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Activated niacin receptor HCA2
inhibits chemoattractant-
mediated macrophage migration
via GB3~/PKC/ERK1/2 pathway
and heterologous receptor
desensitization

Ying Shit, Xiangru Lai%, Lingyan Ye?, Keqiang Chen?, Zheng Cao?', Wanghua Gong?, Lili Jin?,
Chunyan Wang?*3, Mingyong Liu**, Yuan Liao?, Ji Ming Wang? & Naiming Zhou?

The niacin receptor HCA2 is implicated in controlling inflammatory host responses with yet poorly
understood mechanistic basis. We previously reported that HCA2 in A431 epithelial cells transduced
Gp3~-protein kinase C- and G3~-metalloproteinase/EGFR-dependent MAPK/ERK signaling cascades.
Here, we investigated the role of HCA2 in macrophage-mediated inflammation and the underlying
mechanisms. We found that proinflammatory stimulants LPS, IL-6 and IL-13 up-regulated the
expression of HCA2 on macrophages. Niacin significantly inhibited macrophage chemotaxis in
response to chemoattractants fMLF and CCL2 by disrupting polarized distribution of F-actin and G3
protein. Niacin showed a selected additive effect on chemoattractant-induced activation of ERK1/2,
JNK and PI3K pathways, but only the MEK inhibitor UO126 reduced niacin-mediated inhibition of
macrophage chemotaxis, while activation of ERK1/2 by EGF alone did not inhibit fMLF-mediated
migration of HEK293T cells co-expressing HCA2 and fMLF receptor FPR1. In addition, niacin induced
heterologous desensitization and internalization of FPR1. Furthermore, niacin rescued mice from
septic shock by diminishing inflammatory symptoms and the effect was abrogated in HCA2~/~ mice.
These results suggest that G3~/PKC-dependent ERK1/2 activation and heterologous desensitization
of chemoattractant receptors are involved in the inhibition of chemoattractant-induced migration of
macrophages by niacin. Thus, HCA2 plays a critical role in host protection against pro-inflammatory
insults.

Nicotinic acid (niacin; vitamin B3) has been used to treat dyslipidemia for more than half a century™? by reduc-
ing atherogenic lipoproteins LDL-c, VLDL-c, triglycerides and lipoprotein-A as well as raising plasma HDL-c**.
Two recent meta-analyses have shown benefits of niacin in reducing cardiovascular morbidity and mortality in
patients with coronary heart disease®!°. However, the mechanisms of niacin’s therapeutic effect were not well
understood until the discovery of hydroxy-carboxylic acid receptor 2 (HCA2) (also known as GPR109A or
HM?74a in human and PUMA-G in mice) as a receptor with high affinity for niacin!!-'%. Subsequently, the ketone
body B-hydroxybutyrate was also identified as a physiological ligand for HCA2'®. In adipocytes, HCA2 acts via
Gi proteins to decrease intracellular cAMP production in response to niacin, leading to decreased activity of
hormone-sensitive lipase and reduced triglyceride hydrolysis to free fatty acids’®.
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The notion that the beneficial cardiovascular effects of niacin are linked to its antilipolytic activity via HCA2
was recently challenged by the observation that niacin exerts its activity on plasma cholesterol and triglycer-
ide levels independently of HCA2-mediated anti-lipolytic activity and by findings that synthetic HCA2 ago-
nists do not alter HDL-cholesterol levels in human although leading to inhibition of lipolysis'”. However, these
results did not exclude the possibility that niacin provides cardiovascular benefits in a lipid-independent manner
through HCA2. In addition, Lukasova et al. have recently demonstrated that niacin reduces the progression of
atherosclerosis in mice via HCA2 expressed by bone marrow-derived immune cells without affecting the plasma
lipid profile!®. Furthermore, HCA2 is highly expressed by immune cells including neutrophils, macrophages,
and Langerhans cells as well as keratinocytes!®-?!. Under inflammatory conditions, elevated secretion of proin-
flammatory cytokines and chemokines from adipose tissue and immune cells significantly contributes to inflam-
mation in atherosclerosis?»?*. Niacin has been shown to suppress TNF-a-induced release of proinflammatory
chemokines thus reducing chemokine MCP-1 (CCL2)-induced recruitment of macrophages into the atheroscle-
rotic lesions'®24-2, Interestingly, recent in vitro and in vivo studies have revealed anti-inflammatory roles of niacin
in acute ischemic stroke, arthritis, chronic renal failure and sepsis*’~*2, suggesting that niacin not only inhibits
vascular inflammation, but also has therapeutic potential in other systemic inflammatory and metabolic diseases.

Macrophages have been shown to play a central role in atherosclerosis and are associated with HCA2-mediated
effects independent of the antilipolytic activity of HCA2 agonists'®?4-263>34 We therefore further characterized
the effects of niacin on macrophages and explored the downstream signaling pathways of HCA2 involved in
anti-inflammatory effects. In this study, we demonstrate that HCA2 on macrophages is significantly up-regulated
by LPS, IL-6 or IL-13 and mediates an inhibitory activity of niacin on chemoatractant-induced macrophage
migration. The effect of niacin on macrophage chemotaxis is independent of the polymerization of F-actin, but is
due to the suppression of F-actin and Gf3 protein polarization. ERK1/2 activation and heterologous desensitiza-
tion of chemoattractant receptors are involved in the inhibition of chemoattractant-induced migration of mac-
rophages by activated HCAZ2. In vivo, niacin protects the host from septic shock through HCA2. Thus, our study
revealed a novel molecular mechanism of HCA2 in controlling inflammatory responses.

Results

HCA2 expression is enhanced in macrophages by proinflammatory stimulants. HCA2 expression
was reported to be upregulated in murine macrophage cell lines ANA-1 and RAW264.7 by stimulation of IFN-~ in
combination with TNF-o or LPS alone [20]. We therefore examined the capacity of IL-6 and IL-1f3 to induce HCA2
in mouse macrophages. Figure 1 shows that unstimulated mouse RAW264.7 cells expressed low levels of HCA2
mRNA (Fig. 1A and B) and protein (Fig. 1C and D). The expression was significantly enhanced following stimula-
tion by LPS or IFN-~ alone. Consistent with the findings in RAW264.7 cell line, LPS also markedly increased HCA2
in primary mouse macrophages (Fig. 1D). Furthermore, HCA2 protein significantly increased in RAW264.7 cell
line by IL-6 or IL-103 stimulation, but had no significant change with TNF-« alone (Fig. 1E). Thus, HCA2 expres-
sion in macrophages is enhanced by a range of proinflammatory stimulants including LPS, IL-6 and IL-1f.

The HCA2 agonist niacin inhibits macrophage chemotaxis in response to fMLF and CCL2
by disruption of F-actin and G3 protein polarization. Since niacin has been reported to possess
anti-inflammatory activities, we next examined whether niacin may interfere with the chemotaxis of macrophages
in response to bacteria and host-derived chemoattreactants, which is a hallmark of inflammation. Figure 2 shows
that niacin did not induce the migration of macrophages with or without LPS treatment, while a bacterial chemo-
tactic peptide fMLF induced significant migration of macrophages. In contrast, niacin present either in the upper
wells (Fig. 2A) or lower wells of the chemotaxis chamber (Fig. 2B) caused a significant decrease in the chemotaxis
of LPS-stimulated RAW264.7 cells in response to fMLE. Moreover, treatment of LPS-stimulated RAW264.7 cells
with niacin for 30 min resulted in complete inhibition of chemokine- and fMLF-induced macrophage migra-
tion. The inhibitory effect of niacin on macrophage migration was reversed by pretreatment of the cells with an
anti-HCA?2 antibody suggesting the involvement of HCA?2 in the biological activities of niacin on macrophages
(Fig. 2C and D). The naicin-mediated inhibition of chemoatractant-induced migration was also observed in pri-
mary macrophages isolated from the peritoneal cavity of mice, and the effect of niacin was similarly reversed by
the specific antibody against HCA2 (Fig. 2E and F).

