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Abstract Low density lipoprotein cholesteryl ["C] oleate 
(LDL-['4C]CO) was used as a tool to label lysosomes with 
cholesteryl ['4C]oleate (CO) and to follow subsequently the 
metabolic processing of oleic acid released by acid lipase. Lib- 
erated ['4C]~leate was incorporated into glycerolipids, mainly 
into phosphatidylcholine. Incubations in the presence of vari- 
ous concentrations of exogenously added oleic acid and dou- 
ble label experiments showed that oleic acid derived from ly- 
sosomal degradation of CO and exogenously added oleic acid 
distributed in a similar fashion among triacylglycerol and vari- 
ous phospholipids. To further study the metabolism of LDL- 
derived oleic acid, experiments were performed in which fi- 
broblasts were prelabeled with LDL[I4C] CO. The subsequent 
processing of lysosomederived oleic acid was followed with 
time without LDL-[14C]C0 in the medium. From these experi- 
ments it became clear that apart from the esterification into 
glycerolipids a substantial part of lysosome-derived oleic acid 
was released into the medium. The efflux of oleic acid into 
the medium preceded the incorporation into glycerolipids, 
was dependent on the composition of the extracellular me- 
dium, and was energy-independent.U Our data are compati- 
ble with a mechanism in which lysosome-derived fatty acids 
are transported to the plasma membrane prior to transport 
to endoplasmic reticulum for esterification. Intra- and extra- 
cellular factors influence the distribution of lysosomederived 
oleic acid among cells and medium.-Groener, J. E. M., W. 
Bax, and B. J. H. M. Poorthuis. Metabolic fate of oleic acid 
derived from lysosomal degradation of cholesteryl oleate in 
human fibroblasts. J. Lipid Res. 1996. 37: 2271-2279. 
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polysaccharides, oligosaccharides, and (sphingo)lipids 
( 1 ) .  The existence of the lipid storage disease indicates 
that complex lipids do  not freely pass the lysosomal 
membrane. Breakdown of these lipids must occur in ly- 
sosomes and lipid end products of catabolism such as 
sphingosine, fatty acids, and cholesterol are expected 
to leave the lysosome. Little is known regarding the to- 
pology of lysosomal lipid metabolism (2), the transport 
of lipid metabolites over the lysosomal membrane ( 3 ) ,  
and the subsequent metabolism of these metabolites. 
The fact that cholesterol, derived from low density lipo- 
protein (LDL), accumulates inside lysosomes in Nie- 
mann-Pick type C (4, 5) is of interest and suggests that 
at  least one of the lipid end products of lysosomal catab- 
olism is not freely transportable across the lysosomal 
membrane. 

LDL is taken up by the LDLreceptor and delivered 
to lysosomes where it is catabolized. In this process LDL- 
cholesteryl ester (CE) is hydrolyzed to cholesterol and 
fatty acids (6). While the metabolic fate of LDL-derived 
cholesterol has been studied extensively ( 5 ) ,  little infor- 
mation is available on the metabolic fate of fatty acids 
formed by hydrolysis of LDL-lipids. In particular, the 
pathway and mechanism of transport of fatty acids over 
the lysosomal membrane and from lysosomes to target 
organelles in the cell are unknown. In general, the 
mechanism of transport of fatty acids over and between 
membranes is still a matter of discussion (7, 8). A sum- 

Lysosomes are acidic membrane-bound organelles 
containing hydrolytic enzymes for degradat& pro- 

formed in the 'ySoSomeS egress 
from the lysosomal compartment and can be re-utilized 

Abbreviations: CE, cholesteryl ester; CO, cholesteryl oleate; FFA, 
free fatty acid; FH, familial hypercholesterolemia; LDL, low density 
lipoprotein; LDL-['*C]CO, low density lipoprotein radioactively la- 
beled with cholestervl I"C1oleate: LPDS. IiooDroteindeficient serum: 

The 
, ' I  

in metabolic processes [n other parts of the cell. Inher- PL, phospholipids; PC, phosphatidylcholine; PE, phosphatidyletha- 
nolamine; PI, phosphatidylinositol; PS, phosphatidylserine; TG, tri- 

ited defects in individual steps of lysosomal degradation 
of macromolecu~es result in lysosomal storage of muco- 

acylglycerol, 
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niary of' the present understanding i i i  lipid tixiisport 
pi-ocesses in eukaryotic crlls has bccii pltbliSh~d IT- 

cently (9). 
I n  the present study we used LDL, radioactively la- 

beled with cholesteryl [ "C] oleate ( [ '  'C] CO) , to study 
the metabolic fate of oleic acid derived from lysosomal 
breakdown of lipids. 

