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Neomycin inhibits secretion of apolipoprotein[a] by
increasing retention on the hepatocyte cell surface

Robert E. Lanford,! Larry Estlack, and Ann L. White

Department of Virology and Immunology, Southwest Foundation for Biomedical Research, P.O. Box

760549, San Antonio, TX 78245-0549

Abstract Neomycin therapy reduces plasma levels of low
density lipoprotein and lipoprotein[a] (Lp[a]). To determine
whether neomycin directly alters the biogenesis of Lp[a], we
have examined the effect of neomycin on apolipoprotein[a]
(apo[al) synthesis and secretion in primary cultures of ba-
boon hepatocytes. Using this system, we have previously
shown that apo[a] is synthesized as a lower molecular weight
precursor that upon maturation becomes associated with the
cell surface before release into the culture medium. Treat-
ment of hepatocytes with 10 mm neomycin reduced levels of
apofa] in the culture medium by as much as 12-fold. Although
a portion of the reduced secretion could be accounted for by
a reduction in total protein synthesis, the greatest effect of
neomycin on apofa] secretion was to decrease the release of
mature apo[a] from the hepatocyte cell surface into the cul-
ture medium. Treatment of hepatocyte cultures with trypsin
confirmed that mature apo[a] in neomycin-treated cells was
still transported to the cell surface. Examination of related
antibiotics demonstrated that inhibition of apo[a] secretion is
a general property shared by the deoxystreptamine antibiot-
ics. Bl The mechanism by which neomycin affects the
apofa]-cell surface interaction is not known, but neomycin is
known to perturb cell surface membranes, inhibit the interac-
tion of some ligands with their cell surface receptors, and
inhibit the metabolism of phosphatidylinositol 4,5 biphos-
phate. These studies suggest that cell surface association of
apo[a] may play a role in Lp[a] biogenesis in vivo.—Lanford,
R. E,, L. Estlack, and A. L. White. Neomycin inhibits secre-
tion of apolipoprotein[a] by increasing retention on the hepa-
tocyte cell surface. J. Lipid Res. 1996. 37: 2055-2064.
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Lipoprotein[a] (Lp[a]) is a modified form of low
density lipoprotein (LDL) (1) in which apolipoprotein
(apo) B is modified by covalent linkage to apo[a] (2) via
a single disulfide bond. Elevated plasma levels of Lp[a]
are associated with an increased incidence of cardiovas-
cular diseases, including coronary heart disease, stroke,
and peripheral vascular disease (3-5). However, the
function of this lipoprotein, the mechanism of its in-
volvement in cardiovascular disease, and the factors that

regulate its biogenesis and clearance from the circula-
tion are poorly understood.

Apola] is synthesized by the liver (6-8), and with the
exception of the hedgehog (9, 10), Lp[a] is found only
in Old World primates. The size of apo[a] is highly
variable ranging from <300,000 to >800,000 in molecu-
lar weight (11-14). Apo[a] is homologous to plasmino-
gen containing a single K5 kringle, an inactive protease
domain, and a variable number of K4 kringle repeats
(15). The number of K4 kringle repeats determines the
size of the polypeptide (13, 16, 17). Studies with human
apo{a] have demonstrated that the number of K4 re-
peats vary between 12 and 52 (13). The polypeptide is
highly glycosylated with 28% of the mass composed of
carbohydrate (18). Each kringle repeat has 1 N-linked
glycosylation site and 6 potential O-linked glycosylation
sites (15, 19).

The plasmalevels of Lp[a] vary tremendously between
individuals, ranging from <1 to >100 mg/dl (20). The
levels are heritable and are very stable over an individ-
ual’s lifetime with greater than 90% of the interindi-
vidual variation controlled by the APO[a] locus (21). An
inverse correlation exists between the size of the apo[a]
isoform and the plasma levels of Lp[a] (11, 12, 17). This
correlation is not absolute, as large differences in Lp[a]
concentrations are also noted within apo[a] isoforms of
the same size (12, 17, 22). The plasma levels of Lp[a] are
primarily controlled by the rates of synthesis rather than
the rate of clearance (23, 24). In studies with cynomolgus
monkeys, the level of apo[a] mRNA and the size of the
apo{a] isoform accounted for 58% of the variation in
Lp[a] levels. No correlations between the level of mRNA
and the size of the isoform were observed (25). Thus,

Abbreviations: apo, apolipoprotein; LDL, low density lipoprotein;
Lp, lipoprotein; SDS, sodium dodecyl sulfate; SFM, serum-free
medium; ER, endoplasmic reticulum; ELISA, enzymelinked
immunosorbent assay; PDGF, platelet-derived growth factor.
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both transcriptional and posttranscriptional regulation
appear to influence plasma Lp[a] levels.

