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Abstract Cholesterol-metabolism-associated molecules, in-
cluding scavenger receptor class A (SR-A), lectin-like oxi-
dized low-density lipoprotein receptor-1 (LOX-1), CD36,
ACAT1, ABCAIl, ABCGI1, and scavenger receptor class
B type I, can modulate cholesterol metabolism in the trans-
formation from macrophages to foam cells. Voltage-gated
potassium channel Kvl.3 has increasingly been demon-
strated to play an important role in the modulation of mac-
rophage function. Here, we investigate the role of Kv1.3
in modulating cholesterol-metabolism-associated molecules
in human acute monocytic leukemia cell-derived macro-
phages (THP-1 macrophages) and human monocyte-derived
macrophages exposed to oxidized LDL (ox-LDL). Human
Kvl.3 and Kv1.5 channels (hKvl.3 and hKvl.5) are expressed
in macrophages and form a heteromultimeric channel. The
hKvl1.3-E314 antibody that we had generated as a specific
hKvl.3 blocker inhibited outward delayed rectifier potas-
sium currents, whereas the hKvl.5-E313 antibody that we
had generated as a specific hKvl.5 blocker failed. Accord-
ingly, the hKv1.3-E314 antibody reduced percentage of cho-
lesterol ester and enhanced apoA-I-mediated cholesterol
efflux in THP-1 macrophages and human monocyte-derived
macrophages exposed to ox-LDL. The hKvl.3-E314 anti-
body downregulated SR-A, LOX-1, and ACAT1 expression
and upregulated ABCA1 expression in THP-1 macrophages
and human monocyte-derived macrophages.Bll Our results
reveal that specific Kvl.3 blockade represents a novel strat-
egy modulating cholesterol metabolism in macrophages,
which benefits the treatment of atherosclerotic lesions.—
Yang, Y., Y-F. Wang, X.-F. Yang, Z.-H. Wang, Y.-T. Lian,
Y. Yang, X.-W. Li, X. Gao, J. Chen, Y.-W. Shu, L.-X. Cheng,

This work was supported by National Natural Science Foundation of China
grant 30700747/C08); by Natural Science Foundation of Shandong Province,
China grant ZR2010HLO032); and by Natural Science Foundation of Hubei
Province, China grant 2010CDB07901.

Manuscript recetved 24 December 2011 and. in revised form 16 October 2012.

Published, JLR Papers in Press, October 24, 2012
DOI 10.1194/jlr M023846

34 Journal of Lipid Research Volume 54, 2013

Y-H. Liao, and K. Liu. Specific Kvl.3 blockade modulates
key cholesterol-metabolism-associated molecules in human
macrophages exposed to ox-LDL. J. Lipid Res. 2013. 54:
34-43.

Supplementary key words macrophage ¢ cholesterol ® atherosclero-
sis ® oxidized lipids

Atherosclerosis contributes chiefly to ischemic diseases,
including coronary heart disease, cerebral infarction, and
intermittent claudication. Lipid plaque is the main patho-
logical presentation and is characterized by abundant
foam cells, which are derived mostly from macrophages.
In the transformation, cholesterol ester accumulation ac-
celerates foam cell formation.

Macrophages possess an entrance-to-exit machinery for
the modulation of cholesterol metabolism. Scavenger recep-
tor class A (SR-A), CD36, and lectin-like oxidized low-density
lipoprotein receptor-1 (LOX-1) are largely responsible for
cholesterol influx (1-8), and ABCA1, ABCGI1 and scavenger
receptor class B type I (SR-B I) facilitate cholesterol efflux
(9-15). Free cholesterol inside macrophages is esterified by
ACAT1, thereby promoting cholesterol ester accumulation
(16-18). All the molecules form an integrated modulating
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system or network to maintain cellular cholesterol homeo-
stasis in macrophages. It is clinic-promising to modulate the
expression of these cholesterol-metabolism-associated mole-
cules in macrophages.

In recent years, voltage-gated potassium channel Kvl.3
has increasingly been demonstrated to play a crucial role in
controlling macrophage proliferation, activation, apoptosis
(19-21), and inflammatory cytokine secretion (22-24).
Notwithstanding preliminary evidence of selective Kvl.3
blockade by rMargatoxin, one selective Kvl.3 blocker, in-
hibited human monocytes derived macrophages differenti-
ation into foam cells (25), it remains uncertain whether
Kv1.3 blockage modulates the cholesterol-metabolism-asso-
ciated molecules in macrophages. This unraveling would
hold a potential target for atherosclerosis therapy.

