consumption of NADH, that corre-
sponds to the NAD+ formed, is measured by the decrease in absor-
bance at 340 nm and indicates the amount of succinate.

2.7. Cyclic AMP measurements

The production of cAMP was measured using the cAMP Biotrak
Enzymeimmunoassay (EIA) System (Amersham Biosciences, Piscata-
way, NJ). Cells were cultured overnight on 96-well tissue culture plates
at a density of 105 cells/ml and stimulated with succinate (1 mM), for-
skolin (10 lM) or both, for 10 min at 37 �C. The assay was performed
according to the manufacturer’s instructions and absorbance was read
at 450 nm. The concentration of cAMP per well was obtained by corre-
lating absorbance of samples with absorbance obtained standard curve.

2.8. Cytosolic Ca2+ measurements

Ca2+ measurements were performed on hepatic stellate cells (HSC)
by time-lapse confocal microscopy [7,15]. Cells were loaded with the
Ca2+ dye fluo-4/AM (Molecular Probes-Invitrogen, Carlsbad, Califor-
nia). Coverslips containing the dye-loaded cells were transferred to a
chamber on the stage of a Zeiss LSM 510 confocal microscope, and
then perfused with a Hepes-buffered solution (in mM: NaCl, 130;
KCl, 5; CaCl2, 1.25; KH2PO4, 1.2; MgSO4, 1; Hepes, 19.7; glucose,
5; pH 7.4). Ca2+ was monitored in these cells by exciting the specimen
at 488 nm and detecting emission signals above 515 nm. A 15 mW
krypton–argon laser was used for excitation. Optical sections 1–2 lm
in thickness were obtained. Cells were observed with a 40·, 1.3
numeric aperture water objective. Increases in Ca2+ were expressed
in terms of percentage increase in fluorescence intensity of fluo-4. Nei-
ther autofluorescence nor other background signals were detected at
the machine settings used, and there was no change in size, shape or
location of cells during experiment.

2.9. Immunoblots

Protein was extracted and subject to sodium-dodecyl-sulphate–
polyacrylamide gel electrophoresis (SDS–PAGE) in 4–20% Tris–HCl
gradient gels. Gels were transferred to PVDF membranes followed
by antibody labeling as described previously [6]. Primary antibodies
used were: mouse monoclonal anti-a-smooth muscle actin (Sigma–
Aldrich) and mouse monoclonal anti-GAPDH (Ambion, Houston,
TX). Secondary antibodies were goat anti-mouse IgG linked to horse-
radish peroxidase (HRP) (Amersham Biosciences, Piscataway, NJ) and
rabbit anti-rat IgG HRP-linked (Stressgen, Victoria, BC). Westerns
were developed with ECL plus reagent (Amersham Biosciences, Piscat-
away, NJ). Quantitative measurements were made by scanning the
films with a GS-700 imaging densitometer (Bio-Rad) and then analyz-
ing these images using ImageJ software (NIH, Bethesda, MD).

2.10. Statistics

Results are expressed as mean values ± SD, except where otherwise
noted. SigmaPlot (Systat Software, Point Richmond, CA) and Prism
(GraphPad Software, San Diego, CA) were used for data analysis. Sta-
tistical significance was tested using Student’s t test and a p value <0.05
was taken to indicate statistical significance.
Fig. 1. The succinate receptor GPR91 is expressed in quiescent hepatic

stellate cells. (A) The 641 base-pair PCR product is found in whole liver

samples and hepatic stellate cells, but not in isolated hepatocytes,

cholangiocytes, portal fibroblasts, or activated hepatic stellate cells. The

positive control, kidney, shows the same product. (B) The PCR product

found in quiescent hepatic stellate cells (1d HSC) is not in passaged

stellate cells (P3 HSC) or in Kupffer cells or sinusoidal endothelial cells.