MATERIALS AND METHODS 

Materials 

Fetal calf serum (FCS) was obtained from ICN Bio- 
medicals BV, Zoetermeer, the Netherlands. Ham's me- 
dium, penicillin, and streptomycin were purchased 
form Gibco Europe BV, Breda, the Netherlands. Bovine 
serum albumin, essentially fatty acid-free (BSA), human 
serum albumin, essentially fatty acid-free (HSA), and 
egg phosphatidylcholine were from Sigma Chemical 
Company, St. Louis, MO. Cholesteryl 1-[ "C]oleate (spe- 
cific activity: 59.5 mCi/mmol) and ['Hloleic acid (spe- 
cific activity 10 Ci/mmol) were obtained from Amers- 
ham International, Amersham, Bucks, U.K. 

Cell culture 

Control human skin fibroblasts and skin fibroblasts 
obtained from patients afflicted with Wolman disease 
and familial hypercholesterolemia (FH) were used in 
this study. Fibroblasts from the Wolman patient were 
obtained from the European Human Cell Bank (Rotter- 
dam, The Netherlands). The FH cells (GM 02000F) 
were purchased from the NIGMS Human Genetic Mu- 
tant Cell Repository (Camden, NJ). Fibroblasts were 
grown and maintained in Ham's F10 medium and peni- 
cillin ( 10 IU / ml) , streptomycin ( 10 IU / nil) 1;gluta- 
mine (1 mM), and hypoxanthine (4 pg/ml) supple- 
mented with 10% FCS in an atmosphere of humidified 
95% air, 5% COY at 37°C. 

Isolation and labeling of lipoproteins 

LDL was separated from freshly isolated human se- 
rum according to Redgrave, Roberts, and West (10) and 
subsequently labeled using the procedure as previously 
described (1 1). After labeling LDL was dialyLed against 
phosphate-buffered saline (PBS) . LDL was stabilized by 
the addition of HSA (0.5%), stored at 4"C, and used 
within 3 weeks. Radioactivity ranged from 3000 to 4000 
dpm/pg LDL-protein, specific radioactivity from 1000 
to 2300 dpm/nmol CE. Lipoprotein-deficient serum 
(LPDS) was isolated from freshly isolated serum by ul- 
tracentrifugation at density 1.21 g/ml, 44 h, 50000 rpm, 

12°C:. Altci- isolation LPDS was clialyzvtl ;igain\t 1'1SS ; i i i t l  

kcpt frozen at - Y O " ( : .  

Incorporation studies 

Fibroblasts were cultured i n  Ham's F10 medium plri5 

10% FCS. Four or 5 days befbre the experiment, cells 
were trypsinized, transferred to 35-mm wells ( 150,000 
cells per well), and grown to confluency in mediurn sup- 
plemented with 10% FCS Twenty four hours hefbre tlic. 
start of the experiment medium was changed h r  me- 
dium supplemented with 10% 1,PDS to enhance the iip- 
take of LDL. The experiments were started b>, the addi- 
tion of 1.5 ml of medium supplemented with 10% LPDS 
to enhance the uptake of LDL. The experiments wcrc 
started 11) the addition of 1 ..5 nil of mediiuii stipple- 
mented with 10% LPDS and radiolabeled LDI, (50 pg 
LDL-protein/nil medium). In order to study the effect 
of  exogenously added fatty acids, various concentra- 
tions of oleic acid bound to BSA were added. In ~hr 
experiments in which ["Hloleic acid \vas added, the spc.- 
cific acticity was 3000 dpm/nniol. 

In other experiments cells were preincubated for 4 
h in 1.5 ml medium containing 10% LPDS and LDL- 
["C] CO (50 pg LDL-protein/rnI medium). The me- 
dium was then removed, and cells were washed and in- 
cubated for 30 min in 1.5 ml of fresh Ham's F10 (10% 
FCS) at 18°C. Subsequently Ham's F10 (10% FCS) was 
replaced and incubations were performed at 37°C; for 
various times. In some experiments FCS was substituted 
by LPDS, BSA (2  mg/rnl) or  was omitted. 