To address the role of Kvl.3 in modulating the expres-
sion of SR-A, CD36, LOX-1, ACAT1, SR-B I, ABCG1, and
ABCAL, we used the hKvl.3-E314 antibody as a novel and
specific Kvl.3 blocker (26) that we generated to block Kv1.3
channels in THP-1 macrophages and human monocyte-
derived macrophages (HMDMs) exposed to oxidized LDL
(ox-LDL), which are typically established cell models mim-
icking the formation of foam cells (27, 28).

MATERIALS AND METHODS

Ethics statement

Our experiment involving fresh plasma and peripheral blood
mononuclear cells of normolipidemic volunteers was approved
by volunteers and Wuhan Blood Centre (authorizations: 2010-8)
and conformed to the Declaration of Helsinki.

Antibody generation, LDL isolation, and oxidization

The antibody targeting the E314 peptide of human Kvl.3
pore region (named the hKvl.3-E314 antibody; China Patent
Application Number of the E314 peptide: 201110044416.x)
was previously generated and used as a specific blocker of
hKvl.3 channels (26). In addition, we generated the antibody
targeting the E313 peptide of human Kvl.5 pore region
(named the hKv1.5-E313 antibody; China Patent Application
Number of the E313 peptide: 201110293643.6) as a specific
blocker of hKvl.5 channels following the same strategy as de-
scribed previously (29-31).

Native LDLs (densities ranging from 1.006 to 1.063 g/ml) were
isolated from fresh plasma of normolipidemic volunteers by
sequential preparative ultracentrifugation according to published
standard protocols (32). Then LDLs were oxidized with 10 pM
CuSO, to obtain ox-LLDL.

Cell culture

THP-1 cells were purchased from American Type Culture
Collection (ATCC) and maintained in RPMI 1640 medium
supplemented with 10% FBS at 37°C. To induce monocyte-
to-macrophage differentiation, THP-1 cells were cultured in the
presence of 160 nM phorbol 12-myristate 13-acetate for 72 h.

Peripheral blood mononuclear cells were isolated from peri-
pheral blood samples of normal volunteers by Ficoll density gra-
dient centrifugation and cultured in RPMI 1640 medium with
10% FBS at 37°C in 5% CO, for 7 days to induce differentiation
into HMDMs.

After differentiation, THP-1 macrophages or HMDMs were
exposed to 100 pg/ml ox-LDL in the presence of the hKvl.3-
E314 antibody at varying concentrations of 37.5, 75, or 300 nM
for 2 h. THP-1 macrophages or HMDMs were exposed to 100 pg/ml
ox-LDL for 24 h to accelerate foam cell formation with less toxic-
ity or apoptosis (33, 34). Meanwhile, to observe the action of the
hKv1.3-E314 antibody during the transformation, THP-1 macro-
phages or HMDMs were exposed to 100 pg/ml ox-LDL for up to
36 or 48 h in the presence of the 300 nM hKvl.3-E314 antibody.
In the experiments, THP-1 macrophages and HMDMs exposed
to the hKv1.3-E314 antibody alone and 100 pg/ml ox-LDL alone
were cultured for 24 h.

Immunofluorescent staining

THP-1 macrophages were fixed and blocked with a solution
containing 1% BSA and 10% goat serum (Invitrogen, Carlsbad,
CA). Fixed cells were incubated with the hKvl.3-E314 antibody
or the hKvl.5-E313 antibody and then with the FITC-conjugated
secondary anti-rabbit goat antibody (Alomone, Israel). Nuclear
chromatin was stained with DAPI (eBioscience, San Diego, CA).
Negative control was prepared by the primary antibody preincu-
bated with an excess of corresponding antigenic peptides. Cell
samples were imaged with a Nikon Alsi confocal laser micro-
scope (Nikon, Tokyo, Japan).

Electrophysiological recording

THP-1-derived macrophages preincubated with various con-
centrations of the hKvl.3-E314 antibody were plated onto glass
coverlids for measuring whole cell currents using the patch clamp
technique. An Axon-200B (Molecular Devices) amplifier with
pClamp 9.0 software was used for data recording and analysis.
Patch electrodes (filled resistance 2-5 M()) were fabricated in a
P-97 puller (Sutter Instruments) from borosilicate glass (outer
diameter 1.5 mm and inner diameter 1.05 mm; VitalSense Instru-
ments, Wuhan, China) and filled with solution containing (in
mM) 20 KCI, 110 K-aspartate, 1 MgCl,, 10 HEPES, 5 EGTA, 0.1
Nay-GTP, 5 Nag-phosphocreatine, and 5 Mg-ATP, adjusted to pH
7.2 with KOH. The extracellular solution contained (in mM) 120
NaCl, 5.4 KCI, 2 CaCl,, 1 MgCl,, 10 HEPES, and 10 D-glucose,
adjusted to pH 7.4 with NaOH.

