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Abstract Lipid accumulation within macrophages is a ma-
jor sequelae of atherosclerosis. Much of this lipid accumu-
lation occurs within large, swollen lysosomes. We analyzed
lipid accumulation in cultured macrophages using oxidized
or acetylated low density lipoprotein (LDL) as the loading
agent. Pigeon macrophages incubated for 48 h with mildly
oxidized pigeon LDL (TBARS 

 

5

 

 5–10 nmol/mg protein)
showed significant increases in cellular cholesterol com-
pared with untreated controls. Forty-eight percent of the in-
creased cholesterol occurred as unesterified cholesterol.
Treated cells had lipid-swollen lysosomes similar to those of
atherosclerotic foam cells. The increase in lysosomal lipid
was accompanied (correlation coefficient of 0.96) by in-
creases in acid phosphatase staining cisternae of the Golgi
and trans-Golgi network (TGN). THP-1 macrophages incu-
bated with oxidized LDL showed similar lysosomal loading
and Golgi/TGN hypertrophy. In contrast, macrophages
incubated with acetylated LDL accumulated significant
amounts of cholesterol but the increase occurred as choles-
teryl ester (81% in pigeons) within cytoplasmic droplets and
there was no associated increase in acid phosphatase-con-
taining cisternae of Golgi or TGN.  The correlation in
both pigeon and THP-1 macrophages of oxidized LDL-in-
duced lysosomal lipid accumulation and Golgi hypertrophy
suggests a linkage of these two phenomena. This implicates
intracellular membrane trafficking as a possible defect in
foam cells of the atherosclerotic lesion.—
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An early event in atherosclerosis is the engorgement of
macrophages with lipid. At specific stages of atherogenesis
in both humans and animal models, this lipid is found
within large, swollen lysosomes (1–4). This lysosomal lipid
accumulation is a little-studied feature of lesion develop-
ment. However, several lines of evidence suggest that this
lysosomal sequestration may be an important component

 

of the disease. Foremost is the ubiquitous nature of lysoso-
mal lipid accumulation as a disease sequelae. In addition,
the timing and spatial location of lysosomal accumulation
coincide with the stimulation of smooth muscle prolifera-
tion and migration into the intima (5). Moreover, lysoso-
mal cholesteryl esterase activity has been correlated with
extent and severity of the disease (6) and regression stud-
ies suggest that lysosomally sequestered cholesterol is less
available for efflux (7).

Low density lipoprotein (LDL) is the major contributor
of cholesterol to atherosclerotic foam cells. Receptor-
mediated uptake of normal LDL in cultured macrophages
initially delivers cholesterol to lysosomes for processing
(8, 9). In the lysosomes, acid lipases hydrolyze cholesteryl
esters. The resulting unesterified cholesterol readily
leaves the lysosome (10) where it can be incorporated into
membranes or stored in cytoplasmic droplets by reesterifi-
cation of the cholesterol. It is not clear why, in atheroscle-
rotic foam cells, the normal clearance pattern is not oper-
ational or is insufficient to clear the internalized lipid
from lysosomes. 

It is known that specific alterations in lipoproteins that
make them more atherogenic can also profoundly influ-
ence their metabolism (10–12). This can be mediated at the
level of uptake (10) but alterations have other effects as well
and can alter their rate of trafficking and metabolism (13,
14). Oxidation is a lipoprotein modification that has been
linked to atherosclerosis (15). Oxidation clearly increases
LDL uptake (15). However, subsequent cholesterol process-
ing is also affected. These effects include the buildup of
unesterified cholesterol within foam cell lysosomes (16, 17).

 

Abbreviations: ACAT, acyl-CoA:cholesterol acyltransferase; BSA, bo-
vine serum albumin; DMEM, Dulbecco’s modified Eagle’s medium;

 

FBS, fetal bovine serum; MEM, minimum essential medium; PPACK, 
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-
phyenylalanyl-
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-propyl-
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-arginine chloromethylketone; TACT, tuned
aperture computed tomography; TBARS, thiobarbituric acid-reactive
substances; TLC, thin layer chromatography; TGN, the trans-Golgi net-
work; WC, White Carneau.
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In this study we combine morphological and biochemi-
cal techniques to show that formation of unesterified cho-
lesterol-rich lysosomes is accompanied by extensive hyper-
trophy of elements of the secretory pathway, specifically
Golgi and trans-Golgi network. These elements contain
hydrolase activity and the hypertrophy is quantitatively re-
lated to the degree of lysosomal engorgement. This suggests
that, in part, the lysosomal cholesterol accumulate may be
the result of a defect in intracellular traffic mechanisms.