Since chemoattractant receptor activation triggers actin cytoskeleton reorganization to form lamellipodia, we
examined the distribution of F-actin in response to chemoattractant and niacin stimulation. Figure 2G shows that
fMLF induced a markedly polarized subcellular F-actin localization at the leading edge of macrophages, whereas
niacin induced polymerization of F-actin but failed to reorganize actin cytoskeleton. Rather, niacin inhibited
fMLF-stimulated formation of F-actin-rich lamellipodia (pseudopodia) at the leading edge of the cells. Niacin
did not affect the viability (Supplement data 1) and phagocytosis (Supplement data 2) of macrophages suggesting
that it interfered with the signaling cascade of chemoattractants in macrophages.

G~ subunits dissociated from pertussis toxin-sensitive G; protein have been shown to play an essential role in
the regulation of HCA2 internalization and ERK1/2 activation®*. Previous studies showed that chemoattractant
receptors were uniformly distributed on plasma membrane undergoing chemotaxis, but membrane-associated
GB subunits of G proteins were localized in a shallow anterior-posterior gradient®”.We then examined the cellular
localization of G3~ together with F-actin during cell chemotaxis. Confocal microscopy showed that LPS-treated
RAW264.7 cells assumed a round shape, with G3~ subunits (red) evenly distributing in the plasma membrane
without chemoattractant stimulation. Following stimulation by fMLF (Fig. 3A), but not by niacin (Fig. 3B), the
cells became well polarized, with the GB~ subunits co-localized with F-actin-rich (green) pseudopodia at the
leading edge of the cells. Niacin treatment disrupted fMLF-induced cell polarization and the polarized distribu-
tion of GB3~ (Fig. 3A). Taken together, our findings suggest that loss of polarized distribution of G~ is involved
in the chemotaxis of macrophages and niacin-mediated inhibition. We also transfected GB1, G32 or Gf34 into
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Figure 1. The expression of HCA2 by RAW264.7 macrophages measured by RT-PCR (A-C) and Western blot
(D-E). (A) RAW264.7 cells stimulated by IFN-~ (50 U/ml) and LPS (100 ng/ml) for 4 or 8 hs. (B) RAW264.7
cells stimulated by different concentrations of LPS for 4 hs. (C) RAW264.7 cells stimulated by 100 ng/ml LPS for
different times. (D). RAW264.7 cells treated with 100 ng/ml LPS for 0, 6, 12 or 24 hs and primary macrophages
isolated from mice treated with or without 100 ng/ml LPS for 12hs. (E) RAW264.7 cells treated with 100 ng/ml
IL-6, 10 ng/ml IL-103 and 10 ng/ml TNF-a separately for 0, 6, 12 or 24 hs.

HCA2/FPR1-expressing HEK293T cells to study chemotaxis in response to fMLE. Overexpression of G31 and G34
resulted in a significant reduction in niacin-induced inhibition of cell migration in response to fMLF. However,
GB32 overexpression did not significantly change the inhibitory effect of niacin (Fig. 3C). The results were con-
firmed by a GB~ inhibitor, gallein'” (Fig. 3D), which inhibited fMFL-induced cell chemotaxis regardless of the
presence of niacin. Our results indicate that G3~ is necessary for cell migration, consistent with previous reports®.

ERK1/2 is involved in the inhibition of chemoattractant-induced migration of macrophages by
niacin. GPCR-mediated activation of mitogen-activated protein kinases (MAPKSs) and PI3K/Akt is involved
in the regulation of cell migration®®*. In our study, we observed that niacin induced the activation of p38 (T180/
Y182), INK (Thr183/Tyr185), ERK1/2 (42/44) and AKT (T308) in RAW264.7 macrophages (Fig. 4A). The phos-
phorylation of ERK1/2 induced by niacin was inhibited by pertussis toxin (PTX) indicating the involvement of
Gi-type G-proteins in the effect of niacin (Fig. 4B). To investigate the potential interaction of signaling path-
ways induced by fMLF and niacin, we pre-cultured LPS-treated RAW264.7 cells with niacin for 30 min, fol-
lowed by addition of fMLF for 5min, or co-stimulated the cells with niacin and fMLF for 5 min, then examined
the phosphorylations of ERK1/2, JNK, p38 and AKT. As shown in Fig. 4, fMLF-induced phosphorylation of
ERK1/2, JNK and AKT was increased when the cells were co-incubated with niacin for 5min or pre-treated for
30 min, while p38 phosphorylation was unchanged (Fig. 4C-G). Thus, niacin shows a selected additive effect on
chemoattractant-induced activation of ERK1/2, JNK and PI3K pathways.

To explore the role of ERK1/2, JNK and AKT induced by niacin in the regulation of macrophage migra-
tion, LPS-treated RAW264.7 cells were pre-incubated with the ERK1/2 inhibitor UO126, the PI3K inhibitor
Worttmannin, the p38 inhibitor SB203580, the JNK inhibitor IT and the AKT inhibitor II, respectively, followed
by measurement of cell chemotaxis in the presence of niacin. The MEK inhibitor UO126 not only increased
fMLF-induced macrophage chemotaxis, but also reduced niacin-mediated inhibition of macrophage chem-
otaxis in response to chemoattractants. However, JNK, AKT and p38 inhibitors did not show such effects on
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Figure 2. Niacin inhibited macrophage chemotaxis induced by fMLF, CCL2 and SDF1a (CXCL12).

(A-D) RAW264.7 cells treated with LPS for 12 hs. (E,F) Primary macrophages isolated from mice. A. Niacin
was placed in the lower wells of the chemotaxis chamber to test its chemotractic activity. (B-F) RAW264.7

cells were cultured with niacin for 30 min or pre-treated with HCA2 antibody for 30 min follewed by niacin.
fMLF, SDF1c and CCL2 were then used to induce cell chemotaxis. The data are presented as the mean + SE

of triplicate values from an experiment with three to six repetitions (*p < 0.05; **p < 0.01; ***p < 0.001;

****p < 0.0001, compared to the indicated control). G. Zigmond chamber assay of LPS-treated RAW264.7 cells
in response to fMLF gradient (0-10 uM), Niacin gradient (NA, 0-100 M), and both fMLF and Niacin gradient
(left groove: medium, right groove: 10 pM fMLF and 100 pM NA) for different times. F-actin was stained by
FITC-phalloidin and images were acquired by confocal microscopy (bar: 10 pM).
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Figure 3. G3~ is required for the inhibitory activity of niacin on fMLF-induced chemotaxis of RAW264.7
cells and FPR1 transfected HEK293T cells. The cellular localization of G3 after stimulation by gradients of
fMLF (A) or niacin (B) or both (A-bottom raw) on RAW264.7 cells using zigmond chamber assays in revealed
by staining with rabbit anti-Gf3 antibodies followed by an Alexa 568-conjugated anti-rabbit igG secondary
antibody. F-actin was stained with FITC-labeled phalloidin (bar: 10 uM). (C) Cell chemotaxis was inhibited
by the GB~ inhibitor gallein. (D) Cell chemotaxis was not inhibited by niacin in HCA2/FPR1/GB31 and HCA2/
FPR1/Gf4 transfected HEK293T cells.