Cholesterol content and efflux analysis

Cells were counterstained with hematoxylin and oil red O
(ORO) following the routine procedure. Cells with a lipid
droplet area no less than the width of the nucleus were desig-
nated ORO positive (ORO+). The ORO+ cells were counted (35).

HPLC was conducted as follows. Briefly, cells were sonicated and
lysed before triglycerides and proteins were eliminated from cell
lysates. Dissolved in a solution of n-hexane and isopropanol
(4:1,V/V), free cholesterol (FC) was extracted. One aliquot sample
was treated with cholesterol esterase to obtain total cholesterol (TC).
Samples were dried through a vacuum degasser and dissolved in
a mobile phase containing isopropanol:n-heptane:acetonitrile
(85:12:52, v/v). TC and FC were measured by a chromatographer
system (VARIAN Prostar 210). Cholesterol ester (CE) was calculated
through the subduction of FC from TC.

Percentage of cholesterol efflux was measured by liquid scin-
tillation counting. Treated THP-1 macrophages or HMDMs
were labeled with 1.0 pCi/ml [3H]cholesterol. ApoA-I (10 pg/ml),
HDL, (50 pg/ml), or HDL; (50 pg/ml) was also added to me-
dia. The percentage of cholesterol efflux was calculated by di-
viding media-derived radioactivity by the sum of the radioactivity
in media and cells: [media counts/ (media counts + cellular
counts)] x 100%.
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Real-time quantitative RT-PCR

Total cellular RNA was isolated, and cDNA was synthesized by
reverse transcription reaction. Real-time quantitative PCR was
performed with SYBR® Premix Ex Taqvl‘M (Takara, Japan) using
Applied Biosystems StepOne Realtime PCR System. Glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH) was used as an
endogenous control. Fold changes in mRNA expression level
normalized to GAPDH were calculated by the comparative Ct
method formula 2~ **“, The sequences of the PCR primers are
listed in Table 1.

Western blotting analysis

Total protein extracts were prepared and subjected to Western
blotting analysis. After SDS-PAGE, proteins were transferred onto
nitrocellulose membrane and detected by the corresponding
primary antibodies against human Kvl.3 (commercially from
Abcam, Cambridge, UK, or the hKvl.3-E314 antibody), Kv1.5
(commercially from Millipore/Chemicon, Billerica, MA, or the
hKv1.5-E313 antibody), SR-A (Santa Cruz Biotechnology, Santa
Cruz, CA), LOX-1 (R&D, Minneapolis, MN), CD36 (Santa Cruz
Biotechnology), ACAT1 (Cayman, Ann Arbor, MI), ABCA1l
(Abcam), ABCG1 (Epitomics, Burlingame, CA) and SR-B I (Epito-
mics), and GAPDH (Beyotime, China), and the following HRP-
conjugated secondary antibodies. The proteins were visualized
with the Enhance chemiluminescence kit (Thermo, Rockford, IL).
Semiquantitative analysis of film was performed with the Image-
pro Plus analysis software.

Statistics

All data are presented as the means + SEM. SPSS 13.0 software
was used for statistical analysis. Direct comparisons between two
groups were made using unpaired ttest. Data from more than
two groups were available for ANOVA. P< 0.05 was considered as
statistically significant.

RESULTS

Human Kv1.3 and Kvl.5 channels are expressed in

THP-1 macrophages and THP-1-derived foam cells
hKvl.3 and hKvl.5 expression in THP-1 macrophages

and THP-1 derived foam cells were detected by Western

blotting using the commercial antibodies (supplementary

Fig. I). At the protein level, both channels were identified

TABLE 1. Sequences of Real-Time Quantitative RI-PCR
Molecules Sequence (5-3")
SR-A sense GCAGTTCTCATCCCTCTCAT
SR-A anti-sense GGTATTCTCTTGGATTTTGCC
LOX-1 sense CGGCAACAAGCAGAAGAAGC
LOX-1 anti-sense TGAGCCCGAGGAAAATAGGTAA
CD36 sense TGCCTCTCCAGTTGAAAACCC