MATERIALS AND METHODS

 

Materials

 

Eagle’s minimum essential medium (MEM), Dulbecco’s modi-
fied Eagle’s media (DMEM), RPMI, Eagle’s vitamins, 

 

l

 

-glutamine,
penicillin, and streptomycin were obtained from Mediatech,
Washington, DC. Fetal bovine serum (FBS) and chick serum
were from ICN/Flow, Costa Mesa, CA. Serum was heat-inacti-
vated before use by incubation at 56

 

8

 

C for 1 h. Aprotinin and
phenylmethylsulfonylfluoride were purchased from Boehringer
Mannheim Corp., Indianapolis, IN. 

 

d

 

-Phenylalanyl-

 

l

 

-propyl-

 

l

 

-
arginine chloromethyl ketone (PPACK) was purchased from Cal-
biochem Corp., San Diego, CA. Stigmasterol, cholesterol, and
thin-layer chromatography (TLC) standards were purchased
from Steraloids, Wilton, NH. LK6D Silica gel 60 thin-layer chro-
matography plates were from Whatman Ltd. Clifton, NJ. All tis-
sue-culture plasticware was obtained from Falcon, Lincoln Park,
NJ. Bovine serum albumin (BSA; fatty acid-free from fraction V)
and EDTA were purchased from Sigma Chemical Company, St.
Louis, MO. All chemical solvents and other chemical reagents
were purchased from Fisher Scientific, Pittsburgh, PA.

 

Lipoprotein isolation

 

Pigeon low density lipoprotein (LDL) was isolated from blood
obtained from male random bred WC pigeons. The pigeons are
from a closed colony maintained at Wake Forest University
School of Medicine. All animal use and veterinary care was under
the supervision of the Institutional Animal Use and Care Com-
mittee. Male birds were chosen to minimize triglyceride levels
that are elevated in female plasma during egg-laying periods.
Blood was collected by venous puncture into tubes containing
aprotinin (25 kallikrein inhibitory units/ml), PPACK (1 

 

m

 

m

 

),
and phenylmethylsulfonylfluoride (0.5 m

 

m

 

). Pigeon LDL (d
1.006–1.063 g/ml) was isolated from pooled plasma by density
gradient ultracentrifugation using KBr to adjust plasma density (18).
After dialysis with NaCl, the lipoproteins were filter-sterilized
(0.45 

 

m

 

m

 

 acrodisc filter) and stored at 4

 

8

 

C until used. All lipopro-
teins were used within 4 weeks of isolation.

Pigeon LDL was acetylated using the method of Basu et al.
(19). Pigeon LDL is less oxidizable than human LDL and so for
mild oxidation it was dialyzed against 10 

 

m

 

m

 

 CuSO

 

4

 

 in 0.9% NaCl
for 12 h at 20

 

8

 

C. The extent of oxidation was estimated as
thiobarbituric acid reactive substances (TBARS) measured at 535
nm using the method described by Buege and Aust (20). To con-
trol for effects of differing oxidation levels, we used only LDL
mildly oxidized within a narrow range (TBARS 

 

5

 

 5–10 nmol/mg
LDL protein). The migration of the oxidized LDL (ox-LDL)
preparations on 0.5% agarose gel did not vary substantially from
that of normal pigeon LDL while acetylated LDL (ac-LDL)
showed substantial migration from the origin. Normal and al-
tered lipoproteins were analyzed for protein content using the
method of Lowry et al. (21). Cholesterol content was determined
by GLC (22). The mild oxidation of LDL used in these studies

did not reduce the cholesterol content by more than 1% in any
preparation, and greater than 80% of the cholesteryl ester in
the particles remained unmodified when analyzed by thin-layer
chromatography.

The lack of changes in cell number with lipoprotein incuba-
tion were confirmed by comparing protein per dish between
treated and untreated cultures and by counting the number of
cells in 25 arbitrarily selected, non-adjacent microscope fields at
200 

 

3

 

 magnification using an inverted microscope.

 

Cell isolation and culture

 

Pigeon monocytes were isolated by differential centrifugation
of citrated whole blood acquired by venipuncture of random-
bred White Carneau pigeons, as routinely done in our lab (23).
Monocytes were washed and plated at 2.0–4.0 

 

3

 

 10

 

5

 

 cells/ml in
35-mm culture dishes. Cultures were maintained at 37

 

8

 

C in a 5%
CO

 

2

 

, humidified incubator for 24 h in MEM containing 10% (V/V)
heat-inactivated chicken serum and supplemented with vitamins,
200 m

 

m

 

 

 

l

 

-glutamine, 10 m

 

m

 

 HEPES, 100 IU/ml each of penicil-
lin and streptomycin. After 24 h, the cultures were washed to re-
move non-adherent cells and the culture medium was replaced
with medium containing fetal bovine serum (FBS) instead of
chicken serum. The use of fetal bovine serum minimizes lipid up-
take, as pigeon macrophages are relatively incapable of acquiring
cholesterol from this source (22). On day 5, culture medium was
exchanged with culture medium in which serum was replaced
with essentially fatty acid-free BSA, to reduce cellular triglyceride,
and maintained in this medium for 36 hours.