PCR for GAPDH was used as a loading control in both gels.
3. Results

3.1. Expression and distribution of the succinate receptor

in liver

Expression of the succinate receptor GPR91 was
detected in rat liver using RT-PCR of mRNA extracted
from whole liver samples (Fig. 1). The tissue distribution
of this receptor was characterized by isolating hepato-
cytes, cholangiocytes, Kupffer cells, sinusoidal endothe-
lial cells, hepatic stellate cells and portal fibroblasts and
the mRNA specific for each of these cell types was
extracted. The succinate receptor GPR91 was detected
only in quiescent hepatic stellate cells (HSC), as well
as in whole liver and kidney positive controls
(Fig. 1A). The expression of the succinate receptor was
lost in activated HSC, as determined in samples from
cells seven days in culture after isolation (Fig. 1A), as
well as in stellate cells that had been passaged three
times (Fig. 1B). Message for the succinate receptor
was not detected in hepatocytes, cholangiocytes, or por-
tal fibroblasts (Fig. 1A). Message also was not detected
in Kupffer cells or sinusoidal endothelial cells (Fig. 1B).
These findings suggest the expression of the succinate
receptor GPR91 by hepatic stellate cells accounts for
the principal expression observed in whole liver samples.
The cellular distribution of the succinate receptor was
also examined by confocal immunofluorescence in rat
liver and in isolated stellate cells (Fig. 2). Staining for
GPR91 co-localized with labeling for the HSC markers
desmin (Figs. 2A and B) and GFAP (Fig. 2C). These
findings confirm that, in the liver, the succinate receptor
is expressed primarily in hepatic stellate cells.



Fig. 2. Visualization of the succinate receptor in hepatic stellate cells. (A) Low-magnification and (B) high-magnification confocal immunofluorescence

images of rat liver show that staining for the succinate receptor (green) and the HSC marker desmin (red) co-localize (yellow). The actin label phalloidin

(blue) outlines individual hepatocytes for reference. No non-specific staining is seen in liver sections labeled with secondary antibody alone (not shown). (C)

Confocal immunofluorescence image of isolated hepatic stellate cells after 24 h in culture. The cells are stained for the quiescent stellate cell marker

GFAP (green, left) and for the succinate receptor (red, center). Note on the merged image (right) that some of the succinate receptor staining is peripheral

to GFAP staining. No non-specific staining is seen in stellate cells labeled with secondary antibody alone (not shown).
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3.2. Succinate and the perfused liver

Succinate (100 lM) infusion via the portal vein had
no effect on perfusion pressure, which remained nearly
constant during succinate infusion (Fig. 3A). Glucose
output was also unaffected by succinate infusion
(Fig. 3B). These findings suggest that succinate plays a
minimal role in these particular physiological functions,
consistent with its lack of expression in hepatocytes and
cholangiocytes. However, hepatocytes are the principal
source of succinate in the liver, so we examined whether
ischemia induces succinate release. To induce ischemia,
portal flow was interrupted for 30 min. Ischemia grossly
was reflected by the mottled appearance of the liver at
the end of the experiment, as compared to a normal
appearance in control experiments. The succinate level
in the perfusate effluent rose 14-fold, as compared to
baseline, after ischemia was produced by stopping buffer
flow (Fig. 3C). The concentrations of succinate detected
reached more than 1 mM, almost 20 times the EC50 of
56 ± 8 lM calculated for the binding of succinate to
its receptor GPR91. Therefore, hepatic ischemia is
accompanied by intense release of succinate.
3.3. Effect of succinate on signaling pathways

The cloned GPR91 receptor activates Gi and Gq
when expressed in HEK-293 cells [1], so we examined
whether either of these G proteins are activated in quies-
cent HSC exposed to succinate. Succinate had no effect
on cAMP production in HSC (Fig. 4). In addition, it did
not inhibit the production of cAMP induced by for-
skolin (10 lM) (Fig. 4). These findings suggest that
GPR91 does not couple to Gi in quiescent HSC. Simi-
larly, succinate in concentrations up to 1 mM did not
increase cytosolic Ca2+ in quiescent HSC (Fig. 5). The
cells that did not respond to succinate were then stimu-
lated with ATP (100 lM), since HSC express P2Y recep-
tors that link to Ca2+ signaling via Gq [4]. In each cell,
ATP induced a rapid increase in Ca2+. These findings
suggest that the succinate receptor does not link to Gq
in HSC.