GCAACAAACATCACCACACCA
TGGGCAATGGAGTCTTACTCTGCT
AAACAGCTGGCTCCAAATCAGGGA
TACAGCCAGAAAGACACCAG
CACAGTAGACTTTGGGAGAG
CAGGAAGATTAGACACTGTGG
GAAAGGGGAATGGAGAGAAGA
AACAACTCCGACTCTGGGCTCT
CATTTGCCCAGAAGTTCCATTG
ATGGTGGTGAAGACGCCAGTA
GGCACAGTCAAGGCTGAG AATG

CD36 anti-sense
ACAT1 sense
ACATT1 anti-sense
ABCAI1 sense
ABCA1 anti-sense
ABCGI sense
ABCGI] anti-sense
SR-B I sense

SR-B I anti-sense
GAPDH sense
GAPDH anti-sense
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in THP-1 macrophages and THP-1-derived foam cells. In
the transformation from macrophages to foam cells, hKv1.3
or hKvl.5 expression showed no significant difference.

The hKvl.3-E314 antibody or the hKvl.5-E313 antibody
specifically recognizes human Kv1.3 or Kvl.5 channels
and binds to plasma membrane in THP-1 macrophages

By Western blotting and immunofluorescent staining,
we confirmed specificity and plasma membrane binding
of both the antibodies (the hKvl.3-E314 antibody and
the hKv1.5-E313 antibody) that we had generated in
THP-1 macrophages. The hKv1.3-E314 antibody or the
hKvl1.5-E313 antibody, respectively, recognized 64 kDa or
75 kDa protein, whereas both the antibodies preincubated
with corresponding antigenic peptides were unable to
recognize identical molecular weight proteins (supple-
mentary Fig. ITA, B). Immunofluorescent staining results
indicated that only plasma membrane was stained with
green fluorescence in THP-1 macrophages (supplemen-
tary Fig. IIC, D).

The hKv1.3-E314 antibody inhibits outward delayed
rectifier potassium currents in THP-1 macrophages

The effect of the hKvl.3-E314 antibody or the hKvl.5-
E313 antibody on outward delayed rectifier potassium
currents in THP-1 macrophages was examined by the
whole-cell patch clamp technique. THP-1 macrophages
were exposed to the hKvl.3-E314 antibody or the hKvl.5-
E313 antibody 37°C for 2 h before the patch clamp experi-
ment. To evoke voltage-dependent potassium currents, all
cells were clamped to a holding potential of —80 mV and
stimulated with 400-ms square pulses ranging from —60 to
+60 mV in 10-mV increments (supplementary Fig. IIIA).
The hKvl.3-E314 antibody at varying concentrations of
37.5, 75, or 300 nM decreased current densities signifi-
cantly compared with control. The inhibition showed con-
centration dependence (supplementary Fig. IITA). At the
depolarizing pulse +60 mV, the hKv1.3-E314 antibody at
concentrations ranging from 37.5 nM to 300 nM decreased
current densities by 44%, 56%, or 85% (8.4474 + 0.9329
PA/PpF, 6.6156 = 0.6049 pA/pF, 2.3365 + 0.3514 pA/pF, vs.
15.1561 + 1.4485 pA/pF) (supplementary Fig. IIIB). In
contrast, the hKvl.5-E313 antibody at a concentration of
300 nM, which was identical to the hKvl.3-E314 antibody,
exerted no significant effect on outward delayed rectifier
potassium currents in THP-1 macrophages (supplementary
Fig. IIIC, D).

The hKv1.3-E314 antibody reduces cholesterol content
in THP-1 macrophages and HMDMs exposed to ox-LDL
and enhances apoA-I-mediated cholesterol efflux

We had a direct-viewing of cholesterol content in THP-1
macrophages and HMDMs exposed to 100 pg/ml ox-LDL
in the presence or absence of the hKvl.3-E314 antibody by
ORO staining. When THP-1 macrophages and HMDMs
were exposed to 100 pg/ml ox-LDL, lipid droplets in-
creased (Fig. 1C, K). In the presence of the 300 nM hKvl.3-
E314 antibody, lipid droplets in THP-1 macrophages and
HMDMs decreased markedly (Fig. 1D, L). The amount
of ORO+ cells increased when THP-1 macrophages and



HMDMs were exposed to 100 pg/ml ox-LDL(Fig. 1G, O),
and the amount decreased significantly in the presence
of the 300 nM hKvl.3-E314 antibody (Fig. 1H, P, Q).