THP-1 cells, obtained from ATCC of Rockville, MD, were
maintained in RPMI-1640 medium supplemented with 10% FBS
and 0.0009% mercaptoethanol. For the experiments, the cells
were plated onto 35-mm wells at a density of 1.5 

 

3

 

 10

 

6

 

 cells, and
incubated for 3 days in RPMI-1640 containing 10% FBS and 100
ng phorbol ester/ml of medium. Experiments were initiated 3
days after plating.

 

Cellular cholesterol loading and estimation
of cellular lipid mass

 

To load cells with cholesterol, monocytes were incubated in
medium containing 1% FBS and the indicated concentration of
lipoprotein. Cells were exposed to the lipoprotein for 48 h. Some
cultures were analyzed immediately, but in most cultures the lip-
oprotein-containing medium was replaced with medium contain-
ing only 1% FBS for an additional 24 h to allow lysosomal hydrol-
ysis and cholesterol clearance to continue. Control cells were
maintained in culture with 1% FBS but no lipoprotein.

Total and free cholesterol was assayed from aliquots of isopro-
panol extracts (24) and determined by GLC (22) after isolation
using the procedure of Ishikawa et al. (25) with stigmasterol as
an internal standard. Esterified cholesterol mass was estimated
as the difference between total and free. Cellular protein was as-
sayed using the Lowry procedure (21) using bovine serum albu-
min for a standard.

 

Electron microscopy

 

After lipid loading, cells for thin section ultrastructural exami-
nation were washed in cacodylate buffer and fixed in 2.5% glut-
araldehyde. Lysosomes and related organelles were localized by
the presence of acid phosphatase. To demonstrate acid phos-
phatase, samples were processed using a modification of the Go-
mori (26) lead precipitation method (1). The reaction control
was incubated in the identical medium but without the beta-
glycerophosphate substrate. After cytochemical incubation, cells
were postfixed in 1% osmium tetroxide, en bloc stained with ura-
nyl acetate, dehydrated, and embedded in epoxy resin.

The volume of the cell occupied by lysosomes, cytoplasmic
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droplets, and acid phosphatase-positive tubules was estimated us-
ing point counting stereology techniques (27). Acid phosphatase
containing tubules were only counted when their lumen mea-
sured less than 100 nm. In this way we avoided counting tubular
lysosomes and other endocytic organelles. For pigeon macro-
phages, 10 randomly chosen areas from each of 10 arbitrarily se-
lected sections were quantified at a magnification of 38,000

 

3

 

.
Sections and areas were chosen such that no cell was sampled
more than once. The number of cells in any given area varied,
but the total cellular area sampled averaged 2,700 

 

m

 

m

 

2

 

 for each
condition. The mean and standard error were calculated for
each group of 10 fields (n 

 

5

 

 10). Comparison of the volume of
cell occupied by TGN for each condition was done with Tukey’s
multiple comparison test after analysis of variance. In all cases,
percentage data was transformed using the arcsin transform
prior to analysis.

 

3-D quantitative analysis using TACT

 

Stereology describes a population rather than individual cells.
Thus, additional studies using Intermediate voltage electron mi-
croscopy of thick sections were undertaken to correlate increases
in acid phosphatase-containing tubules with lysosomal engorge-
ment in individual cells. As the lipid-engorged lysosomes were
smaller (largest lysosomes 

 

5

 

 2.6 

 

m

 

m) than the section thickness
(3.0 

 

m

 

m), the volume of individual lysosomes and the trans-Golgi
network (TGN) could be ascertained. Quantitation of thick sec-
tions used Tuned Aperture Computed Tomography (TACT).
TACT is a general series of algorithms for 3-D imaging of thick
material (28, 29). We have adapted these algorithms for use with
thick section-IVEM microscopy. TACT is related to Computed
Axial Tomography (CAT scan). Like CAT, the TACT input is a se-
ries of projection images through a 3-D volume taken at different
angles. Unlike CAT, for TACT only a few projections are re-
quired; this simplifies the computations. Although not as high
resolution a procedure as CAT, TACT is a simpler procedure and
is easily quantified. The computations produce a series of images
representing parallel slices through the volume, analogous to the
thin focal planes of confocal microscopy. The volume of individ-
ual organelles is computed by measuring the area in each com-
puter-reconstructed slice, multiplying by the slice thickness to ob-
tain a volume, and then summing all the volumes. This allows
analysis of single cells and single organelles within a cell.

