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Abstract A high concentration of oxidized low density lipo-
protein (Ox-LDL) showed a cytotoxic effect on mouse mac-
rophage-derived J774 cells. Mutant cells were selected from
these cells that were resistant to the cytotoxic effect of Ox-
LDL. One mutant form, named JO21b cells, was character-
ized in the present study. In spite of a marked resistance to
the cytotoxic effect of Ox-LDL, JO21b cells were apparently as
sensitive as the parent cells not only to toxic moieties of Ox-
LDL, such as 7-ketocholesterol and lysophosphatidylcholine,
but also to t-butyl hydroperoxide, an artificial lipid hydroper-
oxide analog. However, the cellular association of 12|-labeled
Ox-LDL with, and subsequent endocytic degradation by
JO21b cells was reduced by 70-80% compared with J774 cells.
Similarly, accumulation of cholesteryl esters in JO21b cell by
Ox-LDL was also reduced by 70%. Northern blot analyses of
type | and type Il macrophage scavenger receptors (type I and
type 1l MSR) demonstrated that the mRNA levels of JO21b
cells were lower than those of J774 cells. Moreover, peritoneal
macrophages obtained from MSR-knockout mice showed a
higher resistance to the cytotoxic effect of Ox-LDL than those
from their wild-type littermates. il Our results suggest, there-
fore, that macrophage scavenger receptor-mediated en-
docytic uptake of oxidized low density lipoproteins (Ox-LDL)
may play an enhancing role in Ox-LDL cytotoxicity to mac-
rophages or macrophage-derived cells.—Hakamata, H., A.
Miyazaki, M. Sakai, H. Matsuda, H. Suzuki, T. Kodama, and S.
Horiuchi. Isolation of macrophage-like cell mutants resistant
to the cytotoxic effect of oxidized low density lipoproteins. J.
Lipid Res. 1998. 39: 482-494.

Supplementary key words oxidized low density lipoprotein « mac-
rophage - somatic cell mutant - cytotoxicity « macrophage scavenger
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The early stages of atherosclerotic lesions are charac-
terized by the presence of lipid-laden macrophage
foam cells (1). Macrophages are known to take up
chemically modified low density lipoproteins (modified
LDLs), such as acetylated LDL (acetyl-LDL) and oxi-
dized LDL (Ox-LDL), by the macrophage scavenger re-
ceptors (MSR), leading to foam cell formation and
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massive intracellular accumulation of cholesteryl esters
(CE) (2). MSR specific for these modified LDLs are
preferentially expressed by macrophages or macrophage-
derived cells (3) and at least three classes (class A, class
B, and class C) have been recognized (4, 5). MSR class
A receptors were the first to be cloned and divided into
type | and type Il MSR, representing the products of al-
ternative splicing of a single gene (6, 7). Expression ex-
periments using the MSR cDNA showed that both type
I and type Il MSR could recognize acetyl-LDL as well as
Ox-LDL as effective ligands (8).

Among the modified LDLs, Ox-LDL is regarded as a
major atherogenic lipoprotein in vivo, due to its pres-
ence in human and rabbit atherosclerotic plaques (9,
10). Ox-LDL has several biological properties such as
(i) enhancement of adhesion of circulating monocytes
to endothelial cells and subsequent migration into
subendothelial space; (ii) induction of monocyte—-macro-
phage differentiation; (iii) macrophage foam cell gen-
eration; (iv) induction of smooth muscle cell migra-
tion, proliferation, and foam cell generation; (v)
cytotoxicity to vascular cells; (vi) modulation of expres-
sion of cytokines and adhesion molecules; and (vii) ef-
fects on the coagulation pathways (for reviews see 2,
11). Of great importance is the cytotoxic effect of Ox-
LDL on cells participating in the formation of athero-
sclerotic lesions, such as endothelial (12, 13) and smooth
muscle cells (12) and macrophages (14, 15), as cellular

Abbreviations: LDL, low density lipoprotein; acetyl-LDL, acety-
lated LDL; Ox-LDL, oxidized LDL; CE, cholesteryl esters; MSR, mac-
rophage scavenger receptors; MTT, 3-(4,5-dimethylthiazol-2-yl)-2-5-
diphenyltetrazolium bromide; BSA, bovine serum albumin; TCA,
trichloroacetic acid; RT-PCR, reverse transcriptase-polymerase chain
reaction; GAPDH, glyceraldehydephosphate dehydrogenase; ssDNA,
single-strand DNA.
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components are lost from deep- to mid-intimal loca-
tions during the development of the lipid-rich necrotic
core in atherosclerotic plaques (1). Among these cells,
immunohistochemical observations suggest that those
cells undergoing necrosis in human atherosclerotic
plaque are mainly macrophages (16). In vitro experi-
ments showed that Ox-LDL is able to induce the death
of mouse peritoneal macrophages (14), P388D; cells, a
macrophage-like cell line (15), and human monocytes-
macrophages (17). However, the cellular mecha-
nism(s) of Ox-LDL-induced macrophage cytotoxicity
are not fully known.

To investigate the cytotoxic mechanisms of Ox-LDL,
a molecular and cell genetic approach was used to
isolate mutant cells resistant to the cytotoxic effect of
Ox-LDL from J774 cells, a cell line derived from mouse
macrophages. In particular, one mutant cell called
JO21b was characterized in the present study. Our
results suggest that the endocytic uptake of Ox-LDL
via the MSR plays an enhancing role in Ox-LDL-
induced cytotoxicity in macrophages and macrophage-
derived cells.

MATERIALS AND METHODS

Materials

Nal?5l (3.7 GBg/ml) and [«-32P]dCTP (111 TBg/
mmol) were purchased from Amersham. 3-(4,5-Di-
methylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
was purchased from Dojindo Laboratories (Kuma-
moto, Japan). Cell culture media and reagents were ob-
tained from Life Technologies. Newborn calf serum
(NCS) was purchased from Hyclone Laboratories. All
other chemicals were of the best grade from commer-
cial sources.