In some individuals, no plasma Lp[a] is detectable
leading to the hypothesis of null alleles (11). In some
instances, especially in earlier studies, the lack of detec-
tion of Lp[a] can be ascribed to the sensitivity of Lp[a]
assays (12, 26). However, null alleles are also required
to explain the preponderance of single band apofa]
phenotypes compared to heterozygous genotypes (13).
Studies in baboons have demonstrated the presence of
two types of null alleles. Transcript-negative null alleles
do not give rise to detectable levels of apo[a] mRNA,
whereas transcript-positive null alleles have easily detect-
able levels of mRNA despite the lack of detectable
plasma Lp[a] (16, 27, 28).

The properties of human and baboon Lp[a] are very
similar (16, 22, 29, 30} which has permitted the use of
primary cultures of baboon hepatocytes to examine the
biogenesis of apo[a] and Lp[a] (6, 27, 28, 31-33). Our
studies have demonstrated that apo[a] is first synthe-
sized as a lower molecular weight precursor (27, 28, 32).
The immature form of apo[a] has a prolonged residence
time in the endoplasmic reticulum (ER), and the size of
the apo[a] isoform influences the duration of ER resi-
dence (28). The ability of apo[a] to undergo posttrans-
lational processing and exit from the ER appears to be
responsible for the inverse correlation between apo[a]
isoform size and plasma Lp[a] level (28). In addition, the
inability of some apo[a] polypeptides to exit the ER
accounts for the lack of detectable apo[a] associated with
transcript-positive null alleles (28). Maturation of apo[a]
involves processing of N-linked and addition of O-linked
oligosaccharides (27, 28, 32). Cell-associated, mature
apola] is bound to the cell surface. Interaction of LDL
with cell surface-associated apo[a] results in the forma-
tion of Lp[a] and the release of newly formed Lp[a] into
the culture medium (31).

In the current studies, we utilized the primary baboon
hepatocyte culture system to examine the effects of the
antibiotic neomycin on the secretion of apo[a]. Previous
studies in humans demonstrated that neomycin lowers
serum LDL cholesterol levels and that the mechanism
is related to inhibition of cholesterol adsorption from
the intestine (34). Gurakar and coworkers (35) demon-
strated that neomycin treatment, especially when com-
bined with niacin, lowers Lp[a] levels; however, the
mechanism is not understood. Treatment of primary
baboon hepatocyte cultures with neomycin resulted in
an inhibition of apo|a] secretion. Further studies indi-
cated that the inhibition of apo[a] secretion was primar-
ily due to the lack of release of mature apofa] from the
cell surface. Examination of a series of deoxystrep-
tamine antibiotics, of which neomycin is a member,
suggested that inhibition of apo[a] secretion is a general
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property shared by these antibiotics. Potential mecha-
nisms by which deoxystreptamine antibiotics may in-
hibit apo[a] release from the cell surface are discussed.

MATERIALS AND METHODS

Hepatocyte cultures

Hepatocytes were isolated by a two-step collagenase
perfusion method as previously described (36). Liver
wedge surgery was performed in accordance to proce-
dures approved by the institutional animal research
committee. Animals were immobilized with ketamine
hydrochloride, and anesthesia was maintained using
nonhepatotoxic pentobarbitol. Hepatocytes were culti-
vated on collagen-coated Primaria (Falcon) plates using
serum-free medium IIT (SFM) as previously described
(36) with the exception that thyrotropin releasing factor
was omitted. All experiments were performed using
confluent cultures that had been in culture for 5-7 days.