3.4. Effect of succinate on hepatic stellate cell activation

Stellate cells undergo myofibroblastic transdifferenti-
ation (commonly denoted ‘‘activation’’) in liver injury.



Fig. 3. Succinate in the isolated perfused rat liver. Infusion of succinate (100 lM) into the portal vein does not affect (A) perfusion pressure (n = 4) or (B)

glucose output (n = 3). Values represent means + SEM. (C) Succinate levels in perfusate outflow rise 14-fold after ischemia (n = 3). Values represent

means ± SD.
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Upregulation of a-smooth muscle actin (a-SMA), a hall-
mark of myofibroblastic transdifferentiation, was used
as a marker for HSC activation [16]. a-SMA was not
Fig. 4. Succinate does not inhibit the production of cAMP induced by

forskolin in quiescent hepatic stellate cells. Bar graph representing

cAMP production in non-stimulated (control) stellate cells and in cells

treated with succinate (1 mM), forskolin (10 lM) and forskolin plus

succinate. Values represent means ± SD of quadruplicate measurements.
detected in HSC one day after isolation, and was maxi-
mal by 5 days after isolation (Fig. 6). a-SMA expression
in control HSC reached 29% of maximum 3 days after
Fig. 5. Succinate does not increase cytosolic Ca2+ in hepatic stellate

cells. Graphic shows representative tracings of 7 separate quiescent

stellate cells serially stimulated with succinate (1 mM), and then the

positive control ATP (100 lM). Cells were loaded with the fluorescent

Ca2+ dye Fluo-4/AM, and then monitored using time-lapse confocal

microscopy. Increases in free cytosolic Ca2+ were measured and are

represented as increases in fluorescence intensity relative to baseline.

Results are representative of what was observed in 132 separate stellate

cells from three separate preparations.



Fig. 6. Succinate promotes activation of hepatic stellate cells. (A)

Western blot for a-smooth muscle actin (a-SMA) in hepatic stellate cells

1, 3, and 5 days after isolation. Three-day HSC were followed either in

the absence or presence of succinate (400 lM). (B) Densitometric

quantification of Western blots for a-SMA, normalized by GAPDH

expression. Results of each of three separate experiments at each time

point are shown. a-SMA expression is increased 2.3-fold in succinate-

treated cells relative to untreated controls (p < 0.05).
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isolation, but was over twice this amount in HSC treated
with 400 lM succinate (p < 0.05). The maximum amount
of a-SMA detected in activated HSC 5 days after isolation
was similar in control and succinate-treated cells. These
findings suggest that succinate accelerates activation of
hepatic stellate cells.
4. Discussion

Succinate is an intermediary of the citric acid cycle, a
central metabolic pathway which promotes the oxidative
decarboxylation of acetyl-CoA and produces reducing
equivalents, NADH and FADH2, used in the respira-
tory chain [2]. Succinate is produced by the oxidation
of succinyl-CoA by the enzyme succinyl-CoA hydrolase
and is further oxidized to fumarate by succinate dehy-
drogenase. The activity of the citric acid cycle is regu-
lated to match metabolic demands [2], but
pathological situations such as ischemia can disrupt
the flow of substrates in this cycle [17], resulting in
increased succinate levels [2,3].