Lipoproteins and their modifications

LDL (d 1.019-1.063 g/ml) was isolated by sequential
ultracentrifugation of fresh human plasma and dia-
lyzed against 0.15 m NaCl and 1 mm ethylenediamine-
tetraacetic acid (EDTA) (pH 7.4). Acetyl-LDL was pre-
pared as described previously (18). Ox-LDL was
prepared as described previously (19, 20). Briefly, 0.1
mg/ml LDL was incubated for 18 h at 37°C with 5 pm
CuSO, in EDTA-free phosphate-buffered saline (PBS).
The reaction was stopped by the addition of 1 mm
EDTA and cooling on ice, followed by 50-fold concen-
tration using ultrafiltration cell (Amicon, Danvers, MA)
equipped with a PM-10 membrane. To remove CuSQ,,
Ox-LDL was subjected to extensive dialysis against 0.15
m NaCl and 1 mm EDTA (pH 7.4). lodination of acetyl-

LDL and Ox-LDL with 125 was performed according to
McFarlane (21). The protein concentration was deter-
mined by BCA protein assay reagent (Pierce Chemical
Co.) using BSA as a standard (22).

Cell culture

Unless otherwise specified, cell cultures were per-
formed at 37°C in 5% CO,. J774 cells and their Ox-
LDL-resistant cell lines were cultured in RPMI 1640
medium containing 10% newborn calf serum, 10 mm
N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid (pH
7.4), 0.1 mg/ml streptomycin and 100 U/ml penicil-
lin (medium A). Mouse peritoneal macrophages were
cultured in RPMI 1640 medium containing 10 mm N-2-
hydroxyethylpiperazine-N’'-2-ethanesulfonic acid (pH
7.4), 0.1 mg/ml streptomycin, and 100 U/ml penicillin
(medium B).

Isolation of Ox-LDL-resistant mutants from J774 cells

J774 cells (1 X 106) were plated into a 75-cm? tissue
culture flask (Falcon) in 20 ml of medium A and incu-
bated at 37°C overnight. The medium was removed and
the cells were treated with 400 pg/ml of ethylmethane
sulfonate in 15 ml of medium A for 16 h to a survival
rate of 10% of the initial cell number (23). The cells
were washed three times with PBS and cultured for an
additional 2 days in 20 ml of medium A without the
mutagen. The harvested mutagenized cells (5 X 10°)
were seeded into 20 dishes (100 mm in diameter) and
incubated for 2 weeks with 0.1 mg/ml of Ox-LDL in 10
ml of medium A. Each colony thus formed was trans-
ferred with the cloning cup to a culture dish containing
0.1 mg/ml of Ox-LDL in 10 ml of medium A, followed
by incubation for 2 weeks (23). We obtained five colo-
nies, subjected them to a further 3 months culture in
the absence of Ox-LDL, and determined their Ox-LDL-
resistant property by MTT assays described below.
We finally obtained two Ox-LDL-resistant clones that
were isolated independently from different dishes. One
of them, JO21b clone, was investigated in the pres-
ent study.

Cell viability

Cell viability was determined by the MTT method
(20). Briefly, 50 I of the suspension of JO21b cells or
J774 cells (5 X 103 cells) in medium A was transferred
to each well of 96-well tissue culture plates (7-mm diam-
eter, Falcon). After incubation for 2 h at 37°C, 50 wl of
the compound to be tested, such as lipoproteins (see
Fig. 1) and toxic components of Ox-LDL (see Fig. 2),
was added to each well, followed by further incubation
for the indicated intervals (up to 7 days). At indicated
times, 10 pl of 5 mg/ml of MTT was added to each
well, followed by 4-h incubation at 37°C to reduce MTT
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to a blue formazan product. To each well was added
150 pl of 10% SDS in 0.01 N HCI, and the mixture was
further incubated for 16 h at 37°C to dissolve the blue
formazan product. The absorbance at 570 nm was then
measured with each well in a multiwell spectrophotom-
eter. Because MTT assay simply reflects the mitochon-
drial dehydrogenase activity of cells, the absorbance at
570 nm was used as an index of cell viability.

Cellular assays

JO21b and J774 cells (2 X 10%) in 1 ml of medium A
were seeded into each well of 24-well plates (16-mm di-
ameter, Falcon) and incubated overnight. For the bind-
ing experiments, the monolayers thus formed were
washed once with 1 ml of ice-cold PBS containing 0.3%
BSA and twice with 1 ml of ice-cold PBS. Each well was
incubated for 90 min on ice in 0.5 ml of medium A with
the indicated concentrations of 125]-labeled Ox-LDL
(83 cpm/ng protein) or 25|-labeled acetyl-LDL (117
cpm/ng protein). The cells were washed once with 1
ml of ice-cold PBS containing 0.3% BSA and twice with
1 ml of ice-cold PBS. The cells were dissolved with 1 ml
of 0.1 m NaOH and the cell-bound radioactivity was de-
termined as described previously (22). Nonspecific
binding was measured by parallel incubation with an
excess amount of the same unlabeled ligand. The spe-
cific binding was calculated by subtracting the nonspe-
cific binding from the total binding.