To study the effect of pharmacological agents o ~ i  the 
metabolic fate o f  LDL-derived oleic acid, various agents 
were dissolved in the medium. NH,C:l, NaN,{/NaF, and 
chloroquine were dissolved in distilled water; irnipra- 
mine, progesterone, sphingani tie, inonensin, brefeldin 
A, and nigericin in ethanol; and nococlazole i i i  climeth- 
ylsulfoxide (DMSO). To the medium were added either 
5 pl solvent or  5 p1 inhibitor dissolved in solvent per nil 
o f  medium. After incubations, cells were washed 3 times 
with PHS, incubated with trypsin for 5 miii at 37"(:, and 
pelleted by centrifugation. Cell pellets were suspeiided 
in 200 pl distilled water, sonicated for 10 sec, and the 
suspension was used for lipid extraction and proteiii cs- 
timation. In some experiments medium was saved arid 
used for  lipid extraction. Lipids were extracted with 
clilorofoi-ni-mettiari(~1, 2 : 1 (\,/'v) and washed ac- 
cording to Folch, Idees, and Sloane Stanley ( 12). 1,ipicIs 
were separated by HPTLC on precoated silica gel 60 
plates (Merck no. 5633) with the following solvent 
tems: hexane-diethylether-acetic acid 70: 30 : 1 (v v 
v) for the neutral lipids and a 2- di 
chloroforni-rnethanol-a"onia 65 
chloroform-hexane-methanol-acetic acid-water 1 20 : 
70:40::50: 3 (v /v /v /v /v )  for the phospholipids. Lipid 
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spots were detected by iodine vapor, scraped, and 
counted by liquid scintillation counting in 10 ml Ultima 
Gold (Packard Instruments, BV) . When phospholipids 
were counted, the scraped silica gel was first suspended 
in 1 ml methanol. Protein concentrations were deter- 
mined by the method of Lowry et al. (13). 

Cholesteryl ester and cholesterol were measured by 
a fluorescence method described by Gamble et al. (14). 

RESULTS 

LDL labeled with [14C]C0 by use of plasma lipid 
transfer protein was used to study the metabolic fate of 
lysosome-derived oleic acid. To test whether the CE was 
exclusively catabolized in lysosomes, we used fibroblasts 
obtained from patients with acid lipase deficiency (Wol- 
man disease). LDL-receptor-deficient cells (FH) were 
used to test receptor-dependent uptake of radioactive 
labeled LDL. The uptake and metabolism of LDL- 
[14C]C0 in control, Wolman, and FH fibroblasts are 
presented in Fig. 1. As is expected, LDL-[14C]C0 is ef- 
fectively taken up and internalized by control and Wol- 
man disease fibroblasts, but is not taken up by FH fi- 
broblasts (Fig. la). The amount of radioactivity in 
fibroblasts derived from the patient with Wolman dis- 
ease was found to be significantly higher than in control 
fibroblasts. In contrast to control fibroblasts, in fibro- 
blasts derived from a patient with Wolman disease CO 
was not degraded and all cell-associated radioactivity 

A 

s 
4- a .- 

100 

40 ::L; 
SO 

0 
0 4 8 lS 16 SO 14 

incubation time (hrs) - - 
Q) 
0 

was found to be present in cholesteryl ester (data not 
shown), This confirms that LDL[I4C] GO is taken up via 
the LDL-receptor pathway and is exclusively degraded 
in lysosomes by acid lipase. Figure l b  shows that liber- 
ated [I4C] oleate is utilized for lipid biosynthesis. The 
released oleate is mainly incorporated into phos- 
pholipids, predominantly phosphatidylcholine. Smaller 
amounts of ["C] oleate are found in triacylglycerol and 
other phospholipids. A minor part of the liberated ole- 
ate (approximately 10%) is still present as free fatty 
acid. The amount of radioactivity associated with 
cholesteryl ester increases during the first 4-7 h of the 
incubation and thereafter slightly decreases, suggesting 
a low re-incorporation of LDL-derived oleic acid into 
cholesteryl ester. 

In order to investigate how lysosome-derived oleic 
acid is utilized in glycerolipid metabolism as compared 
to exogenously added oleic acid, experiments were per- 
formed in which the incorporation of ['Hloleate, 
added to the medium in different concentrations, into 
triacylglycerol, phospholipids, and cholesteryl ester was 
measured. The results are presented in Table 1. The 
distribution of exogenously added oleic acid among tri- 
acylglycerol and the major phospholipids depends on 
its concentration in the medium. At the concentration 
of 0.01 mM, oleic acid is predominantly incorporated 
into phosphatidylcholine. At the higher concentration 
of 0.1 mM, relatively more oleic acid was incorporated 
into triacylglycerol and relatively less into phospho- 
lipids. At both concentrations only a small fraction 
(<6.5%) of the cell-associated oleic acid was incorpo- 

b 

P 

0 4 8 1L 16 10 S 4  $ =  
incubation time (hrs) 