ELISA

ELISA assays for apofa], apoB and apoA-I were per-
formed with culture medium from primary cultures of
baboon hepatocytes grown in 6-well dishes. For each
assay, microtiter wells were coated with 100 pl per well
of a polyclonal antibody at 1.5 ug/ml in 0.1 M sodium
bicarbonate buffer, pH 9.0. The apo[a] and apoB anti-
bodies were from Biodesign (Kennebunkport, ME), and
the apoA-I antibody was from Fitzgerald Industries, Inc.
(Concord, MA). Wells were blocked with phosphate-
buffered saline (PBS) containing 0.05% Tween-20 and
3% bovine serum albumin (BSA). Wells were washed
one time with PBS/Tween and were incubated for 3 h
at 37°C with 100 pl of culture medium. Wells were
washed three times with PBS/Tween and incubated for
2 h at 37°C with alkaline phosphatase-conjugated anti-
body diluted in PBS/Tween containing 1% BSA. Apo[a]-
conjugated antibody was obtained from American Diag-
nostica, Inc. (Greenwich, CT), and apoB- and
apoA-I-conjugated antibodies were purchased from The
Binding Site (San Diego, CA). Wells were washed three
times with PBS/Tween and incubated for 15 min with
citrate buffer, pH 5.0, containing 0.3% HO2 and 5
ug/ml OPD (O-phenylenediamine dihydrochloride).
The reaction was stopped with 4 N H2SO4 and adsor-
bance at 490 nm was determined. Optical density values
were captured into a Microsoft Excel™ spreadsheet and
were analyzed using simple least squares linear regres-
sion techniques. The estimates of sample concentra-
tions (ng/ml) were calculated using a regression equa-
tion fitted to a standard curve based on log-log
transformed optical density data of five calibrators hav-
ing known concentration. All ELISA data are the mean
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of four values, duplicate assays on duplicate cultures.
The protocol, reagents and standardization for these
ELISA assays were a generous gift from Drs. Anil Dun-
dale and Margaret Prack of Oncogene Sciences, Inc.
(Uniondale, NY).

Radiolabeling and immunoprecipitation

Radiolabeling and immunoprecipitation experiments
were conducted with primary baboon hepatocytes
grown in 60-mm dishes as previously described (31, 32).
For steady-state labeling, cultures were incubated in SFM
containing 0.1 times the normal concentration of
methionine and cysteine and 125 pCi/ml each of
[35S]cysteine and Expre35835S label (New England Nu-
clear). For pulse-chase analysis, cells were preincubated
for 1 h in methionine/cysteine-free SFM and then la-
beled for 10 min in the methionine/cysteine-free SFM
containing the same concentrations of labeled isotopes
as for steady-state labeling. Isotopic label was chased for
30 min to 8 h in SFM containing the normal concentra-
tion of methionine and cysteine. Cultures were washed
two times with PBS and extracted with EB (50 mM
Tris/HCI, pH 9.0, 100 mM NaCl, 1% NP40) as previously
described (31, 32). Cell extracts and culture medium
were clarified at 12,000 g for 5 min, the medium was
adjusted to contain 1% NP40, and proteins were immu-
noprecipitated with antibodies bound to protein A
agarose. Inmunoprecipitated proteins were eluted from
the beads in SDS gel sample buffer and analyzed by
3-10% gradient polyacrylamide SDS gels (SDS-PAGE)
followed by fluorography.

Protease digestion and immunoblot analysis

Cultures of baboon hepatocytes grown in 60-mm
dishes were treated with or without 10 mM neomycin for
24 h. The cultures were washed with PBS and then
exposed to trypsin (1 pg/ml in PBS) for 20 min at 0°C.
The trypsin solution was removed and digestion was
stopped by washing two times for 5 min at 0°C with PBS
containing 1 pg/ml of soybean trypsin inhibitor. Cells
were then lysed in EB containing the same concentration
of soybean trypsin inhibitor. Aliquots of each cell lysate
were subjected to 3-10% SDS-PAGE followed by electro-
phoretic transfer to a PVDF blotting membrane. Mem-
branes were probed with anti-apo[a] antibodies (Biodes-
ign) followed by 12[1abeled protein A as previously
described (36).

RESULTS

Time course of neomycin inhibition of apofa]
secretion

To determine the effect of neomycin on the secretion
of apo[a], cultures of primary baboon hepatocytes were
treated for various lengths of time with concentrations

of neomycin ranging from 1 to 100 mM. The culture
medium was analyzed in an ELISA that detects both free
apo[a] and Lp[a], as much of the apo[a] secreted from
baboon hepatocyte cultures is not bound to apoB (32).
Inhibition of apo[a] secretion by neomycin was appar-
ent as early as 6 h after the initiation of the treatment
(data not shown). The inhibition was more pronounced
at 24 and 48 h of drug treatment. The level of apo[a]
secretion was reduced 5.5-fold after 48 h of treatment
with 10 mM neomycin (Fig. 1). The level of inhibition
was even greater at 100 mM neomycin, but this level of
the antibiotic was toxic to the hepatocyte cultures.