One strength of the TACT procedure is that it allows one to
set the total angular spread of the series and the individual tilt in-
crements to match the accuracy needed. Thus, extra manual and
computational work can be avoided. Under test conditions, using
similar parameters and sample thickness, TACT reconstructions
displayed images of 20 nm colloidal gold particles with less than
0.1% distortion along the X and Y axes. Distortion along the Z
axis was only 4.5% (the average diameter of 20 nm spheres ap-
peared as 20.9 nm along the Z axis). The Z axis resolution is de-
termined by the angular spread of the tilts. To increase efficiency
of data collection, we set our computed slice thickness to 50 nm.
Thus the accuracy along the Z axis and the corresponding accu-
racy of our measurements are set by the slice thickness that is
larger than the inherent Z resolution of the conditions. The ex-
treme differences seen between the cells chosen allowed us to
use this less stringent slice thickness. 

The lysosomal lipid volume and volume of acid phosphatase-
positive Golgi-TGN were analyzed for four pigeon monocytes
with differing levels of lipid accumulation. Image magnification
was 50,000

 

3

 

. Forty-one images were taken of each cell. These im-
ages encompassed an angular spread between 

 

1

 

40 and 

 

2

 

40 de-
grees of tilt at 2 degree increments. A series of continuous slices
of 50 nm thickness along the Z axis was computed and the vol-
ume of lysosome and Golgi-TGN was determined from these

slices. As both lysosomal lipid and the Golgi-TGN are principally
in more central regions of the cell and our sections were chosen
to include these areas, the analysis involves most of the lysosomal
lipid and Golgi-TGN within each cell analyzed. The correlation
of lysosomal volume with tubular volume was determined using
simple linear regression analysis.

 

RESULTS

 

Treatment of pigeon macrophages with oxidized LDL
but not acetylated LDL leads to increases in cellular
unesterified cholesterol

 

When pigeon monocyte-derived macrophages were in-
cubated for 48 h with 100 

 

m

 

g/ml copper-oxidized LDL
and then allowed a 24-h clearance period without ox-LDL,
there was an increase in both esterified and unesterified
cholesterol compared with the 0-h control. 

 

Figure 1

 

 shows
the results of a representative experiment. Prior to incu-
bation, cells had only 24 

 

m

 

g free cholesterol/mg cell pro-
tein and the esterified cholesterol content of these cells
was negligible. After 48 h, free cholesterol had increased
to 87 

 

m

 

g/mg cell protein and esterified cholesterol in-
creased to 94 

 

m

 

g/mg cell protein. The increase in unester-
ified cholesterol represented a more than 3.5-fold aug-
mentation over the baseline level. In contrast, when
pigeon macrophages were incubated under identical con-
ditions with 100 

 

m

 

g/ml ac-LDL there was only a minor
60% increase in unesterified cholesterol (Fig. 1). The dif-
ference in free cholesterol levels was not due to a failure
to internalize ac-LDL, as the ac-LDL-treated cells accumu-
lated similar total cholesterol amounts. However, in the
ac-LDL-treated cells, the accumulation occurred almost

Fig. 1. Comparison of unesterified (hatched area of bar) and es-
terified cholesterol (open area of bar) accumulation in pigeon
macrophages incubated with ac-LDL or ox-LDL. Macrophages were
incubated with lipoprotein for 48 h followed by a 24-h equilibration
phase without lipoprotein. Both ac-LDL and ox-LDL produced sig-
nificant (P , 0.05) total cholesterol accumulation. Ac-LDL pro-
duced increases predominantly in esterified cholesterol. In con-
trast, ox-LDL led to accumulation of both free and esterifi ed
cholesterol.
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entirely as esterified cholesterol. Cell numbers and total
protein per dish were similar for both acetylated LDL and
oxidized LDL-treated cells and did not change apprecia-
bly during the experiments. There was no evidence of cy-
totoxicity with our oxidized LDL preparations. There was
no stored lipid evident in untreated cells.

 

Incubation of pigeon macrophages with ox-LDL but not 
acetylated LDL produced large, lipid-swollen lysosomes

 

Ultrastructural observation showed that cells incu-
bated for 48 h with ox-LDL followed by a 24-h clearance
period accumulated lipid within large lysosomes. A typi-
cal cell can be seen in 

 

Fig. 2A

 

. The dark acid phos-
phatase reaction product highlights the lysosomal char-
acter of the lipid deposits. Stereologic quantitation of
the cells revealed that 46% of the cell volume was occu-
pied by lipid, with 65% of that lipid within lysosomes
(

 

Fig. 3

 

). The remaining 35% occurred as free cytoplas-
mic droplets, presumably reesterified cholesteryl ester.
Stored lipid in acetylated LDL-treated cells also occupied
approximately 42% of the cell volume. However, with
acetylated LDL treatment, cells accumulated this lipid al-
most entirely within cytoplasmic droplets that lacked
both acid phosphatase activity and a limiting bilayer
membrane (Fig. 2B). The predominant (81%) form of
cholesterol stored in ac-LDL-treated cells was cholesteryl
ester (Fig. 3). The differences in distribution were evi-
dent despite similarities in total cholesterol levels for the
two treatments.