By HPLC, TC, FC, and CE in treated THP-1 macrophages
and HMDMs were quantified. In THP-1 macrophages and
HMDMs, there were significant decreases of TC and CE in
the presence of the hKv1.3-E314 antibody in a concentration-
dependent manner, compared with the absence of the
hKvl.3-E314 antibody. Increases of FC were also observed
in the presence of the hKvl.3-E314 antibody, whereas TC
decreased. The homeostasis of FC, TC, and CE did not
alter with ox-LDL exposure times ranging from 24 h to
48 h (Table 2).

With CE and FC alterations, there were significant en-
hancements of apoA-I-mediated [SH]cholesterol efflux in
THP-1 macrophages and HMDMs (Fig. 2A, C), whereas
there was no significant alteration of mature HDL(HDL,
or HDL,)-mediated [*H]cholesterol efflux (Fig. 2B, D).
The enhancement showed a concentration-dependent
manner and did not change with ox-LDL exposure time
from 24 h to 48 h (Fig. 2A, C).

The hKv1.3-E314 antibody downregulates SR-A,
LOX-1, and ACAT1 expression and upregulates ABCA1
expression in THP-1 macrophages and HMDMs exposed
to ox-LDL

By real-time PCR and Western blotting, we assayed
the mRNA and protein level of cholesterol-metabolism-
associated molecules in THP-1 macrophages and HMDMs
exposed to 100 pg/ml ox-LDL in the absence or presence
of the hKv1.3-E314 antibody, which include SR-A, CD36,
LOX-1, ACAT1, ABCA1, ABCGI1, and SR-B I. Some of
these molecules were downregulated or upregulated.

Compared with SR-A and LOX-1 expression levels in
THP-1 macrophages or HMDMs exposed to 100 pg/ml
ox-LDL alone, which were elevated in THP-1 macro-
phages and in HMDMs, the mRNA and protein levels of
SR-A and LOX-1 were downregulated in the presence of
the hKvl.3-E314 antibody in a concentration-dependent
manner. The SR-A and LOX-1 expressions did not change
with ox-LDL exposure time ranging from 24 h to 48 h.
The mRNA and protein level of CD36 were elevated in
HMDMs but not in THP-1 macrophages. There was no

- 0

Fig. 1. Effect of the hKvl.3-E314 antibody on cellu-
lar cholesterol content and cholesterol efflux in THP-1
macrophages and HMDMs exposed to 100 pg/ml
ox-LDL. Intracellular lipid droplets were observed by
ORO staining. Lipid droplets were stained red and

nuclei blue (from A to P), and ORO+ cells were
counted (Q). A, E and I, M: THP-1 macrophages and
HMDMs were cultured for 24 h (original magnifica-
tion: x800 and x100). B, F and J, N: THP-1 mac-
rophages and HMDMs exposed to the 300 nM
hKv1.3-E314 antibody alone were cultured for 24 h
(original magnification: x800 and x100). C, Gand K, O:
THP-1 macrophages and HMDMs exposed to 100 pg/ml

ox-LDL alone were cultured for 24 h (original magni-
fication: x800 and x100). D, H, and L, P: THP-1 mac-
rophages and HMDM cells exposed to 100 pg/ml
ox-LDL in the presence of the 300 nM hKvl.3-E314
antibody were cultured for 24 h (original magnifica-
tion: x800 and x100). Q: The number of ORO+ cells
in each group (n = 3). *P < (.05 versus control group;

n = THP-1 Macrophages
@ =3 HMDM
= 80
8 ¥
o *
g 60
n
8 40 #
+ #
Q
o]

Blank E314Ah oxilDL E314Ab
only only +oxlDL

*P < 0.05 versus macrophages exposed to 100 pg/ml
ox-LDL in the absence of the 300 nM hKvl.3-E314
antibody.
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TABLE 2. Effect of the hKvl.3-E314 antibody on TC, FC, and CE in THP-1 macrophages and HMDMs exposed to 100 pg/ml ox-LDL

