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Abstract

IVarenicline is one of the most widely used drugs for smoking cessation. It is a partial agonist of the a4 3, nico-
tinic acetylcholine receptor (nAChR) and full agonist of the a; nAChR. However, whether an adverse effect of
varenicline is associated with the risk of serious cardiovascular events remains controversial. In this study, we deter-
mined if varenicline increases the risk of cardiovascular events using apolipoprotein E knockout (ApoE KO) mice.
ApoE KO mice (8 weeks old) were injected with varenicline 0.5 mg/ kg/day for 3 weeks. Varenicline aggravated
atherosclerotic plaque formation in whole aorta of ApoE KO mice compared with vehicle. Methyllycaconitine
(MLA), an a.; nAChR antagonist, inhibited varenicline-induced aggravated plaque formation. In an effort to deter-
mine the mechanism by which varenicline increased atherosclerosis, we ascertained whether varenicline promotes
oxidized low-density lipoprotein (oxLDL) uptake in mouse peritoneal macrophages in vitro and clarified its mech-
anism. We investigated the effects of varenicline (1-1011M) on the expression of scavenger receptors including
lectin-like oxidized LDL receptor- 1 (LOX- 1), cluster of differentiation (CD) 36 and scavenger receptor class A
(SR-A) in the murine macrophage cell line RAW 264 .7 . Expression of protein and mRNA was determined by
western blotting and real-time quantitative reverse transcription-polymerase chain reaction, respectively. Effects of
varenicline (10;1M) on oxLDL uptake were examined by counting the number of macrophages stained with oil red
O and hematoxylin. Varenicline significantly increased expression of the protein and mRNA of LOX-1 and CD 36,
but not SR-A, in RAW 264 .7 cells, and increased oxLDL uptake in macrophages. These effects of varenicline were
blocked significantly by an a; nAChR antagonist, MLA (50nM) , but not by an a4, nAChR antagonist, dihy-
dro-B-erythroidine hydrobromide (DHBE) (111M). These data suggest that varenicline promotes oxLLDL uptake by
upregulating expression of LOX-1 and CD 36 through a.; nAChR in macrophages. We found that varenicline sig-
nificantly activated extracellular signal-regulated kinase 1/2 (ERK 1/2) and nuclear factor-kappa B (NF-kB) sign-
aling pathways in RAW 264 .7 cells. This activation was blocked by MLA but not DHBE. Therefore, ERK 1/2-
NF-«B signaling pathway is highly likely to be responsible for varenicline-induced upregulation of the LOX- 1 and
CD 36 expression through o.; nAChR in macrophages. These processes probably contribute to varenicline-aggravat-
ed atherosclerotic plaque formation. Hence, an increased risk of cardiovascular events upon varenicline treatment

could occur, and must be considered in patients (especially those suffering from cardiovascular diseases) .
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Fig.1 Atherosclerotic plaques in the aorta of varenicline-treated ApoE KO mice.
(A) Representative en face photographs of the aorta showing oil red O-stained atherosclerotic
plaques. Quantitative measurement of en face plaque area (%) in the aortic arch (B) and whole
aorta (C) . Each bar indicates mean * S.D. (n=8-9)*P < 0.05 vs vehicle group, 8P < 0.05 vs 0.05

mg kg! day"! varenicline treatment group.
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Fig.2 Atherosclerotic plaques in the aorta of varenicline- and varenicline plus MLA-treated ApoE KO mice.
(A) Representative en face photographs of the aorta showing oil red O-stained atherosclerotic
plaques from vehicle, varenicline, and varenicline + MLA-treated ApoE KO mice. Pooled data
showing the effect of varenicline and MLA treatment on oil red O-stained positive areas in the aortic
arch (B) and whole aorta (C).Each bar indicates mean * S.D. (n=8-9) **P <0.01 vs vehicle
group, 8P < 0.01 vs varenicline treatment group.
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Fig.3 Atherosclerotic plaques in the aorta of varenicline- and varenicline plus MLA-treated ApoE KO mice.
(A) Representative cross-sections of oil red O-stained plaques in the aortic root. (B) Pooled data
of plaque area in the aortic root. Each bar indicates mean * S.D. (n=9-10) *P <0.05 vs vehicle
group, 8P < 0.05 vs varenicline treatment group.