 

Ox-LDL but not ac-LDL-induced hypertrophy of
tubular organelles related to the Golgi apparatus
and trans-Golgi network

 

As demonstrated in Fig. 2 and 

 

Fig. 4

 

, accompanying ly-
sosomal cholesterol accumulation from ox-LDL there was
a noticeable increase in acid phosphatase-containing tu-
bules within the cells compared with untreated cells. The
location and acid phosphatase staining of the cisternae
confirms that these cisternae were elements of the trans-
most regions of the Golgi and the TGN. The TGN was
more pleiomorphic than the trans-Golgi cisternae but
both occurred in close proximity and we did not distin-
guish between the two in our quantitation. Quantitation
was based on acid phosphatase staining. However, to be
sure that there was a true hypertrophy of the Golgi and
TGN rather than merely a shift in staining pattern, we
quantified the total Golgi/TGN volume for one group of
cells treated with ox-LDL and one ac-LDL-treated group.
There was no significant (

 

P

 

 

 

,

 

 0.05) difference in un-
stained elements between the two groups (0.32 

 

6

 

 0.04%
of cell volume versus 0.28 

 

6

 

 0.04% of cell volume, respec-
tively). Thus, the elevation in acid phosphatase stained el-
ements represents an increase in cisternal elements.

The increases in acid phosphatase-positive tubules were
apparent in thin sections through the cells. However, the
nature and extent of the tubules was best seen in thick sec-
tions viewed by intermediate voltage electron microscopy
(

 

Fig. 5

 

). Stereologic quantitation of the volume of the tu-
bules using thin sections confirmed an increase in tubules

Fig. 2. Electron micrographs of cellular lipid accumulation in pigeon macrophages incubated for 48 h with ox-LDL or ac-LDL followed by
a 24-h equilibration phase. The cells in these and all other electron micrographs are unstained except for the acid phosphatase reaction and
the osmium postfixation. A: Cells incubated with ox-LDL had large, lipid-swollen lysosomes. The lysosomes were highlighted by the presence
of dark acid-phosphatase reaction product (arrow). In addition, the cells contained prominent acid phosphatase-stained cisternae of the
Golgi apparatus and trans-Golgi network. Magnification 5 9,9003, bar 5 1 mm. B: Cell incubated with ac-LDL showing lipid accumulation
primarily as non-stained cytoplasmic droplets (D). Magnification 5 13,3003, bar 5 0.5 mm.
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after 48-h loading with ox-LDL (

 

Fig. 6

 

). This increase was
absent when ac-LDL was the loading vehicle. With normal
culture conditions, acid phosphatase-containing tubules
occupied 0.3% of the pigeon macrophage cytoplasmic vol-
ume. There was no significant change in this parameter
when cells were incubated for 48 h with ac-LDL and then
allowed a 24-h clearance period. In contrast, when pigeon
macrophages were incubated for 48 h with ox-LDL and
then cleared for 24 h, there was a significant (

 

P

 

 

 

,

 

 0.05) 5-
fold increase in acid phosphatase-containing tubular or-
ganelles. IVEM images also revealed that tubules changed
their appearance with ox-LDL treatment, becoming more
pleiomorphic and resembling the TGN more than ele-
ments of the Golgi apparatus. A similar hypertrophy of
the TGN was observed corresponding to lysosomal lipid
accumulation when THP-1 macrophages were treated
with human ox-LDL (data not shown). Thus, lysosomal
lipid accumulation was accompanied by an increase in the
number and length of acid hydrolase containing tubules
of the Golgi-TGN networks.

 

There was a strong statistical correlation between the
volume of lysosomal lipid and the volume of acid
phosphatase-positive tubules

 

The stereologic quantitation above demonstrated that
the population of cells incubated with ox-LDL showed
both an increase in lysosomal lipid volume and volume of
TGN. We next asked whether the same cells showing in-
creased lysosomal lipid also showed an increase in the ex-
tent of stained TGN. Determination of the volume of
lipid-filled lysosomes or acid phosphatase-positive tubules
in single cells cannot be done using thin-section stereol-

ogy techniques. Instead, the volumes of these two com-
partments were estimated in four ox-LDL-treated cells
with different levels of lipid accumulation using TACT for
the reconstructions. As shown in 

 

Fig. 7

 

, cells with the
greatest amount of lysosomal lipid also showed the largest
degree of tubular hypertrophy. Correlation analysis of tu-
bule volume and lysosomal volume showed a highly signif-
icant coefficient of 0.96, suggesting that the two phenom-
ena were related.