Fig. 1. Uptake (a) and metabolism (b) of LDL-cholesteryl [')C]oleate by cultured fibroblasts. Fibroblasts from 
control subjects (- , n = 3), from a patient with Wolman disease (0-O), and from a patient with 
familial hypercholesterolemia (0-0) were incubated for 24 h in Ham's medium containing 10% LPDS 
followed by incubation in medium containing 10% LPDS and LDL-["C]CO (50 pg LDLprotein/ml). (a) Cells 
were harvested at the times indicated and the cell-associated radioactivity was determined by liquid-scintilla- 
tion counting. The amount of cell-associated radioactivity was determined (dpm/mg protein). (b) Cell-asso- 
ciated radioactivity in various lipids in control fibroblasts. Cholesteryl ester (.---.), phosphatidylcholine 
(0-0), phosphatidylethanolamine (V-V), triacylglycerol ( A-A), and free fatty acids (+-+). 
Similar results were obtained in 3 independent experiments. 
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'lAHI,E I .  l ~ ~ c . o r ~ ~ o r - ~ i ~ i o i ~  c d  I ' t l  Iolt.,ilt. into iriac$glyr.t.r01, phospholipitis, ; t i i t1  cliolestci? I VSICI. 
~ - - ~ . . ~ ~  .~~~ ____ ~ ~~ ~ --.. ~ .-._.. ~ _ . _ _ ~  .____ ~ ___ ..__. ~~~~ ~ 

Ill< r,l-~""'lll,"' 0 1  

I 'H]Olr, i~c,  i i i io i)i\tritiiiti(m ( 1 1  I..ihel 
~,ell~A~,si ,ci~i~(,[ ,  - - . - ~ ~  ~ .--. ____._ ~ - ~ _ ~ ~ _ -  . . . ~ ~ ~ . .  . 

( 1 ' 1  + 1's) Oleatr [ 'H]Oleatr (:b, ( P I .  .lll(i n;) I'( ; I](: I'E 

wxf IC)' dpni/nig p t r i  i i  

0.0 I 567 t 21 3(i f 3 456 z 117 20.9 2 8.7 53.7 i- 8.5 6.7 f 1.1  8.0 t 0.6 

- . ~ - . _ ~  ____ _ ~ _ _ ~ ~ _ ~ .  ~ . _ _ _ _ ~ _ _ _  

'6 of l o / d  imizoadiuify iii (I% + 7Y;) 

0.10 2760 i- 393 IO8 i- 36 2071i i- 255 99.8 -+ 8.0 39.1 5 5.4 5.5 5 1.0 6.7 t 0.4 

(:ontrol fibroblasts were incubated with 0.01 o r  0.10 rnM ['H]oleate for 7 t i  in medium coiitaining 10% 
LPDS and LDL (50 pg LDL-protein/nil). (:ells were harvested, lipids were extracted, and the incorporation 
of ["HI oleate into glycerolipids was measured af'ter thin-layer chromatography. Cell-associated [ 'HI oleatc ant1 
incorporation of ['HI oleate into (;E, PL, and T(; are expi-essrd 21s dpm/mg protein. (:E, cholestc~yl ester; 
PI., phospholipids; TG, triac ,c.crol; PC, phosphatidylcholine: l'E, phosphatid!.Iethanolarnille; PI, phospha- 
tidylinositol; PS, phosphatic1 ine. Means 2 SI1 of 3 different experiments are presented. 

. ~ ~ _ _ _ ~ _ _ _ _ _  ___^ -~~ 

rated into cholesteryl ester (Table 1).  In addition, fi- 
broblasts were incubated in the presence of LDL- 

oleic acid. Table 2 presents the results. Exogenously 

sosome-derived oleic acid among the various glycero- 
lipids. In addition, 0.1 mM oleic acid had a significant 
effect on the amount of cell-associated radioactivity. 

the distribution of lysosome-derived oleate and exoge- 
nously added oleate among the various glycerolipids at 
each concentration is similar, suggesting that they enter 
a common pool used for esterification. Further evi- 
dence for a common pool of oleic acid used for gly- 
cerolipid synthesis was obtained from double label ex- 
periments in which the ratio of the incorporation of 
exogenously added [:'HI oleic acid and lysosome-de- 
rived ["'C]oleic acid was calculated. Results of two rep- 
resentative experiments are presented in Table 3. Al- 
though the actual amount of radioactive fatty acid 
incorporated into glycerolipids varies from experiment 
to experiment and between different cell lines, the ratio 
of incorporated ['Hloleate and ['%]oleate into triacyl- 
glycerol and the major phospholipids within each ex- 