To determine cellular association of 12°I-labeled Ox-
LDL or 125]-labeled acetyl-LDL and their endocytic deg-
radation by macrophages, macrophage cell monolayers
prepared as above were washed once with 1 ml of PBS
containing 0.3% BSA and twice with 1 ml of PBS. Each
well was incubated for 24 h at 37°C in 1 ml of medium
A with various amounts of 12°I-labeled Ox-LDL or 125]-
labeled acetyl-LDL. After incubation, the culture me-
dium was taken from each well and used for determina-
tion of endocytic degradation, while the cells in each
well were washed three times with 1 ml of PBS, dis-
solved in 1 ml of 0.1 m NaOH, and the cell-associated
radioactivity was determined as described previously
(24). To determine endocytic degradation, to 0.75 ml
of each culture medium was added 0.25 ml of ice-cold
40% TCA and 0.2 ml of 0.7 m AgNO3 and the mixture
was incubated at room temperature for 30 min to
precipitate free iodine. After centrifugation at 700 g for
10 min, 0.6 ml of the resulting supernatant was used
for the determination of radioactivity using a gamma-
counter (25).

Mass determination of cellular cholesterol contents

Macrophage cell monolayers prepared as above were
incubated with various concentrations of Ox-LDL or
acetyl-LDL. After incubation for 24 h, cellular lipids
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were extracted and both the free cholesterol mass and
CE mass were quantified by a modification (22) of the
enzymatic fluorometric methods (26). Briefly, cellular
lipids extracted were dried under nitrogen flush and
dissolved in 180 .l of isopropanol. Aliquots (30 wl) of
the lipid extract was added to 0.4 ml of enzyme mix-
tures and incubated at 37°C for 1 h (for free choles-
terol) or for 2 h (for total cholesterol), followed by ad-
dition of 0.81 ml of 0.5 m NaOH to terminate the
reaction. Enzyme mixtures were identical to those re-
ported previously (26) except that Carbowax-6000 was
replaced by 0.01% Triton X-100 and enzyme concentra-
tions used were 2 times higher (cholesterol oxidase;
0.16 U/ml and cholesteryl ester hydrolase; 0.16 U/ml).
Fluorescence intensity was measured with an excitation
at 320 nm and an emission at 407 nm. CE was calcu-
lated by subtracting free cholesterol from total choles-
terol. Cells were dissolved in 0.1 m of NaOH to deter-
mine cell proteins using a BCA protein assay reagent.

Proteolytic activity of cell extracts

The proteolytic activity of macrophage cell extracts
was determined according to the method described by
Hoppe, O’Neil, and Hoff (27). Briefly, JO21b cells or
J774 cells (2 X 105) were suspended in 1.0 ml of 250
mm sucrose, 1 mm EDTA, and 0.1% ethanol (pH 6.8)
and ruptured by passing 10 times through a 25-gauge
needle, by 10 cycles of freezing and thawing, and finally
by 15-sec bursts of sonication. The cell homogenate was
centrifuged at 5,000 g for 60 min at 4°C to remove par-
ticulate fractions. The supernatant solution (10 ng cell
protein/ml) was incubated for 1 h at 37°C in 1.0 ml of
100 mm sodium acetate buffer (pH 4.0) with various
concentrations (up to 40 wg/ml) of 125|-labeled acetyl-
LDL as a protease substrate. After the reaction, the
amount of degraded 125|-labeled acetyl-LDL was deter-
mined as TCA-soluble radioactivity as described above.

Northern blot analysis

Standard molecular biology techniques were used in
this analysis (28). Poly (A)* RNA prepared from J774
or JO21b cells using Fast Track® 2.0 Kit (Invitrogen) (2
prg/lane) was fractionated by electrophoresis through a
denaturing formaldehyde 1% agarose gel and trans-
ferred to Hybond-N+ nylon membrane as described
(29). Probes were generated according to Ashkenas et
al. (30) from total RNA of J774 cells by RT-PCR (reverse
transcriptase-polymerase chain reaction) (probes A
through D; see Fig. 8). The first strand cDNA was syn-
thesized from 1.0 pg of J774 total RNA primed with
oligo-dT using Moloney murine leukemia virus reverse
transcriptase (BRL/GIBCO). Sense and antisense primer
pairs for PCR were as follows. For probe A, 5-CGC
CGAGCGGCCGCGCTGTCTTCTTTACCAGC-3' and 5'-
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CGCCGGTCTAGATTATACTGATCTTGATCCGC-3'; for
probe B, 5'-CCCCCTTAAGACAGTTCGAC-3’ and 5'-
GGTTTCATAATTGTAATTTC-3'; for probe C, 5'-ACT
CCCTGAACATATTGGGG-3' and 5'-TAATAGGATTCT
GCACAGTTA-3’; for probe D, 5-ATTGATTAAGTAT
TAGTTCT-3' and 5'-CGCCGGATCGATTTTAATAT
ATTAGACTAC-3'. Specific primers for amplification of
a 983 bp fragment of glyceraldehydephosphate dehy-
drogenase (GAPDH) (31) were included during the
PCR process. The cycling conditions in the GeneAmp
9600 System consisted of 94°C denaturation for 2 min,
followed by 30 cycles of annealing at 55°C for 60 sec,
extension at 72°C for 90 sec, and denaturation at 93°C
for 30 sec, with a final prolonged step of 75°C for 10
min. The amplification products were analyzed by 1%
agarose gel electrophoresis. The amplification prod-
ucts extracted from the agarose gel were ligated into
PGEM-T (Promega), and transfected into E. coli XL1-
Blue. To obtain single-strand DNA (ssDNA), XL1-Blue
cells containing this construct were infected with the
VCSM13 helper phage. The purified ssDNAs were se-
quenced to verify that amplification products were con-
sistent with the reported sequences of murine type |
and type Il MSR and GAPDH. For preparation of radio-
active probes, the cDNA fragments were excised with
Apa | and Sac I, and labeled with [«-32P]JdCTP (29). Hy-
bridization was performed with 50% formamide at
42°C as described previously (29). The final wash strin-
gency was 0.2 X SSC, 0.1% SDS at a higher tempera-
ture (from 42 to 65°C) (29). The membrane was then
exposed to an X-ray film (RX Fuji, Tokyo) for 24 h at
room temperature. The intensity of MSR mRNA rela-
tive to that of GAPDH was calculated by densitometry
(Quantity One, version 2.7, PDI) of the radiograph on
a Macintosh computer.