E314 Ab (nM) 0 300 0 37.5 75 300 300 300
Exposure time in — — 24 24 24 24 36 48
ox-LDL (h)
TC (mg/dl)
THP-1 226.3+9.5  226.0+155 488.7+150 445.0+13.3* 426.3+9.8%* 2983+ 7.4% 316.3+13.0%*  306.3 = 11.0%*
HMDM 165.3 £27.5 177.3+15.5 277.7+33.3 232.7+24.1%  209.6 +20.4* 188.3 +19.9%  226.3 + 33.5%* 209.9 = 31.9%
FC (mg/dl)
THP-1 182.0+£10.1 178.7+13.3 188.7+11.3 230.0 +7.2% 263.3 £ 11.9%*  223.0+7.5%  234.0 + 4.4%* 232.0 = 11.4*
HMDM 106.5+25.8 119.4+133 1064+19.3 1158195 121.2 £21.9%  129.7+7.5%  138.1 +21.3% 140.6 + 30.1*
CE (mg/dl)
THP-1 44.3+1.2 47.3+27  300.0+9.6 215.0+12.0%* 163.0  3.8%* 75.3 £5.0%*% 823 + 8.7+ 74.3 £ 4.5%*
HMDM 58.8 +11.1 57.9+128 171.3+24.6 116.9+29.7* 88.4 + 13.9%* 58.6 + 15.0%* 88.2 + 18.2%%* 69.3 + 23.7%%

Percentage of CE and FC in THP-1 macrophages and HMDMs exposed to 100 pg/ml ox-LDL in the absence (macrophages and macrophages
exposed to 100 pg/ml ox-LDL or the 300 nM hKv1.3-E314 antibody alone) or presence of the hKvl.3-E314 antibody at a varying concentrations of
37.5,75, or 300 nM. In the presence of the 300 nM hKv1.3-E314 antibody, macrophages were exposed to 100 pg/ml ox-LDL, respectively, for 24, 36,
or 48 h. HPLC was performed to determine TC, FC, and CE. Data represent the means + SEM of three independent experiments (n = 3). ¥*P> 0.05,
*%P < 0.01 versus macrophages exposed to 100 pg/ml ox-LDL alone. There was no significant difference in percentage of cholesterol ester when
macrophages were exposed to 100 pg/ml ox-LDL for 24, 36, or 48 h in the presence of the 300 nM hKv1.3-E314 antibody.

significant alteration of CD36 expression level in cells ~ THP-1 macrophages and HMDMs exposed to 100 pg/ml
preincubated with various concentrations of the hKvl.3-  ox-LDL. The ACAT1 expression did not alter with ox-LDL
E314 antibody (Fig. 3). exposure time ranging from 24 h to 48 h (Fig. 4).

The hKvl.3-E314 antibody also downregulated, in a Of all the molecules mediating cholesterol efflux, includ-
concentration-dependent manner, ACATI expression in ing ABCA1, ABCGI, and SR-B I, only ABCA1 expression
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Fig. 2. Percentage of cholesterol efflux from THP-1 macrophages or HMDMs exposed to 100 pg/ml ox-
LDL in the absence (macrophages and macrophages exposed to 100 pg/ml ox-LDL or the 300 nM hKv1.3-
E314 antibody alone) or presence of the hKv1.3-E314 antibody at varying concentrations of 37.5, 75, or 300 nM.
In the presence of the 300 nM hKvl.3-E314 antibody, macrophages were exposed to 100 pg/ml ox-LDL for
24, 36, or 48 h. Medium and cell-associated apoA-I or HDL-mediated [3H]cholesterol were measured by
liquid scintillation counting (A-D). A and C: Percentage of apoA-I-mediated cholesterol efflux in THP-1
macrophages and HMDMs,. B and D: Percentage of HDL-mediated cholesterol efflux in THP-1 macrophages
and HMDM cells (n = 3). *P < 0.05, **P < 0.01, and P> 0.05 versus macrophages exposed to 100 pg/ml ox-
LDL alone. There was no significant difference in percentage of apoA-I or HDL-mediated cholesterol efflux
when macrophages were exposed to 100 pg/ml ox-LDL for 24, 36, or 48 h in the presence of the 300 nM
hKvl.3-E314 antibody.
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was upregulated in THP-1 macrophages and HMDMs ex-
posed to 100 pg/ml ox-LDL in the absence or presence of
the hKv1.3-E314 antibody in a concentration-dependent
manner. In line with ABCA1 mRNA level, ABCAI protein
level was significantly elevated compared with its level in
THP-1 macrophages exposed to 100 pg/ml ox-LDL alone.
The hKvl.3-E314 antibody at a varying concentration
caused a 1.5- to 3-fold increase in THP-1 macrophages and
a 1.3 to 3.1-fold increase in HMDMs. And the ABCA1 ex-
pression did not alter with ox-LDL exposure time ranging
from 24 h to 48 h (Fig. 5).