Table.1 There are no significant differences in body weight or total cholesterol between groups.

Data are expressed as mean = S.D. (n=9-10)

vehicle varenicline MLA + varenicline
Body Weight, g 18.4+2.6 184 = 1.9 18.7 = 2.6
Total Cholesterol, mg/dI 1952 = 306 1920 + 374 1997 + 454
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Fig.4 Effect of varenicline on expression of LOX-1 and CD36 in RAW 264 .7 cells.

(Aand B) Representative immunoblots (upper panel) and quantitative analyses of band intensities
(bottom panel) showing protein expression of LOX-1 and CD 36, respectively. Cells were treated
with vehicle or varenicline (1-10pM) for 24 h. Results are expressed as percentage of vehicle-
treated cells. GAPDH was used as a loading control. Each bar indicates mean + SD (n=3) .

*P<0.05,**P<0.01: significant difference from vehicle.
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Fig.6 Effect of a; (A and B) and a,B, nAChR (C and D) antagonists on varenicline-increased
expression of LOX-1 and CD36 protein (left and right panel, respectively) in RAW 264 .7 cells.
Cells were treated with vehicle or varenicline (10 pM) for 24 h in the absence or presence of the
a7 nAChR antagonist MLA (50 nM) or the o, nAChR antagonist DHBE (1 pM). MLA and
DHPE were added to cells 30 min before treatment with vehicle or varenicline. Representative
immunoblots (upper) and quantitative analyses of band intensities (lower) showing protein
expression of LOX-1 and CD36 in RAW 264 .7 cells. Each bar indicates mean = SD (n =3-6).
*P<0.05, ¥*P<0.01: significant difference from vehicle. sP<0.05, 86P<0.01: significant

difference from varenicline.
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Fig.7 Effect of a; and a3, nAChR antagonists on varenicline-increased oxLDL uptake in macrophages. (A)
Representative photographs showing macrophages stained with oil red O and hematoxylin.
Arrowheads show oil red O-positive cells in representative images. (B) Quantitative analyses of
oxLDL uptake in macrophages incubated with oxLDL (80 png/mL) for 24 h. Cells were treated with
vehicle or varenicline (10 pM) for 24 h in the absence or presence of the oi; nAChR antagonist
MLA (50 nM) or the a4, nAChR antagonist DHBE (1 pM) . MLA and DHPE were added to
cells 30 min before treatment with vehicle or varenicline. Each bar indicates mean = SD (n =4).
**P<0.01: significant difference from vehicle. 85P<0.01 : significant difference from varenicline.
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Fig.8 Varenicline-induced phosphorylation of ERK1/2 (A) and NF-kB (B) in RAW 264 .7 cells. Cells
were treated with varenicline (10 pM) for the indicated times (1,5, 10, 15, 30 and 60 min).
Representative immunoblots (top in each panel) show the protein expression of total and phospho-
rylated ERK 1/2 and NF-«B in A and B, respectively. At the bottom of each panel, values are the rela-
tive ratio of phosphorylated proteins to total proteins in untreated control cells as a percentage (% of
0 min). Each bar indicates mean * S.D (n=3).*P<0.05, **P<0.01: significant difference from

0 min.
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Fig.9 Effect of MLA (0; nAChR antagonist) and DHBE (a4, nAChR antagonist) on varenicline-

induced activation of ERK 1/2 and NF-kB in RAW 264 .7 cells. Cells were treated with vehicle or
varenicline (10 pM) for 30 min in the absence or presence of MLA (50 nM) (A and B) or DHBE (1
nM) (Cand D). MLA and DHBE were added to cells at 30 min before treatment with the vehicle or
varenicline. Representative immunoblots (top in each panel) show the protein expression of total
and phosphorylated ERK 1/2 (left) and NF-xB (right) in RAW 264 .7 cells. At the bottom of each
panel, values are the relative ratio of phosphorylated proteins to total proteins in vehicle-treated cells

as a percentage (% of vehicle). Each bar indicates mean
significant difference from vehicle; sP<0.05,85P<0.01: significant difference from varenicline.
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