Cytotoxic effect of Ox-LDL on peritoneal
macrophages from MSR-knockout mice

Cytotoxic effect of Ox-LDL on peritoneal macro-
phages obtained from MSR-knockout mice was exam-
ined by the MTT method (20). Peritoneal macro-
phages were collected with 8 ml of ice-cold PBS from
MSR-knockout mice (32) and their wild-type litter-
mates that were born to heterozygous mice (32). Cells
were suspended in medium B. Fifty microliter of each
cell suspension (5 X 10° cells) was transferred to each
well of 96-well tissue culture plates (7-mm diameter,
Falcon) and 50 pl of indicated concentrations of Ox-
LDL in medium B was subsequently added to each well,
followed by further incubation for 24 h or 48 h. Four
hours before the termination of the experiment, 10 pl
of 5 mg/ml of MTT was added to each well to reduce
MTT to a blue formazan product. To each well was
added 150 pl of 10% SDS in 0.01 N HCI, and the mix-

ture was further incubated for 16 h at 37°C to dissolve
the blue formazan product. The absorbance at 570 nm
was then measured with each well in a multiwell
spectrophotometer.

Statistical Analysis

Data were evaluated by Student’s t-test. Differences
were considered significant when the P value was less
than 0.05.

RESULTS

Cytotoxic effects of Ox-LDL on JO21b cells

JO21b cells, a mutant cell line resistant to the cyto-
toxic effect of Ox-LDL, were selected as described un-
der Materials and Methods. In the first step, we com-
pared the effects of Ox-LDL on the cell viability of
JO21b cells with those on parent cells (J774 cells) using
the MTT assay. As shown in Fig. 1B, 0.1 mg/ml of Ox-
LDL had a negligible effect on cell viability until day 3,
but became cytotoxic to J774 cells after day 4, indicat-
ing that J774 cells were sensitive to the cytotoxic effect
of Ox-LDL. At the same concentration, however, Ox-
LDL had no effect at all on the cell viability of JO21b
cells, indicating resistance of JO21b cells to the cyto-
toxic effect of Ox-LDL (Fig. 1A). A similar concentra-
tion of acetyl-LDL exhibited no cytotoxic effect on
JO21b cells as well as J774 cells (Fig. 1A and B), rather,
it had a weak stimulating effect on the viability of
J774 cells. Similarly, the cell viability of these cells was
not influenced by unmodified LDL, suggesting that
the cytotoxic effect of Ox-LDL on J774 cells was
highly selective.

Cytotoxic effects of 7-ketocholesterol, t-butyl
hydroperoxide and lysophosphatidylcholine
on JO21b cells

Results of previous studies have suggested that the
toxicity of Ox-LDL does not reside in its protein moi-
ety, but rather in its lipid moiety (12). The potential cy-
totoxic compounds suggested so far include oxysterol
(33-36), lipid hydroperoxide (37-39), and lysophos-
phatidylcholine (40). To examine the involvement of
these compounds in Ox-LDL-induced cytotoxicity, we
determined the cytotoxic effects of 7-ketocholesterol,
tertiary-butyl hydroperoxide (a lipid hydroperoxide an-
alog), and palmitoyl-lysophosphatidylcholine, on JO21b
and J774 cells (Fig. 2). At 10 ng/ml, 7-ketocholesterol
reduced the viability of JO21b cells at day 2 and that of
J774 cells at day 1. The effect was more marked, caus-
ing death of all cells, at a concentration of 50 pug/ml
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(Fig. 2A and B), indicating that JO21b cells were as sen-
sitive as J774 cells to the cytotoxic effect of 7-ketocho-
lesterol. Similar experiments using 10 wm of t-butyl hy-
droperoxide, an artificial lipid hydroperoxide analog,
did not influence the viability of J774 or JO21b cells,
whereas a higher amount of the compound (30 um) se-
verely retarded an increase in the viability of J774 cells
(Fig. 2D) and induced death of JO21b cells (Fig. 2C).
These results suggest that the parent cells were slightly
more resistant to t-butyl hydroperoxide. Lysophospha-
tidylcholine at 400 um caused death of all JO21b and
J774 cells (Fig. 2E and F), indicating that both cells
were equally sensitive to the cytotoxic effects of lyso-
phosphatidylcholine. Considered together, these re-
sults indicate that the sensitivity of JO21b cells to these
cytotoxic compounds is essentially indistinguishable
from that of the parent cells. Thus, these experiments
failed to explain the mechanisms of resistance of JO21b
cells to the cytotoxic effect of Ox-LDL. Accordingly, in
the next series of experiments we examined the com-
bined effects of these compounds on JO21b and J774
cells. Compared with the parent cells, however, JO21b
cells were not specifically resistant to two or more com-
pounds when combined together (data not shown), in-
dicating again that the resistance of JO21b cells to Ox-
LDL was not explained by these compounds.

Interaction of JO21b cells with Ox-LDL

The interaction of Ox-LDL with JO21b cells was de-
termined by cellular binding, cell-association, and in-
tracellular degradation. Figure 3 shows the binding of
125].Jabeled Ox-LDL to JO21b and J774 cells at 0°C. To-
tal binding was effectively replaced by >60% by an ex-
cess unlabeled ligand. The specific binding, calculated
by subtracting nonspecific binding from the total bind-