DISCUSSION

Our study confirms that blockade of Kv1.3 prevents foam
cell formation. We have, using a novel antibody-based ap-
proach, provided the first evidence for some of the mo-
lecular changes that contribute to this effect.

Outward delayed rectifier potassium currents are elicited
and elevated when membranes are depolarized accompa-
nied by macrophage activation (19, 36). The currents were
long thought to be carried by the Kvl.3 channel (19, 20).
However, in recent years, the Kvl.3 and Kvl.5 channels
have been identified, forming a heteromultimeric complex
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in mouse macrophages (37-39). Herein our data provide
supportive evidence that the complex is present in THP-1
macrophages. Owing to the homogeneous structural fea-
tures of the entire voltage-gated potassium channel super-
family and the conservation of drug-binding sites of the
Kv1.3 and Kv1.5 channels (40, 41), the coexistence makes
it difficult to discriminate the dominance of hKvl.3 or
hKv1.5 channels in THP-1 macrophages, at which possible
pharmaceutical targets would be aimed.

We generated two antibodies directed against the extra-
cellular peptides of hKvl.3 or hKvl.5 pore region, which
can specifically block hKvl.3 or hKvl.5 channels, respec-
tively, named the hKv1.3-E314 antibody and the hKvl.5-
E313 antibody. These antibodies are not able to cross-react
to other closely related Kvl channels but can react with
themselves. The hKv1.3-E314 antibody significantly inhib-
ited outward delayed rectifier potassium currents in THP-1
macrophages in a concentration-dependent manner,
whereas the hKvl.5-E313 antibody failed to show an inhib-
iting tendency at the concentration identical to the hKvl.3-
E314 antibody, which indicates that hKvl.3-containing
subunit regulates the permeability of the heteromulti-
meric channel.

Initially, when the heteromultimeric Kv1.3 channel
was blocked, cholesterol content decreased pronouncedly
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Fig. 3. mRNA and protein expression levels of SR-A, LOX-1, and CD36 in THP-1 macrophages and HMDMs exposed to 100 pg/ml ox-
LDL in the absence (macrophages and macrophages exposed to 100 pg/ml ox-LDL or the 300 nM hKvl.3-E314 antibody alone) or pres-
ence of the hKv1.3-E314 antibody at varying concentrations of 37.5, 75, or 300 nM. In the presence of the 300 nM hKv1.3-E314 antibody,
macrophages were exposed to 100 pg/ml ox-LDL for 24, 36, or 48 h. mRNA and protein levels of SR-A, LOX-1, and CD36 were assayed by
real-time quantitative RI-PCR and Western blotting. A and C: mRNA levels of SR-A, LOX-1, and CD36 in THP-1 macrophages and HMDMs.
B and D: Protein levels of SR-A, LOX-1, and CD36 in THP-1 macrophages and HMDMs (n = 3). *P < 0.05, **P < 0.01, and P> 0.05 versus
macrophages exposed to 100 pg/ml ox-LDL alone. There was no significant difference in mRNA and protein levels when macrophages
were exposed to 100 pg/ml ox-LDL for 24, 36, or 48 h in the presence of the 300 nM hKv1.3-E314 antibody.
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Fig. 4. mRNA and protein expression levels of ACAT1 in THP-1 macrophages and HMDMs exposed to 100 pg/ml ox-LDL in the absence
(macrophages and macrophages exposed to 100 pg/ml ox-LDL or the 300 nM hKv1.3-E314 antibody alone) or presence of the hKvl.3-

E314 antibody at varying concentrations of 37.5, 75, or 300 nM. In the

presence of the 300 nM hKv1.3-E314 antibody, macrophages were

exposed to 100 pg/ml ox-LDL for 24, 36, or 48 h. mRNA and protein levels of ACAT1 were assayed, respectively, by real-time quantitative

RT-PCR and Western blotting. A and C: mRNA levels of ACAT1 in THP-

1 macrophages and HMDMs,. B and D: Protein levels of ACAT1 in

THP-1 macrophages and HMDM cells (n = 3). *P <0.05, **P <0.01, and P> 0.05 versus macrophages exposed to 100 pg/ml ox-LDL alone.
There was no significant difference in mRNA and protein levels when macrophages were exposed to 100 pg/ml ox-LDL for 24, 36, or 48 h

in the presence of the 300 nM hKvl1.3-E314 antibody.

in THP-1 macrophages and HMDMs exposed to ox-
LDL, which was generally consistent with Lei’s result
by another Kvl.3 blocker (25). Furthermore, a novel
and interesting finding emerged that apoA-I-mediated
cholesterol efflux from THP-1 macrophages and HM-
DMs was greatly enhanced. These findings enabled us to
investigate the underlying mechanism in human mac-
rophages, including THP-1 macrophages and HMDMs.