TABLE 3.  Ratio ot ['Hloleic acid/["C:]oleic acid (dpm/dpni) 
incorporated into glycerolipid and free fatty acids 

~ _ _ . . . _ ~  ___-____ 
["C] CO and different concentrations of unlabeled IC; P(: I'E PI 3- PS FFA 

Exp.1 7.4 8.3 8.3 7.4 3.2 
added oleic acid markedly affects the distribution of ly- E x p , I ~  2.7 2.7 3.1 2.8 I .?I 

. _ _ _ _ _ _ _ ~ - - ~ -  

l0% LPDS, I,DL,-[~~CICO (50 pg LDL-protein/,nl), and o,O1 mh., 
["HI oleate. Cells were haivested, lipids were extracted, arid radioac- 

lines are presented. Abbre~iations are ~ l s  i n  xlble 1;  FFA, free T;itt) 
acids. 

___.- ~ - ~ _ _ _ _ _ .  

- 

(:ontrol fibroblasts w3ei.e incubated f i r  7 h in medium conraining 

Comparison of the data from Tables 1 and 2 shows that tivity in glycerolipids was measured after thin-layer chromatography. 
Two representative experiments with mo different control fibroblast 

periment is constant. A lower ratio was found in free 
fatty acid in both experiments. 

All the experiments presented so far were conducted 
with LDL-["CC]CO present in the medium. In order to 
study the release of oleic acid from the lysosome and its 
subsequent metabolism in more detail, we performed 
studies in which cells were prelabeled with LDL- 
['"CICO for 4 h. The cells were then washed and further 
incubated up to 24 h without LDL-["CC]CO in the me- 
dium. The distribution of newly released oleic acid 

TABLE 2. Effect of various concentrations of exogenously added oleic acid on the incorporation o f  
[ "'C] oleate, derived from lysosomal breakdown of CE, into triacylglycerol and phospholipids 

.____-_________ 

- 
Inrorpimtion Distribution of I.abrl 

(;eII-Associatcd o f  [ "C] Oleate 
Oleate l . D l . - [ " ~ ~ ~ ~ : O  int ir  1'1. and T(; TC ; rv : PE (PI + 1's) 

in,w Io? dfmi/m,g f ) i o / n n  

0.01 245 2 98 89 -C 17 27.5 i- 10.5 50.2 -C 8.4 6.5 t 0.7 7.9 t 1.7 
0.10 168 t 72" 53 5 12 42.3 2 12.6 35.6 t 7.5 5.8 t 1.7 8.3 t- 2.2 

Control fibroblasts were incubated for 7 h in medium containing LDL-["CICO (50 pg LDL-protein ml 
medium), 10% LPDS, and 0.01 o r  0.10 i i i ~  oleate. Cells were harvested, lipids were extracted, and the incorpo- 
ration of liberated [ l'C;] oleate into glycerolipids was measured after thin-layer chromatography. Cell-associated 
I,DL[ "C]  CO and incorporation of oleate were expressed as dpm/mg protein. Abbreviations as i n  Table I .  
Means 2 SD of 3 different cell lines arc presented. 

%, of toto1 rczdionctinitq in (PI,  + ?Y;) 

- 263 t 89 111 t I96 2 1 . 9 t 1 0 . 0  52.625.9 7 . 8 t I . I  7 . 4 2 1 . 2  

-.. 