486 Journal of Lipid Research Volume 39, 1998

Fig. 1. Effects of Ox-LDL on the cell viability of
JO21b cells (A) and J774 cells (B). The cells (5 X
103) were plated in microplates and incubated in
0.1 ml of medium A with 0.1 mg/ml Ox-LDL (e),
acetyl-LDL (0), LDL (A), or medium alone (O0)
for the indicated times. Four hours before the
termination of the experiment, 10 wl of 5 mg/ml
of MTT solution was added to each well, followed
by the addition of 150 wl of 10% SDS in 0.01 m
HCI. The mixture was further incubated for 16 h
to dissolve the blue formazan product and absor-
bance was read with a multiwell spectrophotome-
ter at 570 nm. Data are representative of three
separate experiments with duplicate wells.
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Fig. 2. Cytotoxic effects of 7-ketocholesterol, t-butyl hydroper-
oxide, and lysophosphatidylcholine on JO21b cells. JO21b cells (5
X 10%) were incubated in 0.1 ml of medium A with 10 and 50 p.g/
ml of 7-ketocholesterol (A), 10 and 30 pum of t-butyl hydroperox-
ide (C) and 200 and 400 pum lysophosphatidylcholine (E) at the
indicated time intervals. Under identical conditions, J774 cells
were incubated with the same concentrations of 7-ketocholesterol
(B), t-butyl hydroperoxide (D) and lysophosphatidylcholine (F).
The cell viability was determined by the MTT assay as described in
the legend of Fig. 1. Data are representative of three separate ex-
periments with duplicate wells.
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Fig. 3. The binding of 125I-labeled Ox-LDL to JO21b cells. JO21b cells (A) or J774 cells (B) as a control
(2 X 105) were incubated for 90 min on ice with increasing amounts of 12|-labeled Ox-LDL with or with-
out a 20-fold excess of unlabeled Ox-LDL. The cells were washed and the cell-bound 1%|-labeled Ox-LDL
was determined as described under Materials and Methods. The specific binding (0) was calculated by
subtracting the non-specific binding (m) from the total binding (). The Scatchard plot of the specific
binding is shown in the inset. Data are representative of three separate experiments with triplicate wells.
Bars represent SD. SD values are small and are within the symbols.

ing, exhibited a saturation pattern in both JO21b and
J774 cells. However, the total and specific bindings of
1251 |]abeled Ox-LDL to JO21b cells (Fig. 3A) were re-
duced by 50% compared with those to J774 cells (Fig.
3B). The Scatchard analysis of this specific binding of
Ox-LDL to JO21b cells disclosed a binding site with an
apparent dissociation constant (K,) of 2.6 wg/ml and
maximal surface binding (B, of 335 ng/mg cell pro-
tein, whereas the same analysis of the specific binding
to J774 cells showed a binding site with an apparent Ky
of 3.4 ng/ml and B, of 616 ng/mg cell protein. The
nonspecific binding to JO21b cells was also reduced by
50% as compared with that to J774 cells. Figure 4 shows
the results of cellular association and degradation
experiments. The total degradation of 1251-labeled Ox-
LDL by J774 cells in 24 h increased in a dose-dependent
manner (Fig. 4B). The amount of Ox-LDL degraded by
the mutant cells also increased dose-dependently (0.7
ng/mg cell protein/24 h at 100 wg/ml of Ox-LDL).
However, the latter was only 10% of that degraded by
J774 cells (6.3 wg/mg cell protein/24 h at 100 wg/ml of
Ox-LDL) (Fig. 4B). Similarly, the total cellular associa-
tion of 125]-labeled Ox-LDL with JO21b cells was less
than 20% of that with J774 cells (Fig. 4A). These results
strongly suggested that the cellular binding of Ox-LDL
and its subsequent endocytic degradation by JO21b cells
were significantly less than those by parent cells.

Interaction of JO21b cells with acetyl-LDL

Although Ox-LDL is a ligand for type | and type Il
MSR, acetyl-LDL is known as a representative ligand for
these MSR. We therefore determined the cellular bind-
ing of 125|-labeled acetyl-LDL to JO21b cells at 0°C. As
was the case with Ox-LDL, the specific binding of
acetyl-LDL to both J774 and JO21b cells, calculated by
subtracting nonspecific binding from the total binding,
exhibited a saturation pattern. However, the amount of
125].labeled acetyl-LDL specifically bound to JO21b
cells at each ligand concentration (Fig. 5A) was less
than 30% of that obtained with the parent cells (Fig.
5B). The Scatchard analysis of this specific binding of
acetyl-LDL to JO21b cells disclosed a binding site with
an apparent Ky of 2.1 pg/ml and B, of 480 ng/mg
cell protein, whereas the same analysis of the specific
binding to J774 cells showed a binding site with an ap-
parent Ky of 4.2 pg/ml and B, of 2,035 ng/mg cell
protein. The endocytic activity of JO21b cells for acetyl-
LDL was determined under conditions identical to
those of Ox-LDL (Fig. 4). The cellular association of
125]-labeled acetyl-LDL in JO21b cells was 60% of that
in parent cells (Fig. 6A). Similarly, the subsequent en-
docytic degradation of 125I-labeled acetyl-LDL by these
cells was only 70% of that with J774 cells (Fig. 6B).
Thus, the endocytic capacity of these mutant cells for
acetyl-LDL is also reduced in the same way as that for
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Fig. 4. Cell-association of 125|-labeled Ox-LDL with and subsequent endocytic degradation by JO21b
cells. JO21b cells or control J774 cells (2 X 10%) were incubated for 24 h at 37°C with the indicated con-
centrations of 125I-labeled Ox-LDL. The cell-associated 1%5I-labeled Ox-LDL (A) and that degraded by the
cells (B) were determined as described under Materials and Methods. Data are representative of three
separate experiments with triplicate wells. SD values are small and within the symbols.

Ox-LDL, suggesting a significantly reduced MSR func-
tion in JO21b cells.