In this study, we presented an expression pattern of
key cholesterol-metabolism-associated molecules in THP-1
macrophages or HMDMs preincubated with various con-
centrations of the hKvl.3-E314 antibody. The mRNA and
protein expression of SR-A and LOX-1 was downregulated,
thereby terminating the positive feedback of ox-LDL up-
take. ACAT1 downregulation also resulted in the reduc-
tion of cholesterol ester synthesis. The downregulation of
ACAT1 produced a large amount of free cholesterol in
macrophages, which is harmful to cells and facilitates
plaque destabilization (42-45). Surplus FC efflux from
macrophages could be mediated by ABCAI upregulation
interacting with lipid-free apoA-I (46—48), unlike ABCG1
and SR-B I interacting with mature HDL (47, 49-51).

The expression pattern represents a comprehensive
system or network modulating cholesterol influx, syn-
thesis, and efflux. The modulating system or network
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caused a significant reduction of cholesterol accumula-
tion in macrophages by downregulating SR-A, LOX-1,
and ACAT1 expression and upregulating ABCA1 ex-
pression, of which ACAT1 and ABCA1 are considered to
be candidate targets for the treatment of atherosclerotic
lesions due to their roles in macrophage cholesterol
metabolism (18, 52-55). ACAT1 inhibition or downreg-
ulation was shown to be atheroprotective in animal
models (18, 56-58). ABCAI acts as the primary gate-
keeper for eliminating excess tissue cholesterol and
represents the first and rate-controlling step in reverse
cholesterol transport (59, 60). The paramount impor-
tance of ABCAI is exemplified by Tangier disease, which
is characterized by loss-of-function mutations in the
ABCALI gene (61), and is highlighted by an ABCAI-
deficient or ABCAl-overexpression mouse model, which
disabled or enhanced removal of intracellular free
cholesterol (54, 62). However, mere ACAT inhibition
is not an effective strategy for ameliorating atherosclerosis
and may promote atherogenesis, which was validated by
the ACAT Intravascular Atherosclerosis Treatment Eval-
uation (ACTIVATE) study (63). Moreover, the ACTIVATE
study and a clinical trial about apoA-Iy;.,, suggest that
ACAT1 inhibitors when used in combination with those
compounds, which increase reverse cholesterol transport
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Fig. 5. mRNA and protein expression levels of ABCAIL, ABCGI1, and SR-B I in THP-1 macrophages and HMDMs exposed to 100 pg/ml
ox-LDL in the absence (macrophages and macrophages exposed to 100 pg/ml ox-LDL or the 300 nM hKvl.3-E314 antibody alone) or
presence of the hKvl.3-E314 antibody at varying concentrations of 37.5, 75, or 300 nM. In the presence of the 300 nM hKv1.3-E314 anti-
body, macrophages were exposed to 100 pg/ml ox-LDL for 24, 36, or 48 h. mRNA and protein levels of ABCAL, ABCG1, and SR-B I were
assayed by real-time quantitative RI-PCR and Western blotting. A and C: mRNA levels of ABCAI, ABCG1, and SR-B I in THP-1 macrophages
and HMDMs,. B and D: Protein levels of ABCA1, ABCG1, and SR-B I in THP-1 macrophages and HMDMs, (n = 3). *P < 0.05, **P < 0.01,
and P> 0.05 versus macrophages exposed to 100 pg/ml ox-LDL alone. There was no significant difference in mRNA and protein levels
when macrophages were exposed to 100 pg/ml ox-LDL for 24, 36, or 48 h in the presence of the 300 nM hKv1.3-E314 antibody.

may benefit the treatment of atherosclerosis (63—-66).  Theauthors thank Dr. Chun-Li Mei (Union Hospital, Huazhong
ACAT1 downregulation and ABCAl upregulation by University of Science and Technology) for technical assistance.
specific Kvl.3 blockade in macrophages conform to the
strategy.
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