 

Lysosomal lipid accumulation in response to pigeon
ox-LDL was not specific for pigeon monocyte-derived
macrophages

 

When PMA-activated THP-1 macrophages were incu-
bated with pigeon ox-LDL for 72 h followed by a 24-h
clearance period, the cells accumulated lipid within lipid-
swollen lysosomes similar to those seen with pigeon mac-
rophages (

 

Fig. 8

 

). Lipid occupied 21% of the cell volume
with 72% of that being as lysosomal lipid (

 

Fig. 9

 

). As with
pigeon macrophages, acid phosphatase-positive tubules
were more prevalent in ox-LDL-treated THP-1 cells (

 

Fig.
10

 

). Acetylated LDL, on the other hand, produced prima-
rily cytoplasmic droplets, lacking acid phosphatase activity
(Fig. 9) and no increase in tubules was apparent (Fig. 10).

DISCUSSION

The exact in vivo mechanisms of atherosclerotic foam
cell formation are not known. We show here that incuba-

Fig. 3. Quantitation of lysosomal (hatched area of bar) and cyto-
plasmic (open area of bar) lipid accumulation in pigeon macro-
phages incubated with ac-LDL or ox-LDL. Macrophages were incu-
bated with lipoprotein for 48 h followed by a 24-h equilibration
phase without lipoprotein. Both ac-LDL and ox-LDL produced sig-
nificant (P , 0.05) lipid accumulation (occupying more than 40%
of the cytoplasmic volume) compared to cells prior to treatment
where no cellular lipid stores were detected. With ac-LDL this in-
crease was primarily as cytoplasmic lipid droplets while ox-LDL pro-
duced increases in both cytoplasmic droplets and lysosomes.

Fig. 4. Electron micrograph of stained cisternae in a pigeon mac-
rophage incubated with ox-LDL for 48 h followed by 24 h equilibra-
tion without lipoprotein. Staining can be seen in both the parallel
cisternae of the trans area of the Golgi apparatus as well as in the
pleiomorphic tubules and vesicles of the trans-Golgi network. Mag-
nification 5 69,3003, bar 5 0.1 mm.
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tion of cultured macrophages from humans and pigeons
with oxidized LDL produces a lysosomal lipid accumula-
tion similar to that seen in atherosclerotic arteries. This is
significant, as lipoprotein oxidation has been linked to

atherosclerosis (15). Prior studies from other labs have
also suggested that oxidation of LDL affects its cellular
metabolism in ways that lead to lysosomal accumulation.
Oxidation clearly increases LDL uptake (15) and appears
to decrease lysosomal protein hydrolysis (30) and the abil-
ity of lipoprotein cholesterol to stimulate acyl-CoA:choles-
terol acyltransferase (ACAT)-mediated reesterification

Fig. 5. Stereo pair micrographs of a pigeon macrophage incubated with ox-LDL for 48 h followed by 24 h
equilibration without lipoprotein. This thick section view shows the 3-D arrangement and extent of the tubu-
lar hypertrophy occurring as a result of incubation of cells with ox-LDL. In addition, a number of large,
spherical, lipid-filled lysosomes are also present, identified by the dark reacton product around the periphery
of the central lipid core. Magnification 5 24,3003.

Fig. 6. Quantitation of the volume density (volume of cisternae as
percent of total cytoplasmic volume of cell) of acid phosphatase-
staining cisternae in pigeon macrophages incubated with ac-LDL or
ox-LDL for 48 h followed by 24 h equilibration without lipoprotein.
Bars represent the mean volume density (6SEM). ANOVA followed
by Tukey’s multiple comparison test indicated that incubation with
ox-LDL but not ac-LDL produced a significant (P , 0.05) increase
in the extent of stained cisternae.