CE-accumulation capacity of JO21b cells upon
incubation with Ox-LDL or acetyl-LDL

Results of the above experiments (Figs. 3, 4, 5, and 6)
suggested that the processes of Ox-LDL and acetyl-LDL
binding to, and subsequent endocytic degradation by,
JO21b cells were significantly weaker than J774 cells. As
the endocytic degradation of these modified LDLs by
macrophages is associated with intracellular accumula-

tion of cholesteryl esters and foam cell formation, the
mass of cholesteryl esters accumulating in JO21b cells
was measured and compared with that in parent cells.
Upon incubation with Ox-LDL, CE-accumulation in-
creased dose-dependently in JO21b cells in a manner
similar to J774 cells. However, the amount of accumu-
lated CE in mutant cells was less than 20% of that in
J774 cells (Fig. 7A). Furthermore, acetyl-LDL-induced
CE-accumulation in JO21b cells was also less than one-
third of that in J774 cells (Fig. 7B). As the loading of
these cells with Ox-LDL and acetyl-LDL did not in-

Fig. 5. The binding of 1251-labeled acetyl-LDL
to JO21b cells (A) and control J774 cells (B) were
incubated for 90 min on ice with increasing
amounts of 125]-labeled acetyl-LDL with or with-
out a 20-fold excess unlabeled acetyl-LDL. The
cells were washed and the cell-bound radioactiv-
ity was determined as described under Materials
and Methods. The specific binding (0) was calcu-
lated by subtracting the non-specific binding (m)
from the total binding (00). The Scatchard plot of
the specific binding is shown in the inset. Data
are representative of three separate experiments
with triplicate wells. SD values are small and
within the symbols.
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Fig. 6. Cell-association of 1%5|-labeled acetyl-LDL with and subsequent endocytic degradation by JO21b
cells. JO21b cells and control J774 cells (2 X 10°) were incubated separately for 24 h at 37°C with the indi-
cated concentrations of 1%5|-labeled acetyl-LDL. The amount of cell-associated 1%I-labeled acetyl-LDL (A)
and that degraded by these cells (B) was described under Materials and Methods. Data are representative
of three separate experiments with triplicate wells. Bars represent SD. SD values are small and are within

the symbols.

crease the cellular free cholesterol, the increase in total
cholesterol was exclusively explained by intracellular
accumulation of CE (data not shown).

These results are consistent with reduced endocytic
activity of mutant cells for the ligands of MSR such as
Ox-LDL and acetyl-LDL (Figs. 4 and 6). One cannot ex-

100+ A -

Cellular CE Mass
(nmol/mg cell protein)
(4)]

o

0
0
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JO21b

50 100
Ox-LDL (ug/ml)

400 B -
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200 | .
JO21b
09 50 100
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Fig. 7. The accumulation capacity of JO21b cells for cholesterol esters after exposure to Ox-LDL (A) and
acetyl-LDL (B). JO21b cells or J774 cells (2 X 10°) were plated and incubated in 1 ml of medium A with the
indicated concentrations of Ox-LDL (A) and acetyl-LDL (B). The cells were harvested after 24 h incuba-
tion at 37°C, and the lipids were extracted and the mass of cellular cholesteryl esters (CE) were determined
as described under Materials and Methods. Each value is the mean = SD of quadruplicate experiments.

Hakamata et al.

An Ox-LDL-resistant macrophage-like cell mutant

clude, however, the possibility that the resistance of
JO21b cells to Ox-LDL might be in part due to altered
levels of lysosomal protease activity. However, determi-
nation of the lysosomal protease activity indicated that
the activity in JO21b cells was not different from that in
parent cells (data not shown), indicating that lysosomal
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Fig. 8. Northern blot analysis of type | and type Il MSR of JO21b cells. Schematic representation of
mouse MSR mRNA (left panel). Open boxes: the common region of type | and type 1l forms (probe A),
hatched box: the specific region for type | form (probe B), solid boxes: the specific region for all three
type Il forms (probe C), shaded boxes: the specific region for longer two type 11 forms (probe D). Com-
plementary DNA probes were designated on the basis of the reported cDNA sequence and amplified by
RT-PCR (probes A-D). Poly(A)* RNA from J774 (P, parent) or JO21b (M, mutant) cells (2 pg/lane) was
subjected to agarose electrophoresis, transferred to Hybond-N+ nylon membrane and hybridized with
32p.|abeled probe (A-D, and GAPDH) as described under Materials and Methods (right panel). The mass
of MSR mRNA compared with that of GAPDH was calculated by densitometry of the radiograph.

protease activity did not contribute to the resistance of
JO21b cells to Ox-LDL.

Northern blot analysis of type | and type Il MSR

Our results so far suggested a possible reduction of
MSR activity in JO21b cells. Northern blot analysis was
performed to determine whether type | and type Il MSR
expression was reduced at the mRNA level using J774
cells as a control. Previous studies indicated that two iso-
forms (type | and type Il) of MSR are formed by alterna-
tive splicing of transcripts derived from a single gene
(41). Because type | has a single transcript, whereas type
Il has three transcripts (30), we designated four probes
(A, B, C, and D) to detect these different species of MSR
mRNA (Fig. 8); probe A can recognize all four species of
transcripts, probe B can detect only type | transcript,
probe C recognizes all three species of type Il transcript,
and probe D recognizes longer two type Il transcripts. As
shown in Fig. 8, [32P]-labeled probe A cross-hybridized
with poly(A)* RNAs of JO21b and J774 cells, with strong
three signals at 4.0, 2.5, and 1.5 kb. Probe B cross-hybrid-
ized with poly(A)* RNAs, with a signal at 1.5 kb. Three
signals at 4.0, 2.5, and 1.5 kb were detected by probe C,
whereas two signals at 4.0 and 2.5 kb were detected by
probe D. Parallel experiments showed that [32P]-labeled
GAPDH probe cross-hybridized with poly(A)* RNAs of
JO21b and J774 cells, with a single signal at 1.0 kb. The
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densitometry units for MSR bands were divided by the
corresponding units of GAPDH. The ratio of type | MSR
mMRNA level detected by probe B to the GAPDH level in
JB23 cells (type I MSR mRNA mass/GAPDH mRNA
mass = 0.27) was 2.5-fold larger than the corresponding
ratio in J774 cells (type | MSR mRNA mass/GAPDH
mRNA mass = 0.11). However, from the result using
probe A which hydridized both type | and type 1l MSR
mRNA, total MSR mRNA (type | and type Il) was re-
duced by 70% in JO21b cells (MSR mRNA mass/
GAPDH mRNA mass = 0.49) compared to J774 cells
(MSR mRNA mass/GAPDH mRNA mass = 1.66). These
results suggested the presence of a reduced activity of
MSR in JO21b cells at the mRNA level.