niacin-mediated inhibition of macrophage migration induced by chemoattractants (Fig. 5A and B). In an attempt
to clarify the mechanisms of niacin-mediated inhibition of macrophage chemotaxis, we found that overexpres-
sion of ERK2 led to a significant decrease in fMLF-induced chemotaxis of HEK293T cells co-transfected with
HCA2 and the high affinity fMLF receptor FPR1 (Fig. 5C), suggesting that as a negative regulator, niacin-induced
activation of the ERK1/2 signaling pathway may contribute to the inhibition of fMLF-induced chemotaxis of
RAW264.7 cells and of HEK293T cells expressing FPR1.

Our previous studies demonstrated that stimulation of HCA2 by niacin resulted in the dissociation of G;
proteins from Gg,-subunits, causing the PKC pathway to couple to ERK1/2 (<2 min) and MMP/EGEFR trans-
activation at later time points (2-5min). We therefore tested the role of EGFR transactivation-depenedent
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Figure 4. ERK1/2, JNK, P38, and AKT activation induced by fMLF and niacin in RAW264.7 cells
treated with LPS for 12 hs. (A) Cells treated with different concentrations of niacin for 5 min. (B) Cells
treated with 100 pM niacin for different times. Cells pre-treated with PTX (50 ng/ml) overnight were used
as the control. (C-G) Additive effects of ERK1/2, JNK and AKT phosphorylation induced by fMLF and
NA. RAW264.7 cells were treated with PBS (5min, lane 1), 1 uM fMLF (5 min, lane 2), 100 .M NA (niacin,
5min, lane3), fMLF and NA (5 min, lane 4), or 100 uM NA (30 min, lane5), fMLF and NA (5 min; 30 min,
lane 6). ERK1/2, JNK, p38 and AKT phosphorylation was detected by Western blot (C). ERK1/2, JNK, p38
and AKT phosphorylation was quantified by densitometric analysis and normalized against loading control
(T-ERK or 3-actin) (D-G). The phosphorylation is expressed as the percentage of the maximal signal in the
same experiment. Statistical differences were analyzed with t-test (PRISM software) (*p < 0.05; **p < 0.01,
***p < 0.001, ns: no significant difference, between the two indicated groups).
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Figure 5. Chemotaxis of macrophages in the presence of niacin and kinase inhibitors. (A) RAW264.7

cells treated with LPS for 12 hs were pre-incubated with the ERK1/2 inhibitor UO126, the PI3K inhibitor
Worttmannin, the p38 inhibitor SB203580, JNK inhibitor IT and AKT inhibitor II for 15 min. Then the cells
were cultured with 100 pM niacin for another 30 min. fMLF was used as a chemoattractant in all experiments.
*p <0.05; **p < 0.01, ***p < 0.001, compared with the cells cultured with 100 M niacin and fMLE (B) UO126
enhanced cell chemotaxis induced by fMLE (C) EFG failed to inhibit the chemotaxis of HCA2/FPR1 co-
transfected HEK293T cells. fMLF failed to induce chemotaxis of HCA2/FPR1/ERK2 co-transfected HEK293T
cells.

ERK1/2 signaling in the regulation of macrophage migration. As shown in Fig. 5C, EGF alone did not inhibit
fMLF-mediated migration of HCA2/FPR1 co-expressing HEK293T cells. Thus, it is likely that niacin-triggered
PKC-dependent ERK1/2 activation, but not EGFR transactivation-dependent ERK1/2 pathway, was involved in
the inhibition of chemoattractant-induced migration of macrophages by niacin.

Niacin induces heterologous desensitization and internalization of FPR1. It has been reported
that pretreatment with adenosine compounds desensitized chemokine RANTES-induced chemotaxis and
Ca?*flux through activation of A2a adenosine receptor®’. We therefore investigated whether HCA2 also
induced heterologous desensitization of chemoattractant receptors. As shown in Fig. 6A, when HEK293 cells
co-expressing FPR1 and HCA2 were pre-incubated with niacin for 30 min, fMLF stimulation led to slight increase
in Ca®> " mobilization compared with the cells in the absence of niacin. But when the cells were pre-treated with
fMLF and niacin, the second fMLF stimulation resulted in a more significant decrease in Ca?* mobilization
in the cells with niacin than the cells without niacin. Further investigation revealed that niacin alone did not
induce FPR1 internalization, but when the cells were pretreated with niacin, fMLF caused more rapid FPR1
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Figure 6. Niacin induces internalization and heterologous desensitization of FPR1. (A) HEK293 cells
co-expressing FPR1-EGFP and flag-HCA?2 were loaded with the calcium probe Fura-2/AM, followed by the
first or second stimulation (15 min later) of 5pm fMLF with or without pretreated with 300 pm niacin, then
calcium mobilization was assayed by monitoring the change in Fura-2/AM fluorescence. All data shown

are representative of at least four independent experiments. (B) HEK293 cells co-expressing FPR1-EGFP
and flag-HCA?2 were stimulated with 5pum fMLF with or without 300 pm niacin for 15min or 30 min, then
internalization of FPR1-EGFP was observed by confocal. (C) ELISA measurement of FPR1 remaining on the
cell surface after treatment of cells by 5 um fMLF with or without 300 pum niacin for 15 min or 30 min. Error
bars, S.E. for four replicates. Data were analyzed using Student’s t test (**p < 0.01;***p < 0.001).

internalization (Fig. 6B). As shown in Fig. 6C, fMLF treatment for 15min induced about 25% FPR1 to internalize
from cell surface into the intracellular compartment without niacin, whereas almost 40% FPR1 internalized in
response to fMLF in the presence of niacin. Our results thus suggest that activation of HCA2 induces more rapid
internalization of FPR1 and heterologously desensitizes fMLF-induced Ca** mobilization.

Niacin suppresses LPS-induced IL-6 secretion and up-regulates PDG2 production by mac-
rophages. To determine the effect of niacin on proinflammatory cytokine production by macrophages,
RAW264.7 cells were exposed to LPS with or without the addition of niacin. Exposure of the cells to LPS resulted
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Figure 7. The effect of niacin on IL-6 (A) and PDG2 (B) release by RAW264.7 cells treated with LPS.
RAW264.7 cells stimulated by LPS were exposed to niacin at different concentrations overnight. The

medium was collected for IL-6 and PDG2 measurement. Results shown are the mean = SD of quadruplicate
measurements from one representative experiment out of three performed (*p < 0.05; **p < 0.01, **p < 0.001,
compared with the control groups).

in significant release of IL-6 and TNF-a into the supernatant. Addition of niacin in the culture attenuated the
ability of macrophages to produce IL-6 in response to LPS (Fig. 7A), without an effect on TNF-« production
(data not shown). Niacin also induced PGD2 release from LPS-treated RAW264.7 (Fig. 7B). These results suggest
that niacin selectively inhibits inflammatory responses of macrophages triggered by LPS. It appears that IL-6 and
IL-1B may induce the expression of HCA2 in macrophages, which in turn inhibits the secretion of inflammatory
cytokines such as IL-6.