900
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Fig. 1. Time course and specificity of neomycin for inhibition of
apo[a] secretion. Hepatocyte cultures were treated with 0, 1, 10, or
100 mM neomycin. The media were harvested after 24 and 48 h of
treatment and were analyzed by ELISA for apo(a], apoB, and apoA-I
as described in Materials and Methods. The standard error of the
mean is indicated by the thin line at the top of each bar. Treatment
with 100 mM neomycin resulted in toxicity to the cultures and inhibi-
tion of all protein secretion, whereas 10 mM neomycin primarily
inhibited the secretion of apo[a).
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Fig.2. Neomycin inhibits the secretion of different
apo[a] isoforms. Hepatocyte cultures derived from
baboon donors expressing different isoforms of
apo[a] were treated with 10 mM neomycin. The
media were harvested after 48 h of treatment and
were analyzed by ELISA for apo[a]. Values from
control and treated cultures are indicated by C and
N, respectively. The standard error of the mean is
indicated by the thin line at the top of each bar with
the exception of cultures from animals 10286 and
7851 for whom replicate measurements were not
available. The animal identification numbers (4018,
9714, 4084, 10286, 7851, 4612) are given followed
by the isoform designations in parentheses. Apo[a]
isoforms in the baboon have been grouped into 12

C N C N CN C N CN

4018 (C) 9714 (l) 4084 (B) 10286 (D) 7851 (C) 4612 (BIE)

Specificity of neomycin for inhibition of apo[a]
secretion

The toxicity at 100 mM neomycin was apparent by
visual inspection of the cultures using phase-contrast
microscopy and by an analysis of total protein synthesis
performed during pulse-chase analyses (see below). The
nonspecific effect of 100 mM neomycin and the specific-
ity of 10 mM neomycin for the inhibition of apo[a]
secretion were best illustrated by comparison of the
levels of secretion for apo[a] with that of apoB and
apoA-I (Fig. 1). At 100 mM neomycin, the level of
secretion of all three apolipoproteins was markedly
reduced. The level of apoB in the culture medium was
reduced by 96.3% after 48 h of drug treatment, and the
level of apoA-I decreased by 94.1%. However, at 10 mM
neomycin, the secretion of apo[a] was reduced by a
much greater level than that of apoB or apoA-I. Apo[a]
secretion was reduced by 81.9%, while apoB and apoA-I
were reduced by 18.7% and 21.5%, respectively. At 10
mM neomycin, the level of inhibition for apoB and
apoA-I secretion was approximately equivalent to the
level of inhibition observed for total protein synthesis
during pulse-chase analyses (see below).

The effect of neomycin on the secretion of apo[a] was
examined using primary baboon hepatocyte cultures
derived from six different animals. The cultures ex-
pressed apo[a] isoforms of different sizes, and the un-
treated cultures secreted apo[a] at markedly different
levels. Hepatocytes were cultured in medium containing

apo (a) apo B

Con Neo Con Neo

lCMCMl'CMCM

Mt (8) B s B e
pl‘(a)» .-.—.—.

apoB ¥
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C N size classes designated A for the largest to L for the
smallest (22).

10 mM neomycin; the medium was changed after 6 h as
a wash-out to remove previously synthesized apo[a]; and
the cultures were maintained in 10 mM neomycin for 48
h. Apola] levels in the medium were determined by
ELISA. The inhibition of apo[a] secretion by neomycin
was apparent in all cultures (Fig. 2). The level of inhibi-
tion ranged from 62.7% to 91.8%.

Neomycin inhibits apo[a] release from the cell
surface

To define the step in apo[a] synthesis and secretion
being affected by neomycin, immunoprecipitation stud-
ies were performed. Cultures were treated with 10 mM
neomycin for 24 h and then labeled for 24 h with 358
methionine and cysteine in the presence of the antibi-
otic. Apo[a] and apoB were immunoprecipitated from
the cell lysate and the culture medium and were ana-
lyzed by SDS-PAGE. In the untreated control cell lysates,
the precursor and the cell surface-associated mature
form of apo[a] were detected (Fig. 3). ApoB coprecipi-
tated with apo[a] in the culture medium but not in the
cell lysate due to the formation of Lp[a] after secretion
of apo[a]. In the cell lysate from the neomycin-treated
cultures, the level of precursor and mature apo[a] were
very similar to that detected in the untreated cultures.
However, in the medium, the level of apo[a] and copre-
cipitating apoB were dramatically reduced. Quantita-
tion of the apo[a] bands in Fig. 3 by laser densitometry
demonstrated that the level of apo[a] in the medium was