Cytotoxic effect of Ox-LDL on peritoneal
macrophages from MSR-knockout mice

In order to directly demonstrate the correlation of
reduced MSR activity to reduced sensitivity to the cyto-
toxic effect of Ox-LDL, we attempted to transfect type
Il MSR cDNA or type | MSR cDNA into JO21b cells.
However, several trials eventually failed. Thus, we com-
pared the sensitivity of peritoneal macrophages ob-
tained from MSR-knockout mice with that of their wild-
type littermates by MTT methods (20). As shown in
Table 1, incubation with 0.2 mg/ml of Ox-LDL for 48 h
caused total cell death of both MSR-wild-type macro-
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TABLE 1. Cytotoxic effect of Ox-LDL on peritoneal macrophages
obtained from MSR-knockout mice

Ox-LDL MSR-Knockout Wild-Type
(mg/ml)

0 0.152 = 0.036 (100) 0.155 = 0.019 (100)
0.1 0.150 *+ 0.014 (98.7)2 0.098 *= 0.005 (63.1)2
0.12 0.030 *= 0.010 (19.8)" 0.019 = 0.001 (12.3)°
0.2 0.001 = 0.001 (0.7) 0.001 = 0.001 (0.6)

Fifty microliter cell suspensions (5 X 10° cells) of peritoneal
macrophages from MSR-knockout mice and their wild-type litter-
mates were dispersed in each well of 96-well tissue culture plates. To
each well was added 50 .l of 2-fold indicated concentrations of Ox-
LDL in medium B, followed by further incubation for 48 h. The cell
viability was determined by the MTT assay as described under Materi-
als and Methods. Data are representative of three separate experi-
ments with quadruplicate wells. Values are the mean optical density
=+ SD. Percentages of the control values are expressed in parentheses.

Statistical significance by Student’s t-test: 2P < 0.01; °P < 0.05.

phages and MSR-knockout macrophages (Table 1).
However, at 0.1 mg/ml of Ox-LDL, a decrease in cell vi-
ability of wild-type macrophages (36.9%) was signifi-
cantly larger than that of knockout macrophages
(1.3%) (Table 1). Similar results were obtained upon
24-h incubation with Ox-LDL (data not shown). These
results clearly indicate that peritoneal macrophages
from MSR-knockout mice are more resistant to the cy-
totoxic effect of Ox-LDL than those from MSR-wild-
type mice, suggesting that MSR plays an enhancing role
in the cytotoxic effect of Ox-LDL toward macrophages.

DISCUSSION

The present study provides several lines of experi-
mental evidence that MSR plays an important role in
Ox-LDL-induced macrophage cell death. First, we have
isolated mutant cells resistant to the cytotoxic effect of
Ox-LDL from J774 cells (a murine macrophage-like
cell line), and one mutant form, JO21b cells, showed a
marked reduction in MSR activity and a concomitant
reduction in their ability to take up Ox-LDL. Second,
macrophages from MSR-knockout mice (32), whose ac-
tivity for endocytic uptake of Ox-LDL was less than 50%
of that of wild-type macrophages (32), showed signifi-
cantly higher resistance to the cytotoxic effect of 0.1 or
0.12 mg/ml of Ox-LDL than those from their wild-type
littermates (Table 1). However, 0.2 mg/ml of Ox-LDL
became cytotoxic to macrophages from both MSR-
knockout mice and their littermates (Table 1), suggest-
ing that MSR-mediated uptake of Ox-LDL enhances
macrophage cell death, rather than being essential for
cell death. It is therefore highly likely that MSR plays an
enhancing role in the cytotoxic effect of Ox-LDL to-
ward macrophages or macrophage-derived cells.

In the current study, JO21b cells were characterized

by their reduced expression of MSR. However, it is not
clear whether single or multiple gene alternations oc-
cur in JO21b cells. Subsequent observations seem to
support the latter possibility. First, the specific binding
of Ox-LDL to JO21b cells was reduced by 50% com-
pared to that to J774 cells (Fig. 3A), while the endocytic
degradation of Ox-LDL by JO21b cells was reduced by
>80% compared to that by J774 cells (Fig. 4B). These
results suggest that an additional gene alteration(s) in
JO21b cells may independently affect the endocytic
process of Ox-LDL. Alternatively, it is also possible that
there are cell surface binding sites for Ox-LDL that do
not mediate endocytosis. Second, as the nonspecific
binding of Ox-LDL to JO21b cells was also reduced by
50% compared with that to J774 cells (Fig. 3), another
gene alteration(s) could reduce the expression of cellu-
lar machinery involved in the nonspecific binding of
Ox-LDL. This reduction may cause a decrease in the
nonspecific transfer of toxic components of Ox-LDL
and cause JO21b cells to be resistant to Ox-LDL. How-
ever, all these possibilities are speculative and have no
molecular basis at the present. Further studies are
therefore needed to identify a cDNA(S) that corrects
the mutant phenotype of JO21b cells.