Niacin protects mice from acute septicemia. Based on the ability of niacin to inhibit the proinflam-
matory responses of macrophages, we examined whether niacin interfered with the progression of LPS-induced
endotoxemia in vivo. As shown in Fig. 8, in wild-type mice and Hca2~'~ mice, LPS injection caused inflammatory
symptoms with significant increases in the number of macrophages in the peritoneal cavity and IL-6 secretion in
ascites. Mouse liver sections showed significant infiltration of inflammatory cells. Niacin pretreatment markedly
diminished the number of macrophages and IL-6 level in the ascites as well as inflammatory cell infiltration in
the liver. In contrast, niacin failed to show any effect on LPS-induced endotoxemia in Hca2~/~ mice (Fig. 8A and
B). Also, niacin did not activate ERK1/2 or enhanced fMLF-induced ERK1/2 phosphorylation in macrophages
isolated from Hca2~/~ mice (Fig. 8C). These results indicate the ability of niacin to inhibit the development of
LPS-induced acute endotoxemia through HCA2.

Discussion

Niacin has been known to exert favorable effects on the levels of plasma lipoprotein, by reducing atherogenic
lipoproteins LDL-c, VLDL-c, and Lp(a) but raising HDL-c!*. In humanized mice lacking the LDL receptor, nia-
cin administration did not result in the reduction of plasma free fatty acids, but still exhibited effects on HDL-c,
LDL-c and triglycerides, suggesting a HCA2-independent mechanism for niacin to modify dyslipidemia'’. In
addition, HCA?2 has been found to be expressed by various immune cells including macrophages, neutrophils,
and epidermal Langerhans cells'*?%*"%2, and the expression in macrophages is increased by treatment with IFN-~
in combination with TNF-q, lipopolysaccharide, and CpG oligodeoxynucleotides®. Recent studies revealed
that niacin possesses anti-inflammatory activities in various tissues/cell types via HCA2!827-304344 Interestingly,
activation of HCA2 by niacin significantly inhibited chemokine-induced migration of macrophages'®**.
Macrophages and their precursors, monocytes, are critical effectors of the innate immune system that protect the
host by infiltrating inflammatory sites and killing pathogenic microbes. However, macrophages also orchestrate
harmful processes associated with inflammatory disorders*>*°. Macrophage migration in response to chemotactic
ligands is a key event in inflammation, and is controlled by chemoattractant GPCRs*. Although niacin and che-
moattractants exert their biological activities through similar receptors coupled to Gi-type G-proteins*®#°, niacin
is not chemotactic but instead inhibits chemoattractant-mediated chemotaxis of macrophages. These divergent
activities prompted us to clarify the signaling cascade downstream of HCA2 involved in the inhibition of che-
moattractant GPCRs in macrophages.

It is well eatablished that upon activation by cognate ligands, Gi-coupled GPCRs exert their activity through
the inhibition of adenylyl cyclase, and regulate distinct downstream effector molecules, including certain isoforms
of adenylyl cyclase, phospholipase C-3 (PLC-8), phosphatidylinositol 3-kinase (PI3K), p21- activated kinase,
and GPCR kinases, via G3~ subunits uncoupled from PTX-sensitive Gi proteins®*->2. This was shown by experi-
ments with Dictyostelium in which the G3-null mutants were severely defective in development, chemotaxis, and
phagocytosis. The observation that blockade of GB3~ signaling resulted in tumor growth in an experimental lulng
tumor metastasis model indicates that GB3~ subunits are also required in later steps of tumor metastatic cascade
that involves tumor cell motility®®. Recent studies showed that the selectivity of the G3~ dimer on its interaction
with effectors such as PLC-3*, as well as in the regulation of neutrophil function®® depends on the G identity. G3
~ subunits were found to be partially immobilized and confined in a F-actin-dependent fashion®. Our previous
studies revealed that G3~ dissociated from PTX-sensitive Gi plays an essential role in the recruitment of GRK2
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Figure 8. Niacin inhibits LPS-induced acute endotoxemia in mice. Hca2 KO and WT mice were sacrificed
4h following endotoxemia induction. (A) HE staining (original magnification, 400 x, bar: 10 pM) and
immunofluorescent staining by anti-F4/80 antibody (original magnification, 630, bar: 10 M) of liver sections
from saline-, LPS- or LPS + niacin-treated WT and Hca2~/~ mice. (B) The number of macrophages isolated
from the ascites of WT and Hca2~/~ mice (n=10) and IL-6 in the ascites of WT and Hca2~/~ mice treated

with saline, LPS, or LPS + niacin (n = 8-10). Error bars represent standard deviation of the means (*p < 0.05;
**p <0.01, **p < 0.001, compared with the indicated group). (C) ERK1/2 activation in niacin-treated
macrophages from WT, Hca2*/~ and Hca2 '~ mice.

to phosphorylate the C-terminus of HCA2 and subsequent ERK1/2 activation®”*. In the present study, overex-
pression of GB1 and G{34 attenuated the inhibitory effect of niacin on fMLF-mediated migration of HEK293 cells
over-expressing FPR1. Treatment with gallein, a small molecule inhibitor of G3~ function, deceased the inhib-
itory effect of niacin on chemoattractant-mediated cell migration. These results suggest a key role of GB3~ in the
regulation of cell chemotaxis in response to GPCR ligands. On the one hand, it is possible for GB3~ to regulate cell
chemotaxis through GRK2-mediated GPCR desensitization, and/or activation of ERK1/2. It is also possible that
HCA2 competes with chemoattractant receptors for the same G3~ to relay signals. Further studies are required to
more clearly delineate the role of GB~ in regulating GPCR-mediated cell chemotaxis.
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MAPKSs are a family of serine/threonine kinases, including ERK1/2, p38 MAPK, and JNK*’. Activation of
MAPKs is one of the key components in signal transduction associated with cell chemotaxis®®*. Previous stud-
ies showed that activation of ERK1/2 and p38 MAPK contributes mainly to the chemotaxis induced by C5a
in RAW264.7 macrophages®. Recent studies demonstrate that the phosphorylation of ERK1/2 potentiates
the activity of GRK2, leading to inhibition of leukocyte migration, while MAPK p38 acts as a noncanonical
GRK to facilitate cell migration by blocking GRK2 function®"®2. Our present study clearly showed that niacin
enhanced ERK1/2 activity in macrophages in the presence of chemoattractants, and pretreatment of the cells
with the MEK1/2 inhibitor U0126 reduced the inhibitory effect of niacin on chemoattractant-induced cell
migration. Our data also indicates that upon binding by niacin, HCA?2 initially activates ERK1/2 via two dis-
tinct pathways, one is PKC-dependent, occurring at a peak time of <2 min, the other is MMP-dependent EGFR
transactivation, occurring at both earlier and later time points (2-5min)*. On examination of whether growth
factor receptor transactivation-mediated ERK1/2 activation is involved in inhibiting chemoattractant-induced
macrophage migration by niacin, we found EGF alone activates of ERK1/2, but without inhibitory effect on
chemoattractant-induced chemotaxis of macrophages, suggesting that EGFR transactivation-induced ERK1/2
phosphorylation is not involved. Therefore, it is likely that HCA2 inhibits chemoattractant-induced macrophage
migration via PKC-dependent ERK1/2 signaling cascade.