Fig. 7. Relationship of lysosomal volume and cisternal extent in
four pigeon macrophages incubated for 48 h with ox-LDL followed
by 24 h incubation without lipoprotein. Cells with greater lysosomal
lipid accumulation also showed increased extent of acid phos-
phatase-positive cisternae of the Golgi and TGN. The correlation
coefficient was 0.96.
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(31, 32). These findings suggest an accumulation of lipo-
protein components within lysosomes. In studies of ox-
LDL-treated J774 macrophages, Maor and Aviram (33) re-
ported the accumulation of excess free cholesterol rather
than ACAT-derived cholesteryl ester. Although the cell
culture studies underscore the fact that ox-LDL can affect
lysosomal function, they have generally reported choles-
terol accumulation that is far less than that seen in athero-
sclerotic lesions. This may be because much of the choles-
terol and cholesteryl ester in heavily oxidized LDL is
modified (34–36). Indeed, ox-LDL that has been “re-
enriched” with cholesterol can induce significantly in-
creased macrophage cholesterol accumulation compared
to ox-LDL lacking cholesterol re-enrichment (37). Our
current study used a mildly oxidized LDL where most of
the lipoprotein cholesterol was intact. Incubation with this
mildly ox-LDL produced a more than 4-fold increase in
total cholesterol in pigeon macrophages, equivalent to
that seen with ac-LDL. Moreover, the accumulation of
lipid in response to ox-LDL was not limited to pigeon
macrophages, it was also seen with a human macrophage
cell line (THP-1). The accumulation and metabolism of
free cholesterol and cholesteryl esters from mildly oxi-
dized LDL in different macrophage types is examined in
more detail in a companion paper (38).

Additionally, this study shows that hypertrophy of the
TGN accompanied the lysosomal lipid engorgement in
pigeon macrophages incubated with pigeon ox-LDL. A
similar hypertrophy was also observed in pigeon ox-LDL-

treated THP-1 cells. While other studies have demon-
strated that both ox-LDL and ac-LDL are internalized via
scavenger receptors (39–41), our studies found that incu-
bation of pigeon or THP-1 macrophages with ac-LDL did
not lead to lysosomal lipid engorgement or TGN hyper-
trophy. The reasons why particles taken up by similar
mechanisms produce such divergent results are unclear.

Fig. 8. Electron micrograph of cellular lipid accumulation in THP-
1 macrophage incubated for 48 h with ox-LDL followed by a 24-h
equilibration phase. Like pigeon cells, this cell has large, lipid-swol-
len lysosomes highlighted by the presence of dark acid-phosphatase
reaction product. In addition, the cell contains prominent acid phos-
phatase-stained cisternae of the Golgi apparatus and trans-Golgi net-
work (arrowhead). Magnification 5 11,0003, bar 5 0.5 mm.

Fig. 9. Quantitation of lysosomal (hatched area of bar) and cyto-
plasmic (open area of bar) lipid accumulation in THP-1 macro-
phages incubated with ac-LDL or ox-LDL. Macrophages were incu-
bated with lipoprotein for 72 h followed by a 24-h equilibration
phase without lipoprotein. With both ac-LDL and ox-LDL lipid ac-
cumulation occupied between 15 and 20% of the cytoplasmic vol-
ume. With ac-LDL this increase was primarily as cytoplasmic lipid
droplets while ox-LDL produced increases in both cytoplasmic
droplets and lysosomes. 

Fig. 10. Quantitation of the volume density of acid-phosphatase
staining cisternae in THP-1 macrophages incubated with ac-LDL or
ox-LDL for 72 h followed by 24 h equilibration without lipoprotein.
Bars represent the mean volume density (6SEM). ANOVA followed
by Tukey’s multiple comparison test indicated that incubation with
ox-LDL but not ac-LDL produced a significant (P , 0.05) increase
in the extent of stained cisternae.
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However, it is clear that lipid and protein oxidation prod-
ucts, such as those found in ox-LDL, can influence lysoso-
mal metabolism of lipoprotein. For example, Lougheed,
Zhang, and Steinbrecher (30) reported that the addition
of oxidized fatty acids to LDL without any further oxida-
tion was enough to make the protein component of LDL
highly resistant to hydrolysis by cathepsins. In addition,
studies by Maor, Mandel, and Aviram (42) suggest that 7-
ketocholesterol in ox-LDL inhibits sphingomyelinase lead-
ing to a build-up of free cholesterol in lysosomes. Ox-LDL
could, of course, work directly to stimulate increases in
the Golgi membranes. However, a salient finding of this
paper is that lysosomal loading and hypertrophy of the
Golgi and TGN occur together and that hypertrophy is
correlated with the degree of lysosomal lipid accumula-
tion. This, certainly, does not prove that the two are di-
rectly related, but it does suggest that the two phenomena
are in some way linked, particularly as loading cells to
equivalent degrees of cholesterol with ac-LDL does not in-
duce this hypertrophy. In addition, similar studies of the
effects of oxidized LDL conducted with J774.A1 macro-
phages showed that lysosomal lipid accumulation was
greatly reduced compared to that of THP-1 and pigeon
macrophages. Most of the lipid accumulation occurred as
cytoplasmic inclusions and the extent of Golgi/TGN
membranes did not exceed 0.5% of the cell volume in
these cells. Thus, even ox-LDL failed to induce membrane
hypertrophy when given under conditions that did not
promote lysosomal accumulation. This suggests that hy-
pertrophy of the Golgi is not necessarily directly depen-
dent upon ox-LDL, but rather could be a sequelae of the
lysosomal lipid accumulation produced by ox-LDL. If this
is true, then other perturbations that induce lysosomal
lipid accumulation could also produce increases in Golgi
membranes and, indeed, incubation of rabbit aortic
smooth muscle cells with phospholipid–cholesteryl ole-
ate–triolein dispersions produced significant lysosomal
cholesterol accumulation (43). These rabbit studies also
showed an increase in acid phosphatase-positive cisternae
of the Golgi and TGN, specifically in cells containing lyso-
somal lipid.