A G-protein-coupled receptor for succinate was
described which has sequence homology with the
P2Y1 purinergic receptor [1]. The calculated EC50 was
56 lM and the receptor was specific for succinate rather
than other citric acid cycle intermediates. In cell expres-
sion systems, it coupled through Gi and Gq to inhibit
adenylate cyclase and increase cytosolic Ca2+, respec-
tively. The succinate receptor is primarily expressed in
kidney, followed by liver, spleen and small intestine. In
the kidney it is expressed in the renal cortex, predomi-
nantly in the proximal tubules, and to a lesser extent
in the distal tubules. The renal succinate receptor has
been localized only by in situ hybridization [1], so it is
not known which renal cell types express it. Intravenous
injections of succinate in rats increased plasma renin
activity and caused a dose-dependent increase in mean
arterial pressure, and nephrectomy abolished this effect.
Captopril, an inhibitor of the renin-angiotensin system,
attenuated the hypertensive effect of succinate. Succinate
receptor knockout mice have no discernable phenotype,
but succinate does not induce hypertension in these ani-
mals. However, angiotensin II increases blood pressure
to a similar extent in wild-type and succinate receptor-
deficient mice. The hypertensive effect of succinate is
mediated by the succinate receptor through the activa-
tion of the renin–angiotensin system. The molecular
mechanism of renin release by succinate remains unex-
plained, because the succinate receptor appears to cou-
ple through Gi and Gq, while renin release is usually
triggered by Gs activation. Our finding that succinate
does not increase hepatic perfusion pressure suggests
that actions of succinate in the liver do not contribute
to the hypertensive effects of this metabolite.

Hepatic stellate cells react to a range of signals to
respond to liver injury. A number of growth factors
and hormones can induce stellate cell activation, includ-
ing transforming growth factor-b, platelet-derived
growth factor, and endothelin-1 [16,18]. Increased stiff-
ness of the extracellular matrix also leads to stellate cell
activation [19,20], and the combination of mechanical
tension and TGF-b stimulation may be a particularly
effective combination [21]. Hepatic necrosis activates
stellate cells in part through reactive oxygen intermedi-
ates and initiation of oxidant stress-related pathways
[18,22], whereas apoptotic hepatocytes activate stellate
cells via released apoptotic fragments [23] as well as
Fas-related pathways [24]. HSC also can react to signals
induced by bile acids, both via plasma membrane recep-
tors [25] and via nuclear hormone receptors [26]. Thus,
stellate cells can be regulated by both traditional signals
such as growth factors and hormones, and by nontradi-
tional signals such as matrix stiffness, oxidant stress, and
metabolites. The current work extends our understand-
ing of how liver damage can activate stellate cells by
showing that stellate cells can detect not only lethal
hepatocyte damage but sublethal damage as well. To
this end, the current findings indicate that succinate
behaves as a metabolic sensor in the liver. Succinate is
produced and consumed in the central pathway of
metabolism, and its levels are altered by changes in tis-
sue metabolic activity and insults, while the succinate
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receptor acts to transduce the resulting concentrations
of extracellular succinate into intracellular signals in
stellate cells.

What are the signaling pathways activated by the suc-
cinate receptor in stellate cells? Although the receptor
activates Gq and Gi in the CHO and HEK-293 cell lines
[1], our findings suggest that it does not activate these G
proteins in stellate cells. Indeed, specific G-protein-cou-
pled receptors can promiscuously couple to and activate
multiple G proteins [27,28], and downstream effects of
receptor activation depend on which G proteins is acti-
vated [29]. Therefore, our findings may reflect differences
in expression levels of the endogenous succinate receptor
or of its possible G protein partners in stellate cells, rel-
ative to transfected CHO or HEK-293 cells. Our find-
ings also do not rule out the possibility that
stimulation of the succinate receptor potentiates the
effects of other factors that are known to induce stellate
cell activation, as discussed above. Finally, although we
found that Kupffer cells do not express the succinate
receptor, anti-oxidant properties of succinate have been
shown to affect gene expression and cytokine release in
these cells [30], suggesting an even more complex inter-
action among the various hepatic cell types in response
to ischemia. Further work will be needed to understand
the relative importance of this novel pathway in the
response to liver damage, and to define the mechanisms
by which the succinate receptor links to stellate cell acti-
vation pathways.
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