It is well established that stimulation of one GPCR by an agonist leads to inhibition of a nontargeted receptor
signaling by a mechanism known as heterologous receptor desensitization®. Activation of - and §-opioid recep-
tors with agonists is able to heterologously desensitize chemokine receptors CCR1, 2 and 5, but not CXCR4%4-6°,
Our results showed that co-stimulation with niacin reduced fMLF-mediated Ca®* mobilization, accompanied by
significant internalization of FPRI. This is consistent with the observation showing that FPR1-mediated heterol-
ogous desensitization of CXCR4 and C5a receptors was accompanied by receptor internalization®-¢’. Previous
studies established that the ligands of CXCR3%, CCR5% and k-opioid receptor® desensitize the chemotaxis
of Th1 cells toward CXCL12. Our findings suggest that niacin-induced heterologous desensitization of FPR1
contributes to HCA2-mediated inhibition of macrophage migration. In recent years, protein kinase C (PKC)”,
protein kinase A (PKA)** and GRKs”! have been shown to be involved in heterologous GPCR desensitization.
However, additional studies are needed to elucidate the signaling pathways involved in niacin-induced heterolo-
gous desensitization of FPRI.

Monocytes and macrophages are key mediators of inflammation, and their migration in response to chem-
otactic agonists is a crucial determinant of the inflammation processes. In agreement with the in vitro obser-
vations in LPS-treated RAW264.7 cells, we found that treatment of wildtype mice with niacin decreased the
number of macrophages in LPS-elicited ascites, IL-6 secretion and the infiltration of macrophages into the liver,
with no effect on Hca2-deficient mice. These findings indicate that niacin inhibits macrophage proinflammatory
responses through HCA2. Since inflammation is considered a major cause of various diseases, such as atheroscle-
rosis, diabetes, obesity, sepsis, and cancer, HCA2 and its signaling cascades may constitute valuable therapeutic
targets.

Methods

Ethics Statement. All animal work was conducted in accordance with the Guide for the Care and Use of
Laboratory Animals (United States National Institutes of Health). The protocol was approved by the research
ethics committee of Zhejiang University (ZJU2010-1-01-020).

Reagents. Niacin, LPS, IFN-~ and signaling molecule inhibitors were obtained from Sigma-Aldrich (St.
Louis, MO). RPMI 1640 medium and fetal bovine serum (FBS) were purchased from Hyclone (Beijing, China).
Lipofectamine 2000 and G418 were obtained from Invitrogen (Carlsbad, CA). pEGFP-N1 and pCMV-Flag vec-
tors were purchased from Clontech Laboratories, Inc. (Palo Alto, CA) and Sigma, respectively. Primary antibodies
for p-ERK1/2, p-p38, p-JNK, p-AKT, 3-actin and total ERK were purchased from Cell Signaling (Danvers, MA).

Cell line and mouse primary macrophage culture. RAW264.7 macrophages were cultured in RPMI
1640 medium supplemented with 10% FBS, 100 U/mL penicillin, and 100 pg/mL streptomycin in a humidified
atmosphere of 95% air and 5% CO2 at 37 °C. To obtain primary macrophage, wild-type (WT) and Hca2-deficient
C57BL/6 mice were intraperitoneally injected with 1.5 mL of 3% Brewer thioglycollate (Sigma). Peritoneal mac-
rophages were harvested by using cold PBS 72 hs later. The harvested cells were washed with PBS and cultured in
RPMI 1640 medium supplemented with 10% FBS at 37 °C overnight to collect adherent cells for further assays.

RT-PCR. Total RNA was isolated from cultured and primary macrophages with TRIzol reagent (Invitrogen,
Carlsbad, CA). RT-PCR was conducted to detect the expression of Hca2 by using primers 5-GGC GTG GTG
CAG TGA GCA GT-3/ (forward), and 5'-GGC CCA CGG ACA GGC TAG GT (reverse).

Western blot.  Cells were grown in 6-well plates and were serum starved for 2 hs in culture medium prior to
stimulation with indicated stimulants at designated concentrations. The cells were subsequently lysed in 100 .l
lysis buffer [20 mM HEPES (pH 7.5), 10 mM EDTA, 150 mM NacCl, 1% Triton X-100], with protease inhibitors
(Roche, Indianapolis, IN) at 4°C on a rocker for 30 min. The lysates were separated by 12% SDS-PAGE and
blotted onto polyvinylidene difluoride membranes, which were blocked for 1h at room temperature in TBST
(10 mmol/L Tris, 150 mmol/L NaCl, 0.1% Tween-20, pH 8.0) buffer containing 5% (v/w) skim milk. Membranes
were then probed overnight with primary antibodies in TBST containing 5% (v/w) BSA, and then incubated with
a horseradish peroxidase-labeled secondary antibody (1:5,000) for 1 h at room temperature in TBST containing
5% (v/w) milk powder. Immunoreactivity was detected by ECL.
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Chemotaxis assay. Macrophages were washed twice in migration buffer (RPMI 1640 with 0.1% fatty
acid-free BSA and 10 mM HEPES, pH7.4) and resuspended at 2 x 10 cells/ml in the migration buffer. The cells
were then treated with inhibitors or niacin for the indicated time at 37 °C. 48-well chemotaxis chambers with
8-pm pore size polycarbonate filters (Neuro Probe, Gaithersburg, MD) were used for the assays. Chemoattractants
were diluted and added into the lower wells of the chambers. Cells were added into the upper wells of the cham-
bers. The upper and lower chambers were separated with polycarbonate filters. After 4hs at 37°C in 5% CO2, the
cells remaining on the upper surface of the filters were removed with a cotton swab. Migrated cells attaching to
the lower surface of the filters were fixed with 75% ethanol for 30 min, and stained with Diff-Quik. The number
of migrated cells was counted under microscope. For each sample, cells in 6 randomly picked fields under 400 x
magnification were counted.

Zigmond chamber assay. Zigmond chambers were purchased from Neuro Probe and the assays
were performed following the manufacturer’s instructions. Briefly, macrophages were cultured on a covers-
lip, which was mounted onto a grooved microscope slide with cell-covered portion centered over the bridge.
Chemoattractants or control migration buffer was added to fill the grooves. The chamber was then incubated
at 37°C for 15 or 30 min. The cells were fixed with 4% paraformaldehyde for 10 min, followed by F-actin stain-
ing with FITC-Phalloidin for 30 min. Cell orientation and morphological images were acquired using confocal
microscopy (Zeiss LSM 510) with an attached Axiovert 200 microscope and a LSM5 computer system.

Histopathology and Immunofluorescent Staining. Mouse liver tissues were immediately embedded
with O.C.T compound and analyzed using frozen-sections (6 um). For histopathology, the sections were stained
by hematoxylin and eosin (HE). For immunofluorescence, the sections were fixed and permeabilized with cold
acetone and 0.1% Triton-x-100, then blocked with 5% goat serum in 0.01 M PBS containing 0.3% Triton X-100 for
2hs at RT. The sections were incubated overnight at 4 °C with a rabbit anti-F4/80 antibody (Santa Cruz) followed
by an Alexa Fluor 555-conjugated goat anti-rabbit IgG (1:500; Beyotime) for 2 hs at RT. Nucleus was stained with
0.01 M PBS containing 10 pug/ml 4',6-diamidino-2-phenylindole (DAPI). Images were taken with a Zeiss LSM
510 microscope.