Fig. 3. Immunoprecipitation of apo[a] and apoB
after steady-state labeling. Control cultures (Con) or
hepatocytes treated with 10 mM neomycin for 24 h
(Neo) were labeled with 3°S methionine and cysteine
(125 pCi/ml each) for 24 h in the presence or
absence of neomycin. Apo[a] and apoB were immu-
noprecipitated from the cell lysates (C) and the
culture media (M) as described in Materials and
Methods. Precipitated proteins were analyzed by
3-10% gradient SDS-PAGE and fluorography.
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decreased by 12-fold in the neomycin-treated cultures.
When total immunoprecipitated apo[a] was taken into
account, the percentage of total apo[a] being secreted
was 9.5% and 55.5% for neomycin and control cultures,
respectively; which is equivalent to an 83% inhibition of
apo[a] secretion. This effect was specific for apo[a], as
the level of apoB immunoprecipitated from the culture
medium of treated and untreated cultures was very
similar (Fig. 3). These data suggest that the greatest
effect of neomycin was not on synthesis or maturation
of apo[a], but possibly some event involved in secretion
or release from the cell surface.

To further explore the mechanism by which neomy-
cin inhibits the secretion of apo[a], pulse-chase labeling
experiments were performed. Cultures were treated
with 10 mM neomycin for 24 h, labeled for 10 min with
358 methionine and cysteine, and chased in unlabeled
medium containing neomycin for times between 30 min
and 8 h. Apo[a] was immunoprecipitated from the cell
lysates and culture media and analyzed by SDS-PAGE.
Comparison of the level of apo[a] immunoprecipitated
from the cell lysates following 30 min of chase indicated
that, in this experiment, the level of apo[a] synthesis was
reduced by approximately 40% in the neomycin-treated
cultures in comparison to the untreated cultures (Fig.
4). This level of inhibition was similar to the reduction
observed for total trichloroacetic acid-precipitable
counts (20-30% reduction) and the reduction in synthe-
sis apoB (20-30%) in the same experiment. Analyses of
apo[a] synthesis in pulse-chase experiments with shorter
chase periods (0-30 min) confirmed that the reduction
was due to a decrease in apo[a] synthesis rather than
increased degradation. Thus, the effects of neomycin on
apo[a] synthesis do not appear to be specific for apo[a]

Fig. 4. Immunoprecipitation of apo[a] after pulse-
chase labeling. Hepatocyte cultures were treated
with 10 mM neomycin (B) for 24 h and then were
labeled for 10 min with 35S methionine and cysteine.
The cultures were chased for periods of 0.5 to 8 hiin
unlabeled medium containing neomycin. Control
cultures (A) were treated in the same manner except
the medium contained no neomycin. Apo[a] was
immunoprecipitated from the cell lysates and cul-
ture media and analyzed by 3-10% gradient SDS-
PAGE and fluorography. The positions of the pre-
cursor (pr) and mature (mt) forms of apo[a] are
indicated as is the position of nonspecifically precipi-
tated protein (X).

— apo(a)

— apoB

— X

— X

and are most likely related to the general inhibition of
all protein synthesis at this concentration of neomycin.

The mature form of apo[a] became apparent after 2
h of chase in both untreated and neomycin-treated
cultures. After 8 h of chase, the predominant cell-asso-
ciated form of apo[a] was the mature form (Fig. 4). Thus,
the kinetics of maturation and the percentage of apo[a]
being converted to the mature form were similar in the
presence and absence of neomycin. In the absence of
the drug, secretion of apo[a] into the culture medium
could be detected after 2 h of chase, and continued to
increase throughout the chase period. However, no
secretion of apo[a] was observed in the neomycin-
treated cultures over this time period.