Ox-LDL is reported to be toxic not only to macro-
phages (14, 15, 17), but also to other cells, such as endo-
thelial, smooth muscle, and fibroblast cells (for a review,
see 42). Previous studies showed that the cytotoxic ef-
fects of Ox-LDL were not cell specific (43), suggesting
that the essential toxic component(s) of Ox-LDL is deliv-
ered to the cell interior via a non-specific exchange reac-
tion between lipoproteins and plasma membranes. How-
ever, Schmitt et al. (44) and Négre-Salvayre et al. (45)
showed that the cytotoxic effects of ultraviolet-oxidized
LDL on cultural bovine aortic endothelial cells and EB
virus-transformed B lymphocytes were related to the
amount of oxidized neutral lipids taken up specifically
by these cells through the apoB/E receptor pathway
(the LDL receptor pathway), suggesting that receptor-
mediated endocytosis of Ox-LDL is involved in the cyto-
toxic effect of Ox-LDL. This notion was greatly sup-
ported by the present conclusion that MSR plays an
enhancing role in Ox-LDL-induced cell death of mac-
rophages. As extensive oxidative modification of LDL by
Cu2* results in a loss of its ligand activity for the apoB/E
receptor (2) and Ox-LDL thus formed is specifically
taken up by macrophages via MSR which leads to foam
cell formation (46), our experimental system using mac-
rophages and Cu2?*-oxidized LDL likely reflects the
events in the early stage of atherosclerotic lesions. Thus,
the present study may explain that MSR-mediated up-
take of Ox-LDL enhances the Ox-LDL-induced cell
death of macrophages in a macrophage-specific manner
during atherosclerotic lesion formation (16).
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Recent cDNA expression and protein purification
experiments have identified other Ox-LDL receptors,
including FcyRII-B2 (47), SR-BI (4), macrosialin (48),
CD36 (49) and LOX-1 (50). Interestingly, Nozaki et al.
(51) showed that the specific endocytic degradation of
40 pwg/ml of 125]-labeled Ox-LDL by monocyte-derived
macrophages from CD36-deficient subjects was 75% of
that by the corresponding cells from normal subjects,
suggesting an important role for CD36 in endocytosis
of Ox-LDL by macrophages or macrophage-derived
cells. However, our previous experiments showed that
the endocytic degradation of 125I-labeled Ox-LDL by
peritoneal macrophages obtained from the MSR-
knockout mice was reduced by more than 50% com-
pared with those of their wild-type littermates (32, 52).
Although the involvement of other Ox-LDL receptors
in the endocytic uptake of Ox-LDL in J774 cells is not
well known, from all these results it can be expected
that type | and type Il MSR play a major role in the en-
docytic uptake of Ox-LDL in J774 cells as well as mouse
peritoneal macrophages.

It was reported that oxysterol (33-36), lipid hydro-
peroxide (37-39), and lysophosphatidylcholine (40)
are cytotoxic components of Ox-LDL. In fact, all these
compounds were cytotoxic to J774 cells as well as JO21b
cells (Fig. 2). However, we could not identify a toxic
component(s) of Ox-LDL specifically involved in Ox-
LDL-induced death of J744 cells. A recent study identified
7B-hydroperoxycholesterol as a potent toxic compo-
nent of Ox-LDL in human carotid atherosclerotic le-
sions (34). Moreover, Colles, Irwin, and Chisolm (35)
reported that 73-hydroperoxycholesterol was predomi-
nantly responsible for Ox-LDL-induced cytotoxicity to
fibroblasts, smooth muscle cells, and endothelial cells.
Further studies are necessary to compare the cytotoxic
effects of this compound on J744 and JO21b cells.

Two types of cell death, apoptosis and necrosis, have
been so far described (53, 54). However, the mecha-
nisms of macrophage cell death induced by Ox-LDL
are not fully understood. In a previous study, Reid,
Hardwick, and Mitchinson (14) showed that exposure
of murine macrophage-like cells (P388D; cells) to Ox-
LDL led to DNA fragmentation, a process often used as
a biochemical marker of apoptosis. We tested whether
apoptosis might represent a mechanism of Ox-LDL-
induced J774 cell death in accordance with Reid’s pro-
cedure (14). However, repeated experiments failed to
detect DNA fragmentation in J774 cells (data not
shown). Several recent reports have demonstrated mor-
phological apoptosis without DNA fragmentation (55—
57). However, our electron microscopic observations
failed to detect morphological features typical of apo-
ptosis, such as condensation of nuclear chromatin, com-
pact cytoplasmic organelles, and blebbing of the cell
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surface (data not shown). The exact reason for the apo-
ptotic effect of Ox-LDL on P388D; cells (14) but not
J774 cells is not completely understood. The different
response may reflect differences in cell type or method-
ology, or both. When all these observations are com-
bined it seems that J774 cells mainly undergo necrosis
rather than apoptosis when they are exposed to a high
concentration of Ox-LDL.

In contrast to Ox-LDL-induced macrophage cell
death, we reported previously that Ox-LDL can para-
doxically induce macrophage cell growth in mice (58),
humans (59), and rats (60). In this process, endocytic
uptake of Ox-LDL containing lysophosphatidylcholine
by MSR plays an important and efficient role in the mi-
togenic effect of Ox-LDL (20, 52). Under these condi-
tions, incubation of mouse peritoneal macrophages
with Ox-LDL at concentrations less than 0.1 mg/ml led
to the growth of these cells (20, 52, 58), whereas incu-
bation with Ox-LDL at concentrations higher than 0.1
mg/ml resulted in cell death in a manner similar to
that observed with J774 cells (Fig. 1A). Therefore, it
seems likely that the mechanisms of Ox-LDL-induced
macrophage cell growth are, in essence, related or sim-
ilar to those of Ox-LDL-induced death of the same
cells. This notion is supported by the fact that MSR-
mediated endocytic uptake of Ox-LDL plays an en-
hancing role in both phenomena. Therefore, both the
mitogenic and cytotoxic effects of Ox-LDL on mac-
rophages should be pursued in parallel. g
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