IL-6 and PDG2 secretion. IL-6 and PGD2 in the culture medium of macrophages were assayed by ELISA
(CUSABIO, Wuhan, China) according to the manufacturer’s instructions.

LPS-induced acute endotoxemia in mice. Animals were housed in the Laboratory Animal Center of
Zhejiang University. Hca2 '~ mice were obtained by intercrossing Hca2 ™/~ mice. Genotyping of the Hca2 alleles
was performed by PCR using the primers Hca2-sense-1(5’-TCA GAT CTG ACT CGT CCA CC-3’) and 333-KO
(5'-CCT CTT CGC TAT TAC GCC AGC-3’) for the inactivated allele and the primers Hca2-sense-1 and 333-WT
(5'-CCA TTG CCC AGG AGT CCG AAC-3’) for the wild-type allele as previous reported!?.

For entoxemia, 4-6 week-old Hca2 KO (C57BL) and WT (C57BL) mice were used. Mice were divided into
three groups (n = 8-12 each group): saline gavage with saline injection, saline gavage with LPS (10 mg/kg) injec-
tion and niacin (200 mg/kg) gavage with LPS injection. Mice were sacrificed 4 h following endotoxemia induction.

Statistical analysis. All experiments were performed at least 3 times with consistent results. Results shown
are from representative experiments. Statistical analysis was performed using GraphPad Prism VERSION 5 for
Windows (GraphPad Software). Differences among the means (+SE) were evaluated by t-test. P < 0.05 was con-
sidered statistically significant.

References

1. Altschul, R., Hoffer, A. & Stephen, J. D. Influence of nicotinic acid on serum cholesterol in man. Arch Biochem Biophys 54, 558-559
(1955).

2. Carlson, L. A. Nicotinic acid: the broad-spectrum lipid drug. A 50th anniversary review. ] Intern Med 258, 94-114 (2005).

3. Villines, T. C., Kim, A. S., Gore, R. S. & Taylor, A. J. Niacin: the evidence, clinical use, and future directions. Curr Atheroscler Rep 14,
49-59 (2012).

4. Gille, A., Bodor, E. T., Ahmed, K. & Offermanns, S. Nicotinic acid: pharmacological effects and mechanisms of action. Annu Rev
Pharmacol Toxicol 48, 79-106 (2008).

5. Lavigne, P. M. & Karas, R. The role of niacin in the aftermath of aim-high: a meta-analysis. Journal of the American College of
Cardiology 59, E1687 (2012).

6. Villines, T. C. et al. The ARBITER 6-HALTS Trial (Arterial Biology for the Investigation of the Treatment Effects of Reducing
Cholesterol 6-HDL and LDL Treatment Strategies in Atherosclerosis): final results and the impact of medication adherence, dose,
and treatment duration. ] Am Coll Cardiol 55, 2721-2726 (2010).

7. Bruckert, E., Labreuche, J. & Amarenco, P. Meta-analysis of the effect of nicotinic acid alone or in combination on cardiovascular
events and atherosclerosis. Atherosclerosis 210, 353-361 (2010).

8. Taylor, A. ., Sullenberger, L. E., Lee, H. ], Lee, J. K. & Grace, K. A. Arterial Biology for the Investigation of the Treatment Effects of
Reducing Cholesterol (ARBITER) 2: a double-blind, placebo-controlled study of extended-release niacin on atherosclerosis
progression in secondary prevention patients treated with statins. Circulation 110, 3512-3517 (2004).

9. Brown, B. G. et al. Simvastatin and niacin, antioxidant vitamins, or the combination for the prevention of coronary disease. N Engl
] Med 345, 1583-1592 (2001).

10. Cashin-Hemphill, L. et al. Beneficial effects of colestipol-niacin on coronary atherosclerosis. A 4-year follow-up. Jama 264,
3013-3017 (1990).

11. Soga, T. et al. Molecular identification of nicotinic acid receptor. Biochem Biophys Res Commun 303, 364-369 (2003).

12. Tunaru, S. et al. PUMA-G and HM74 are receptors for nicotinic acid and mediate its anti-lipolytic effect. Nat Med 9, 352-355 (2003 ).

13. Wise, A. et al. Molecular identification of high and low affinity receptors for nicotinic acid. ] Biol Chem 278, 9869-9874 (2003).

14. Offermanns, S. et al. International union of basic and clinical pharmacology. LXXXII: nomenclature and classification of hydroxy-
carboxylic acid receptors (GPR81, GPR109A, and GPR109B). Pharmacol Rev 63, 269-290 (2011).

15. Taggart, A. K. et al. (D)-beta-Hydroxybutyrate inhibits adipocyte lipolysis via the nicotinic acid receptor PUMA-G. ] Biol Chem 280,
26649-26652 (2005).

SCIENTIFICREPORTS | 7:42279 | DOI: 10.1038/srep42279 12



www.nature.com/scientificreports/

16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.

27.

28.

29.
. Kwon, W. Y, Suh, G. ., Kim, K. S. & Kwak, Y. H. Niacin attenuates lung inflammation and improves survival during sepsis by

31.
32.
33.

34.
35.

36.

37.

38.
39.

40.
. Maciejewski-Lenoir, D. et al. Langerhans cells release prostaglandin D2 in response to nicotinic acid. J Invest Dermatol 126,

42.
43.

44.

48.
49.

50.
51.

52.
53.
54.
55.
56.
57.
58.

59.

Digby, J. E., Lee, . M. & Choudhury, R. P. Nicotinic acid and the prevention of coronary artery disease. Curr Opin Lipidol 20,
321-326 (2009).

Lauring, B. et al. Niacin lipid efficacy is independent of both the niacin receptor GPR109A and free fatty acid suppression. Sci Transl
Med 4, 148ral15 (2012).

Lukasova, M., Malaval, C., Gille, A., Kero, J. & Offermanns, S. Nicotinic acid inhibits progression of atherosclerosis in mice through
its receptor GPR109A expressed by immune cells. J Clin Invest 121, 1163-1173 (2011).

Yousefi, S., Cooper, P. R, Mueck, B., Potter, S. L. & Jarai, G. cDNA representational difference analysis of human neutrophils
stimulated by GM-CSE. Biochem Biophys Res Commun 277, 401-409 (2000).

Schaub, A., Futterer, A. & Pfeffer, K. PUMA-G, an IFN-gamma-inducible gene in macrophages is a novel member of the seven
transmembrane spanning receptor superfamily. Eur ] Immunol 31, 3714-3725 (2001).

Hanson, J. et al. Nicotinic acid- and monomethyl fumarate-induced flushing involves GPR109A expressed by keratinocytes and
COX-2-dependent prostanoid formation in mice. J Clin Invest 120, 2910-2919 (2010).

Libby, P., Okamoto, Y., Rocha, V. Z. & Folco, E. Inflammation in atherosclerosis: transition from theory to practice. Circ J 74,
213-220(2010).