Although these data imply that neomycin inhibits
release of apo[a] from the cell surface, the possibility still
existed that in neomycin-treated cultures mature apo[a]
was not reaching the cell surface, but was being retained
in some post-ER compartment. To address this possibil-
ity, susceptibility to digestion with protease was used as
amarker for cell surface exposure of apo[a]. Hepatocyte
cultures were treated with 10 mM neomycin for 24 h.
The medium was removed, the cells were treated with
trypsin for 20 min on ice, and apo[a] in the cell lysate
was analyzed by immunoblot. In cultures not exposed
to trypsin, a prominent band was observed for the
mature form of apo[a] (Fig. 5). The size of the mature
form was dramatically reduced by protease treatment,
but a large protected apo[a] fragment was still apparent.
Essentially all of the mature form of apo[a] was suscep-
tible to protease treatment, and no difference was ob-
served between the untreated and neomycin-treated
cultures. These results demonstrate that neomycin does
not affect the transport of apo[a] to the cell surface, and
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Fig. 5. Immunoblot analysis of apo[a] after treatment of cells with
trypsin. Hepatocyte cultures were maintained in medium with (+neo)
or without (-neo) 10 mM neomycin for 24 h. The medium was removed
and the cells were chilled to 0°C and were incubated with (+) or without
(-) trypsin (1 pg/ml) for 20 min. Apo[a] present in the cell lysate was
analyzed by immunoblot as described in Materials and Methods. The
mature (mt) and precursor (pr) forms of apo[a] are indicated as is the
proteolytic fragment resulting from trypsin treatment of the cell
surface-associated mature form of apol[a].

thus the inhibition of secretion must be due to the lack
of release of apo[a] from the cell surface.

Neomycin B
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Deoxystreptamine antibiotics inhibit apo[a] secretion

To better understand the mechanism by which neo-
mycin inhibits apo[a] secretion, a series of related anti-
biotics was evaluated to determine whether a common
structural motif capable of inhibiting apo[a] secretion
could be identified. Neomycin is a member of the class
of antibiotics designated aminoglycoside-aminocyclitol
antibiotics (37). Two major subclasses of aminogly-
coside-aminocyclitol antibiotics have been defined: the
streptadine antibiotics of which streptomycin is a mem-
ber and the deoxystreptamine antibiotics. The de-
oxystreptamine antibiotics are divided into subgroups
depending on whether the deoxystreptamine ring is
modified in the 1,2 or 1,3 positions (37). Neomycin,
ribostamycin, and paromomycin are among the 1,2
modified deoxystreptamines (Fig. 6, top row), while

NH,

Paromomycin |

CH,0H oH
OH
HO HO
NH, o NH; &

¢
9 o

CH,NH OH CHyNH OH

Gentamicin A G418

2

Fig. 6. Structure of various deoxystreptamine antibiotics. The structures of the antibiotics used in this study
are indicated. The structures in the top row have 1,2 modified deoxystreptamine rings, while those in the bottom
row have 1,3 modified deoxystreptamine rings. The structure in common to all of the antibiotics is indicated

in bold for neomycin.
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kanamycin, gentamicin, G418, and tobramycin are
within the 1,3 modified subgroup (Fig. 6, bottom row).

Each of the compounds was tested for the ability to
inhibit the secretion of apo[a] from baboon hepatocyte
cultures. Cultures were treated for 48 h with 1, 10, and
100 mM concentrations of each of the antibiotics, and
secretion of apofa] was measured by ELISA. As the
antibiotics displayed widely different levels of toxicity,
the results were normalized to obtain meaningful data.
Normalization was performed by calculating the ratio of
secreted apol[a] to secreted apoB and then dividing all
values by the ratio obtained for the untreated controls.
Each of the compounds displayed some specific inhibi-
tion of apo[a] secretion in comparison to apoB secretion
and untreated cultures (Fig. 7), indicating that some
structural feature common to each of the antibiotics was
involved. Comparison of the structures of each of the
compounds revealed a common structural motif com-
prised of the deoxystreptamine ring and the aminogly-
coside ring structure (bold structure on neomycin in Fig.
6). This minimum structure is similar to neamine. Analy-
sis of the effects of neamine on the secretion of apofa]
and normalization of the values using secretion of apoB
revealed a similar inhibition of apo[a] secretion as ob-
served with neomycin.