"Significantly different from the uptake without exogenously added oleate. 
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among cellular and media lipids was determined at vari- 
ous time points during the incubation time. The hy- 
drolysis of cholesteryl ester was linear up to 2-3 h. After 
3 h, 50 ? 11% (mean of three different cell lines) of 
the endocytosed LDL-CO was hydrolyzed. After 24 h, 
12 2 2% of the radioactivity originally present in CE 
was still present in CE. This low percentage of radioac- 
tivity in CE after 24 h incubation suggests that lysosome- 
derived oleic acid is incorporated into cholesteryl ester 
only to a low extent. At the same time it strongly sug- 
gests that after the 4 h preincubation the radioactivity 
associated with CE is predominantly (pre)lysosomal. 
Further evidence for this point will be presented below. 
Figure 2 presents the data on the distribution of radio- 
activity in pellet and medium. During the incubation 
radioactivity decreased in the pellet with time and ap- 
peared in the medium (Fig. 2a). This radioactivity in 
the medium was already found after 15-30 min of incu- 
bation. The sum of the radioactivity in pellet and me- 
dium was constant over the whole incubation period 
and was equal to the amount of radioactivity associated 
with the pellet after the prelabeling period at t = 0. In 
the pellet radioactivity decreased in cholesteryl ester 
and increased in phospholipids and triacylglycerol (Fig. 
2b). Lipid extraction of the medium showed that apart 
from a small and constant amount of radioactive 
cholesteryl ester, the radioactivity in the medium was 
present in the free fatty acid fraction (Fig. 2b). The sum 
of the radioactivity in the lipid extracts from medium 
and cell pellets was, at all measured time points, more 
than 90% of the radioactivity originally present in the 
pellet. Very small amounts of radioactivity were found 
in the water phase after extraction of the media, sug- 
gesting that only a low amount of lysosome-derived oleic 
acid could have been oxidized under the assay condi- 
tions used. Figure 2c presents the changes in radioactiv- 
ity in pellet PL and TG and the radioactivity in medium 
free fatty acid (FFA) during the first 3 h in more detail. 
The rapid appearance of '*C-labeled fatty acid in the 
medium preceded the increases in the radioactivity in 
PL and TG in the pellet. 

To further examine the release of LDL-derived oleic 
acid into medium, we tested whether the composition 
of the medium affected the distribution of LDLderived 
oleic acid among cells and medium. Table 4 presents 
the results. No significant effect of the media on the 
hydrolysis of cholesteryl ester was noticed. However, the 
release of fatty acids was strongly influenced by the me- 
dium. The distribution of the newly released LDL-de- 
rived oleic acid among medium fatty acid and cell (PL 
+ TG + FFA) was expressed as the ratio of radioactivity 
in FFA in the medium divided by the sum of the in- 
crease in radioactivity in cellular (PL + TG + FFA) and 
the medium FFA. By far the highest ratio was found 

a 

t 

0 4 8 12 16 20 24 

le I b 

l2 t: 

0 4 8 12 16 90 24 

C 
Sr 

-1 ' .I 

0 1 2 9 

incubation time (hrs) 
Fig. 2. Metabolic fate of LDLderived oleic acid. Fibroblasts were 
preincubated for 4 h in medium containing LDL-["CC]CO (50 pg 
LDLprotein/ml). Then cells were washed, incubated for 30 min at 
18T, followed by incubation at 37°C in fresh medium containing 
10% FCS. Time 0 means the time at which fresh medium is added 
to the cells. After various times medium was removed and cells were 
harvested. Radioactivity was measured in various lipid fractions in pel- 
let and medium. Panel a: radioactivity in cell pellet (.-.), radio- 
activity in medium (0-U), and total radioactivity in pellet plus 
medium (v-v). Panel b: radioactivity in pellet CE (+-+), in 
pellet PL (0-o), in pellet TG (A-A), and medium FFA 
(0-0). Panel c: Time curve for the first 3 h. Changes in radioac- 
tivity in pellet PL (0-0), pellet TG (A-A), and in medium 
FFA (0-0) as compared to t = 0 are plotted. 
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TABLE 4. Effect of  composition of the medium on the eRlux (if  
I.DL-derived oleic acid 

TABLE 5, Eflect of various pharinacolo~ical a#ent\ on 111c 

Medium Time Cell-CF, 

h 

0 1315 
10% FCS 1.5 865 

3.0 666 
24.0 117 

10% LPDS 1.5 862 
3.0 619 

24.0 34 
BSA, 2 mg/ml 1.5 866 

3.0 619 
24.0 61 

N o  protein“ 1.5 541 
3.0 315 

24.0 45 

(:ell 
PI. + T(; + FFA 

dp1))N 

35.5 
533 
656 

1122 
388 
46‘2 
617 
537 
(597 
933 
til 1 
74 1 
830 

212 0.55 
297 0 . 5 0  
539 0.41 
318 0.91 
567 0.84 
X77 0.77 
173 0.49 
23.5 0.41 
479 0.47 

I7 0.Oti 
I7  0.04 
18 0.04 

Control fibroblasts were preincubated for 4 h in inediuni con- 
taining 10% LPDS aiid LDL-[ “ C ]  CO (50 pg LDL-protein/ml). Then 
cells were washed and incubated for 30 min in Ham’s F10 (10% FCS) 
medium at 18°C. The experiment was started with the addition of 
fresh Ham’s F10 containing either 10% FCS, 10% LPDS, 2 m g  BSA/ 
nil, or no protein. After various times the medium was removed and 
cells were harvested. Radioactivity was measured in pellet,s and IIIP 