Digby, J. E. et al. Anti-inflammatory effects of nicotinic acid in human monocytes are mediated by GPR109A dependent
mechanisms. Arterioscler Thromb Vasc Biol 32, 669-676 (2012).

Tacke, E. et al. Monocyte subsets differentially employ CCR2, CCR5, and CX3CR1 to accumulate within atherosclerotic plaques. J
Clin Invest 117, 185-194 (2007).

Mahabadi, A. A. et al. Association of pericoronary fat volume with atherosclerotic plaque burden in the underlying coronary artery:
a segment analysis. Atherosclerosis 211, 195-199 (2010).

Wu, B. J. et al. Evidence that niacin inhibits acute vascular inflammation and improves endothelial dysfunction independent of
changes in plasma lipids. Arterioscler Thromb Vasc Biol 30, 968-975 (2010).

Mitrofanov, V. A., Ovchinnikova, N. M., Belova, S. V., Fedotova, M. V. & Gladkova, E. V. Inflammatory degeneration of joint tissue
in adjuvant arthritis after intraarticular treatment with the mixture of silver drug and nicotinic acid. Bull Exp Biol Med 140, 702-704
(2005).

Cho, K. H., Kim, H. J., Rodriguez-Iturbe, B. & Vaziri, N. D. Niacin ameliorates oxidative stress, inflammation, proteinuria, and
hypertension in rats with chronic renal failure. Am J Physiol Renal Physiol 297, F106-113 (2009).

Shehadah, A. et al. Niaspan treatment induces neuroprotection after stroke. Neurobiol Dis 40, 277-283 (2010).

downregulating the nuclear factor-kappaB pathway. Crit Care Med 39, 328-334 (2011).

Rahman, M. et al. The 3-hydroxybutyrate receptor HCA2 activates a neuroprotective subset of macrophages. Nat Commun 5, 3944
(2014).

Chen, H. et al. Hydroxycarboxylic acid receptor 2 mediates dimethyl fumarate’s protective effect in EAE. The Journal of clinical
investigation 124, 2188-2192 (2014).

Gaidarov, L. et al. Differential tissue and ligand-dependent signaling of GPR109A receptor: implications for anti-atherosclerotic
therapeutic potential. Cell Signal 25, 2003-2016 (2013).

Zandi-Nejad, K. et al. The role of HCA2 (GPR109A) in regulating macrophage function. Faseb ] 27, 4366-4374 (2013).

Li, G. et al. Internalization of the human nicotinic acid receptor GPR109A is regulated by G(i), GRK2, and arrestin3. ] Biol Chem
285, 22605-22618 (2010).

Li, G. et al. Distinct kinetic and spatial patterns of protein kinase C (PKC)- and epidermal growth factor receptor (EGFR)-dependent
activation of extracellular signal-regulated kinases 1 and 2 by human nicotinic acid receptor GPR109A. ] Biol Chem 286,
31199-31212 (2011).

Jin, T., Zhang, N., Long, Y., Parent, C. A. & Devreotes, P. N. Localization of the G protein betagamma complex in living cells during
chemotaxis. Science 287, 1034-6 (2000).

English, J. et al. New Insights into the Control of MAP Kinase Pathways. Experimental Cell Research 253, 255-270 (1999).
Stephens, L., Ellson, C. & Hawkins, P. Roles of PI3Ks in leukocyte chemotaxis and phagocytosis. Current Opinion in Cell Biology 14,
203-213 (2002).

Zhang, N. et al. Adenosine A2a receptors induce heterologous desensitization of chemokine receptors. Blood 108, 38-44 (2006).

2637-2646 (2006).

Tang, H., Lu, J. Y., Zheng, X,, Yang, Y. & Reagan, J. D. The psoriasis drug monomethylfumarate is a potent nicotinic acid receptor
agonist. Biochem Biophys Res Commun 375, 562-565 (2008).

Zimmerman, M. A. et al. Butyrate suppresses colonic inflammation through HDACI1-dependent Fas upregulation and Fas-mediated
apoptosis of T cells. Am ] Physiol Gastrointest Liver Physiol 302, G1405-1415 (2012).

Singh, N. et al. Activation of Gpr109a, receptor for niacin and the commensal metabolite butyrate, suppresses colonic inflammation
and carcinogenesis. Immunity 40, 128-139 (2014).

. Jones, G. E. Cellular signaling in macrophage migration and chemotaxis. ] Leukoc Biol 68, 593-602 (2000).
. Serhan, C. N. & Savill, J. Resolution of inflammation: the beginning programs the end. Nat Immunol 6, 1191-1197 (2005).
. Weber, C., Schober, A. & Zernecke, A. Chemokines: key regulators of mononuclear cell recruitment in atherosclerotic vascular

disease. Arterioscler Thromb Vasc Biol 24, 1997-2008 (2004).

Horuk, R. Chemokine receptors. In Offermanns S, R. W. Encyclopedic Reference of Molecular Pharmacology. 237-241 (2003).
Offermanns, S. The nicotinic acid receptor GPR109A (HM74A or PUMA-G) as a new therapeutic target. Trends Pharmacol Sci 27,
384-390 (2006).

Hildebrandt, J. D. Role of subunit diversity in signaling by heterotrimeric G proteins. Biochem Pharmacol 54, 325-339 (1997).
Smrcka, A. V. G protein (3~ subunits: central mediators of G protein-coupled receptor signaling. Cell Mol Life Sci 65, 2191-2214.
(2008).

Dupré, D. J., Robitaille, M., Rebois, R. V. & Hébert, T. E. The role of Gbetagamma subunits in the organization, assembly, and
function of GPCR signaling complexes. Annu Rev Pharmacol Toxicol 49, (2009).

Chambers, A. E, Groom, A. C. & MacDonald, L. C. Dissemination and growth of cancer cells in metastatic sites. Nat Rev Cancer 2,
563-572 (2002).

Poon, L. S., Chan, A. S. & Wong, Y. H. Gbeta3 forms distinct dimers with specific Ggamma subunits and preferentially activates the
beta3 isoform of phospholipase C. Cell Signal 21, 737-744 (2009).

Zhang, Y. et al. Different roles of G protein subunits 31 and 82 in neutrophil function revealed by gene expression silencing in
primary mouse neutrophils. ] Biol Chem 285, 24805-24814 (2010).

van Hemert, F, Lazova, M. D., Snaar-Jagaska, B. E. & Schmidt, T. Mobility of G proteins is heterogeneous and polarized during
chemotaxis. J Cell Sci 123, 2922-2930 (2010).

Widmann, C., Gibson, S., Jarpe, M. B. & Johnson, G. L. Mitogen-activated protein Kinase: conservation of a three-kinase module
from yeast to human. Physiol Rev 79, 143-180 (1999).

Johnson, G. L. & Lapadat, R. Mitogen-activated protein kinase pathways mediated by ERK, JNK, and p38 protein kinases. Science
298, 1911-1912 (2002).

Huang, C., Jacobson, K. & Schaller, M. D. MAP kinases and cell migration. Journal of Cell Science 117, 4619-4628 (2004).

SCIENTIFICREPORTS | 7:42279 | DOI: 10.1038/srep42279 13



www.nature.com/scientificreports/

60. Wenzel-Seifert, K. & Seifert, R. Chemoattractant Receptor-G-Protein Coupling. in Physiology of Inflammation (Ley, K. ed.),
Springer New York. pp 146-188 (2001).