DISCUSSION

A number of compounds have been reported to
reduce Lp[a] levels in vivo, most notably are neomycin,
niacin, and anabolic steroids (35, 38-41). Whether these
compounds have a direct effect on the synthesis and
secretion of apo[a] and/or the biogenesis of Lp[a] or
whether the reduction in in vivo levels of Lp[a] are due
to a secondary effect of the compound has not been
addressed due to the lack of suitable culture systems for
the analysis of Lp[a] biogenesis. We have utilized pri-
mary cultures of baboon hepatocytes to examine Lp[a]
biogenesis and have previously demonstrated that

Fig. 7. Deoxystreptamine antibiotics inhibit the se-
cretion of apo{a). Hepatocyte cultures were treated
for 48 h with various deoxystreptamine antibiotics;
Control (untreated), Neo (10 mM neomycin B), To-
bra (100 mM tobramycin B), Paromo (10 mM paro-
momycin 1), Genta (10 mM gentamicin A), Kana (100
mM kanamycin B), G418 (0.1 mM geneticin) and
Ribosta (10 mM ribostamycin). The culture media
were analyzed by ELISA for apo[a] and apoB. The
data were normalized by calculating the ratio of
secreted apo[a] to secreted apoB and then dividing
all values by the ratio obtained for control cultures.
The standard error of the mean is indicated by a thin
line at the top of each bar.

Control Neo Tobra Paromo Genta Kana G418 Ribosta

apola] is synthesized as a lower molecular weight pre-
cursor that has a prolonged residence time in the ER
(28, 32) and that following maturation apo[a] becomes
associated with the cell surface (31). LDL can interact
with the cell surface form of apo[a] and induce the
formation and release of an Lp[a] particle. Thus, this
system is particularly well suited for the analysis of
compounds that may directly affect Lp[a} biogenesis.
In this study, we examined the effects of neomycin on
Lp[a] biogenesis. The data indicate that neomycin mark-
edly inhibits the secretion of apo[a]. The inhibition of
secretion could be partially ascribed to an inhibition of
protein synthesis by neomycin. The general inhibition
of protein synthesis was observed for apo[a] as well as
apoB and apoA-I. However, neomycin also had a very
specific effect on the secretion of apo[a]. A series of
experiments including steady-state labeling, pulse<chase
labeling, and protease sensitivity demonstrated that the
greatest effect of neomycin on the inhibition of secre-
tion of apo[a] was not at the level of synthesis, intracel-
lular degradation, or transport to the cell surface. The
greatest effect of neomycin on the secretion of apo[a]
was to inhibit the release of mature apo[a] from the cell
surface. Although neomycin inhibits the release of
apo[a] from the cell surface, it does not enhance the
binding of exogenously added apo[a] (data not shown).
This would suggest that the interaction of newly synthe-
sized apo[a] with the hepatocyte cell surface as it exits
the secretory pathway differs in some manner from the
interaction of apo[a] added to the culture medium, or
alternatively, that apo[a] synthesized and secreted from
untreated cultures differs from apofa] synthesized in the
presence of neomycin in some manner important for
interaction and release from the hepatocyte cell surface.
The interaction of apo[a] with the cell surface is depend-
ent upon the lysine and proline binding pockets of the
apo(a] kringle repeats (31), and neomycin partially in-
hibits the ability of proline to release apo[a] from the
cell surface (data not shown). Thus, neomycin appears
to specifically alter the interaction between newly syn-
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thesized apo[a] and its cell surface binding site. At this
time, the nature of the binding site for apo[a] on the
hepatocyte cell surface, or even whether the cell surface
binding site for apo[a] is a single entity, is not known.
Lp[a] can interact with many components of the cell
surface and extracellular matrix. Our previous studies
have indicated that heparin sulfate proteoglycan and the
plasminogen receptor are not required for the binding
of apol[a] to the hepatocyte cell surface (31). Lp[a] also
binds to other glycosaminoglycans (42), fibronectin
(43), fibrin (44), and the LDL receptor (45, 46), all of
which are found on the cell surface. Whether the cell
surface binding site for apo[a] is a molecule known to
interact with Lp[a] would be questionable, as the inter-
action of LDL with cell surface apo[a] to induce the
formation of Lp[a] also results in the release of the newly
formed lipoprotein particle from the cell surface.

The mechanism by which neomycin inhibits the re-
lease of apo[a] from the hepatocyte cell surface is not
known, but several possibilities can be postulated based
on known properties of neomycin. The effects of neo-
mycin on absorption of cholesterol from the intestine
are related to the ability of neomycin to interact with
bile acids and neutral sterols (47, 48). This property
alone could perturb the cell surface in such a manner as
to affect the interaction of apo[a] with its putative
hepatocyte cell surface receptor. However, the interac-
tion of neomycin with membranes is more extensive and
specific than originally recognized. Neomycin interacts
with inositol phospholipids, with the highest affinity for
phosphatidylinositol 4,5 biphosphate. These interac-
tions have been shown to perturb membrane structure
(49-52) and to inhibit the metabolism of inositol phos-
pholipids (53-57).