The correlation of Golgi/TGN volume and lysosomal
accumulation suggests an alteration in normal cellular
trafficking. The trans elements of the Golgi and the TGN
are dynamic structures involved in the sorting and traffick-
ing of material for secretion or delivery to other membra-
nous organelles, such as lysosomes (for review see (44,
45)). The TGN is particularly important for the correct
packaging and delivery of hydrolases to the lysosomes.
Communication between different elements of the Golgi
and TGN occurs via transfer of vesicles or by formation of
long tubules (46–48). The constant need to traffic mate-
rial into and out of the Golgi produces a dynamic struc-
ture whose form is constantly changing and tubular exten-
sions and vesicles, both manifestations of this exchange
process, coexist in concert with each other. Whether tu-
bules or vesicles predominate, may be, in part, dependent
upon the environmental conditions (48, 49). Recent evi-
dence shows dramatic accumulations of tubules when

transport to distant destinations is blocked (46, 50, 51).
Given this, the Golgi/TGN hypertrophy seen in our ex-
periments suggests an alteration in membrane traffic
when cells are treated with ox-LDL and may, in fact, re-
flect an inhibition of delivery of hydrolases to the lyso-
somes. Failure of hydrolase delivery would certainly lead
to lysosomal accumulation of undigested material.

One possible means to influence trafficking, would be
an increase in lysosomal membrane cholesterol such as
one would expect with the increases in lysosomal free cho-
lesterol noted in the current study. The cholesterol con-
tent of membranes can both directly and indirectly affect
membrane function (52). Moreover, peroxidation of lip-
ids has been shown to decrease membrane fluidity (53)
and it is known that trafficking of vesicles and their con-
tents can be influenced by the lipid component of mem-
branes (54–56). One could speculate, therefore, that
increased lysosomal membrane cholesterol or oxidation
products might influence trafficking to and from the lyso-
somes. In this scheme, free cholesterol accumulation in ly-
sosomes would lead to increased membrane cholesterol
levels that would, in turn, cause defective trafficking of
material. This trafficking failure could potentially lead to
a failure of proper delivery of lysosomal hydrolases. In this
scenario, continued uptake of lipoprotein without lyso-
somal hydrolases would lead to the accumulation of unhy-
drolyzed lipoprotein cholesteryl esters in the lysosomes.
In a companion paper we demonstrate that, indeed, this is
what occurs (38).

Although more data are clearly required to add cre-
dence to our speculation regarding abnormal delivery of
hydrolase to lysosomes, it should be noted that hypertro-
phy of the TGN is a feature of Tangier disease (57). This
disease is characterized by abnormal cholesterol process-
ing and an accumulation of lipoprotein cholesterol within
lysosomes. In Tangier patients there is also a dramatic in-
crease in phospholipid synthesis. It has been hypothesized
that the increases in TGN membrane in Tangier patients
is a consequence of the increased phospholipid synthesis
rather than a failure of trafficking between TGN and lyso-
somes (57). However, the two hypotheses are not necessar-
ily mutually exclusive. In Niemann-Pick type C disease,
another disorder characterized by lysosomal lipid accumu-
lation, TGN and trans-Golgi membranes become enriched
in cholesterol (58). Although the degree of hypertrophy
seen in Tangier patients is not present in Niemann-Pick
cells, the Golgi morphology is abnormal, again suggesting
a tie-in between cholesterol traffic and increases in Golgi
and TGN membranes. Furthermore, cellular accumula-
tion of free cholesterol is known to stimulate phospho-
lipid synthesis, presumably as a means of detoxifying the
potentially harmful free cholesterol (59). Thus all of these
phenomena (increased lysosomal cholesterol, increased
membrane cholesterol, and increased membrane synthe-
sis) appear interrelated. This suggests that lysosomal free
cholesterol buildup potentially could disturb normal cel-
lular membrane flux.

In summary, our data clearly show that the lysosomal
cholesterol accumulation seen with ox-LDL is related in
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some way to Golgi/TGN function. Although precise con-
clusions await further experiments, it is clear from our re-
sults that a better understanding of the relationship of
lysosomal cholesterol accumulation and Golgi/TGN func-
tion will not only provide insight into two rare genetic dis-
orders but will also have relevance to understanding
atherogenesis.
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