61. Liu, X. et al. Bidirectional regulation of neutrophil migration by mitogen-activated protein kinases. Nat Immunol 13, 457-464
(2012).

62. Liu, Z. et al. TLR4 Signaling augments monocyte chemotaxis by regulating G protein-coupled receptor kinase 2 translocation. J
Immunol 191, 857-864 (2013).

63. Ferguson, S. S. Evolving concepts in G protein-coupled receptor endocytosis: the role in receptor desensitization and signaling.
Pharmacol Rev 53, 1-24 (2001).

64. Finley, M. J. et al. Bi-directional heterologous desensitization between the major HIV-1 co-receptor CXCR4 and the kappa-opioid
receptor. Journal of Neuroimmunology 197, 114-123 (2008).

65. Szabo, I et al. Selective inactivation of CCR5 and decreased infectivity of R5 HIV-1 strains mediated by opioid-induced heterologous
desensitization. Journal of Leukocyte Biology 74, 1074-1082(2003).

66. Deng, X. et al. Asynthetic peptide derived from human immunodeficiency virus type 1 gp120 downregulates the expression and
function of chemokine receptors CCR5 and CXCR4 inmonocytes by activating the 7-transmembrane G-protein-coupled receptor
FPRL1/LXA4R. Blood 94, 1165-1173 (1999).

67. Richardson, R. M., Ali, H., Tomhave, E. D., Haribabu, B. & Snyderman, R. Cross-desensitization of chemoattractant receptors occurs
at multiple levels. Evidence for a role for inhibition of phospholipase C activity. ] Biol Chem 270, 27829-27833 (1995).

68. Giegold, O. et al. CXCL9 causes heterologous desensitization of CXCL12-mediated memory T lymphocyte activation. J Immunol
190, 3696-705 (2013).

69. Hecht, . et al. Heterologous desensitization of T cell functions by CCR5 and CXCR4 ligands: inhibition of cellular signaling,
adhesion and chemotaxis. Int. Immunol 15, 29-38 (2003).

70. Ali, H., Richardson, R. M., Haribabu, B. & Snyderman, R. Chemoattractant receptor cross-desensitization. ] Biol Chem 274,
6027-6030 (1999).

71. Moulédous, L. et al. GRK2 protein-mediated transphosphorylation contributes to loss of function of m-opioid receptors induced by
neuropeptide FF (NPFF2) receptors. ] Biol Chem 287, 12736-12749 (2012).

Acknowledgements

We thank Dr. Stefan Offermanns of Max-Planck-Institute for Heart and Lung Research, Germany for providing
Hca2 KO (C57BL) breeders, and We also thank the staff of Immunohistochemistry Facility of College of
Pharmacological Science for preparation of frozen sections. This work was supported by grants from the
Ministry of Science and Technology of China (2012CB910402 and 2012AA020303), the National Natural Science
Foundation of China (81173106 and 31200621), Zhejiang Provincial Natural Science Foundation of China
(LY15C050001) and Siyuan Foundation. This project was also funded in part by federal funds from the National
Cancer Institute, National Institutes of Health, under Contract No. HSN261200800001E and was supported in
part by the Intramural Research Program of the NCI, NIH.

Author Contributions

Y.S. Performed the experiments, analyzed the data and wrote the paper with JM.W and N.Z.; X.L. Co-performed
the animal experiments; L.Y., K.C., Z.C., W.G. C.W. M.L. and Y.L. assisted with the experiments and data
interpretation; L.J. helped to assisted with the experiments and reviewed the manuscript; J.M.W. and N.Z.
supervised the study, analyzed the data, and revised the paper.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep

Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Shi, Y. et al. Activated niacin receptor HCA?2 inhibits chemoattractant-mediated
macrophage migration via GB~/PKC/ERK1/2 pathway and heterologous receptor desensitization. Sci. Rep. 7,
42279; doi: 10.1038/srep42279 (2017).

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

This work is licensed under a Creative Commons Attribution 4.0 International License. The images
o oy other third party material in this article are included in the article’s Creative Commons license,

unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

© The Author(s) 2017

SCIENTIFICREPORTS | 7:42279 | DOI: 10.1038/srep42279 14


http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	Activated niacin receptor HCA2 inhibits chemoattractant-mediated macrophage migration via Gβγ/PKC/ERK1/2 pathway and hetero ...
	Results

	HCA2 expression is enhanced in macrophages by proinflammatory stimulants. 
	The HCA2 agonist niacin inhibits macrophage chemotaxis in response to fMLF and CCL2 by disruption of F-actin and Gβ protein ...
	ERK1/2 is involved in the inhibition of chemoattractant-induced migration of macrophages by niacin. 
	Niacin induces heterologous desensitization and internalization of FPR1. 
	Niacin suppresses LPS-induced IL-6 secretion and up-regulates PDG2 production by macrophages. 
	Niacin protects mice from acute septicemia. 

	Discussion

	Methods

	Ethics Statement. 
	Reagents. 
	Cell line and mouse primary macrophage culture. 
	RT-PCR. 
	Western blot. 
	Chemotaxis assay. 
	Zigmond chamber assay. 
	Histopathology and Immunofluorescent Staining. 
	IL-6 and PDG2 secretion. 
	LPS-induced acute endotoxemia in mice. 
	Statistical analysis. 

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ The expression of HCA2 by RAW264.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ Niacin inhibited macrophage chemotaxis induced by fMLF, CCL2 and SDF1α (CXCL12).
	﻿Figure 3﻿﻿.﻿﻿ ﻿ Gβγ is required for the inhibitory activity of niacin on fMLF-induced chemotaxis of RAW264.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ ERK1/2, JNK, P38, and AKT activation induced by fMLF and niacin in RAW264.
	﻿Figure 5﻿﻿.﻿﻿ ﻿ Chemotaxis of macrophages in the presence of niacin and kinase inhibitors.
	﻿Figure 6﻿﻿.﻿﻿ ﻿ Niacin induces internalization and heterologous desensitization of FPR1.
	﻿Figure 7﻿﻿.﻿﻿ ﻿ The effect of niacin on IL-6 (A) and PDG2 (B) release by RAW264.
	﻿Figure 8﻿﻿.﻿﻿ ﻿ Niacin inhibits LPS-induced acute endotoxemia in mice.



 
    
       
          application/pdf
          
             
                Activated niacin receptor HCA2 inhibits chemoattractant-mediated macrophage migration via Gβγ/PKC/ERK1/2 pathway and heterologous receptor desensitization
            
         
          
             
                srep ,  (2017). doi:10.1038/srep42279
            
         
          
             
                Ying Shi
                Xiangru Lai
                Lingyan Ye
                Keqiang Chen
                Zheng Cao
                Wanghua Gong
                Lili Jin
                Chunyan Wang
                Mingyong Liu
                Yuan Liao
                Ji Ming Wang
                Naiming Zhou
            
         
          doi:10.1038/srep42279
          
             
                Nature Publishing Group
            
         
          
             
                © 2017 Nature Publishing Group
            
         
      
       
          
      
       
          © 2017 The Author(s)
          10.1038/srep42279
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep42279
            
         
      
       
          
          
          
             
                doi:10.1038/srep42279
            
         
          
             
                srep ,  (2017). doi:10.1038/srep42279
            
         
          
          
      
       
       
          True
      
   