diurn as described in Materials aiid Methods. Abbreviations ils in Ta- 
bles l and 3. The ratio is calculated as radioactivity in medium FFA 
divided by the sum of the increase in radioactivity in cellular (PI. + 
TC; + FFA) plus the radioactivity in FFA medium. Means of duplicate 
incubations of a typical experiment are presented. Duplicate i n c u h  
tions vaned within 10%. 

“Under conditions in  which no protein was present in the me- 
diuni, the recovery of cell protein was slightly less than with protein 
in the medium. The recovery of cell-associated radioactivity was pJo- 
portionally decreased. 

when 10% LPDS was present in the medium, a much 
lower ratio was found in the presence of 10% FCS and 
2 mg/ml BSA. When no protein was added to the me- 
dium, no  fatty acids were found in the medium. Apart 
from the effect on release of fatty acids into the me- 
dium, the incorporation of oleic acid into triacylglyc- 
erols was decreased in the presence of medium sup- 
plemented with BSA (2  mg/ml). This effect was 
particularly seen after 24 h of incubation (data not 
shown). 

We next tested whether agents known to block the 
export of cholesterol from the lysosome (progesterone, 
sphinganine, imipramine), agents known to effect lyso- 
somal function (NH4C1, chloroquine, monensin, and 
nigericin) , an agent known to affect vesicle transport 
(brefeldin A), an agent known to disrupt the cyto- 
skeleton (nocodazole) , and metabolic energy poisons 
(NaN:{/ NaF) influence lysosomal transport and meta- 
bolic fate of LDL-derived oleic acid. Table 5 summarizes 
the results of these experiments. Radioactivity in the 
various lipid fractions in cells and media was measured 
1.5 and 3 h after addition of the fresh medium. Agents 
known to effect LDL metabolism at certain points in its 
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Control fibroblasts were preincubated for 4 h with Ham’s F10 
(10% LPDS) medium containing LDI,-[ ‘.’(:I CO (50 pg Ll)I.-protein/ 
ml). Then cells were washed and incubated f i x  30 min in Ham’s FIO 
(10% FCS) medium at 18OC. The experiment was started with tlic 
addition of Ham’s F10 supplemented with 10% FCS and one of 
the following additions: none, 20 mM NH.,Cl, 10 PM imipramine. IO 
pg/ml progesterone, 10 p~ sphinganine, I O  PM monensin, 20 phl 
chloroquine, 20 ~ g / m l  nocodazole, 10/20 mM NaN:,/NaF, 4 pg/~nl 
brefcldin A, 20 p~ nigericin. Mter 1.5 and 3 h the medium was I.?- 

moved and cells were harvested. Radioactivity was measured in prllets 
and medium as described in Materials and Methods. Abbreviation 
as in Tables I and 3. Means of duplicate incubations are ~~r~seentcd. 
Duplicate incubations varied within 10%; nc, not calculable. 

catabolic pathway (NH4Cl, chloroquine, monensin, and 
nigericin) caused a total or partial (NH,Cl) inhibition 
of hydrolysis of cholesteryl oleate. These experiments 
show that under conditions of no further lysosomal 
hydrolysis of LDL-[”CICO e.g., in the presence of ni- 
gericin, chloroquine, and monensin, only very small 
amounts of free fatty acids were recovered from the me- 
dium, indicating that the source of free fatty acids in the 
medium measured during the incubation was lysosomal 
cholesteryl ester and not the glycerolipids formed dur- 
ing the pre-incubation. In addition, these experiments 
confirmed that most of the [ ” IC0  associated with the 
cells after the 4 h preincubation was (pre)-lysosomal. 
Imipramine, sphinganine, and progesterone, agents 
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known to block cholesterol export from the lysosome, 
did not seem to have a major effect on the release of 
fatty acids from the lysosome; however, these three 
agents partially inhibited LDL-CE catabolism. Agents 
that affect the cytoskeleton (nocodazole) or vesicle 
transport (brefeldin A) did not have an effect on the 
hydrolysis of LDL-CO nor on lysosomal release or the 
subsequent metabolic fate of the released oleic acid. 
The metabolic energy poisons (NaNs/NaF) did not 
have an effect on the hydrolysis of LDL-[I4C]CO but 
inhibited incorporation of oleic acid into phospholipids 
and triacylglycerol. A concomitant increase in the 
amount of oleic acid in the medium was found. In addi- 
tion to the above mentioned effect, progesterone stimu- 
lated the incorporation of oleic acid into triacylglycerol 
at the expense of incorporation into phospholipids 
(data not shown). 