Inhibition of phosphatidylinositol turnover can have
pleotropic effects on the cell. Phosphatidylinositol 4,5
biphosphate is a component of the plasma membrane
and is cleaved by phospholipase C to form the second
messengers inositol 1,4,5 triphosphate and diacyl-
glycerol. Inositol triphosphate induces the release of
intracellular stores of Ca%* and diacylglycerol activates
protein kinase C. Neomycin is routinely used as an
inhibitor of processes dependent on these important
secondary messengers. Activation of protein kinase C
has numerous effects on cellular metabolism as does the
release of intracellular stores of Ca?*, including changes
in the cell surface, induction of DNA synthesis, and actin
reorganization. Studies with neomycin have also dem-
onstrated that it directly inhibits the interaction of cer-
tain ligands with their receptors. Neomycin blocks the
interaction of platelet-derived growth factor (PDGF),
herpes simplex virus 1, and thrombin with their respec-
tive receptors (58-61). The actions of neomycin to
inhibit PDGF and thrombin-induced changes have been
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ascribed to both inhibition of phosphatidylinositol turn-
over and inhibition of receptor binding. Whether neo-
mycin acts through more than one mechanism in some
systems must be considered. Neomycin has been shown
to inhibit other hormone-induced effects including
those induced by bradykinin (57), aldosterone (62),
eclosion hormone (63). Whether these inhibitions are
due to direct interference of receptor binding by the
hormones or inhibition of phosphatidylinositol turn-
over is not known.

The inhibition of the release of apofa] from the
hepatocyte cell surface is the first example in which
neomycin inhibits the release of a ligand from its bind-
ing site. The mechanism by which neomycin inhibits the
release of apo[a] from the cell surface can be experimen-
tally approached in several ways including cell surface
binding studies and the use of other inhibitors of phos-
phatidylinositol turnover. In an initial effort to define
the portion of the neomycin structure responsible for
inhibiting the release of apo[a] from the cell surface, we
examined a series of related deoxystreptamine antibiot-
ics. All deoxystreptamine antibiotics examined inhibited
the release of apo[a] from the cell surface. The minimal
common structure of these compounds encompasses
the deoxystreptamine ring as well as the aminoglycoside
ring which is similar to the structure for neamine.
Neamine was also capable of inhibiting secretion of
apo[a]. The use of smaller molecules will be advanta-
geous in studies to determine the mechanism by which
these compounds inhibit the release of apo[a] from the
cell surface.

Neomycin has been shown to reduce serum levels of
LDL cholesterol in vivo (34), and neomycin, especially
in combination with niacin, was shown to reduce plasma
levels of Lp[a] (35). Previous studies suggested that the
primary mechanism of the reduction of LDL cholesterol
by neomycin was the inhibition of adsorption of choles-
terol from the intestine (34). This effect may be due to
the ability of neomycin to precipitate bile acids and
neutral sterols in micelles (47, 48). The mechanism by
which neomycin reduces Lp[a] levels is not understood.
The same mechanism of action of neomycin on Lp[a] as
for LDL is unlikely, as no significant effect of bile acid
sequesterants and HMG-CoA reductase inhibitors was
observed for Lp[a] (reviewed in 38).

The observation that neomycin inhibits the release of
apofa] from the cell surface in baboon hepatocytes in
vitro invokes speculation on whether release from the
hepatocyte cell surface is the mechanism operative in
the reduction of Lp[a] levels in vivo. The fact that orally
administered neomycin is poorly absorbed and the rela-
tively high levels of neomycin required for an in vitro
effect might suggest that insufficient neomycin would
be available to induce the effect observed in vivo. A
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first-pass phenomenon of the liver might increase the
local effective concentration of neomycin. In addition,
the effect of neomycin on the release of apo[a] from the
hepatocyte cell surface in vitro is only partially reversed
during a short washout period (data not shown). At this
time, it is not possible to evaluate the potential of
neomycin to affect apo[a] on the hepatocyte cell surface
in vivo, but the in vitro observations invite speculation
that cell surface association of apo[a] may play a role in
Lp[a] biogenesis.nl
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