DISCUSSION 

In order to study the metabolic fate of fatty acids re- 
leased from lysosomes we used LDL labeled with 
[14C]chole~teryl oleate as a source of fatty acids. We first 
showed that the LDL labeled with ['4C]chole~teryl ole- 
ate by the use of plasma lipid transfer protein is taken 
up by the LDL receptor and that, subsequently, choles- 
teryl ester is exclusively catabolized by lysosomal acid 
lipase. For this purpose we used LDL-receptor and acid 
lipase-deficient cell lines (Fig. la). 

The metabolic fate of oleic acid was studied under 
two different experimental conditions. One set of ex- 
periments was performed under conditions of continu- 
ous labeling of the cells with LDL-['*C]CO present in 
the incubation medium. In the other set of experiments 
the cells were prelabeled with LDL-[I4C]CO and the 
metabolism of [I4C] oleate was subsequently studied in 
a medium devoid of exogenous LDL. The results of the 
experiments in the presence of LDL showed a predomi- 
nent incorporation of lysosome-derived oleic acid into 
phosphatidylcholine (Fig. l b  and Table 2) and to a 
lesser extent into triacylglycerol. Similar results were re- 
cently reported in studies with macrophages by Li, 
Fuhrman, and Aviram (15) for the incorporation uf 
linoleate into phosphatidylcholine. The distribution of 
lysosome-derived oleic acid and exogenously added 
oleic acid among various glycerolipids in the cell is 
strongly influenced by the concentration of oleic acid 
added to the cells (Tables 1 and 2), suggesting that lyso- 
some-derived oleic acid and exogenously added oleic 
acid enter a common pool of fatty acid used for glyc- 
erolipid synthesis. This suggestion was strengthened by 
the results of double label experiments (Table 3 ) .  Obvi- 

ously, from these experiments no conclusion can be 
drawl as to whether lysosomederived oleic is used for 
cholesteryl ester synthesis in the endoplasmic reticu- 
lum. However, the data on the amount of radioactivity 
associated with CE (Fig. lb)  and the data on the incor- 
poration of exogenously added oleic acid into choles- 
teryl ester and the common pool of oleic acid used for 
glycerolipid synthesis (Tables 1 and 3 )  suggest that only 
a low amount of lysosome-derived oleic acid is used for 
cholesteryl ester formation. A concentrationdependent 
incorporation of fatty acids into various glycerolipids in 
cultured fibroblasts, isolated hepatocytes, and smooth 
muscle cells has been reported (16-18). In a recent pa- 
per Teruya et al. (19) suggested that in endothelial cells 
the source of oleic acid, either LDL-cholesteryl ester or 
LDLtriacylglycerol, may be a factor determining the 
metabolic fate of lysosome-derived oleic acid. Whether 
this also holds true for other cell types needs further 
research. 

The experiments with cells prelabeled with LDL- 
[14C]C0 show that a considerable portion of lysosome- 
derived oleic acid is released into the medium. This 
oleic acid must have originated from lysosomal hydroly- 
sis of cholesteryl ester because under conditions where 
lysosomal hydrolysis is blocked (in the presence of mo- 
nensin, nigericin, and chloroquine) there is hardly any 
release of labeled fatty acid into the medium. To our 
knowledge efflux of lysosome-derived oleic acid has not 
been reported before. The time course (Fig. 2c) shows 
that the release of oleic acid into the medium is an early 
event and precedes the incorporation of oleic acid into 
glycerolipids. Therefore it seems justified to hypothe- 
size that the lysosome-derived oleic acid might be trans- 
ported to the plasma membrane prior to either trans- 
port to the endoplasmic reticulum or release into the 
medium. This hypothesis is strengthened by the finding 
that under conditions of equal hydrolysis of lysosomal 
cholesteryl ester, the composition of the medium effects 
the metabolic fate of oleic acid (Table 3 ) .  Oleic acid is 
either released into the medium to an extent de- 
pending on the type of acceptors present in the me- 
dium or used for esterification in the absence of ac- 
ceptors. The role of serum albumin in the uptake of 
long chain fatty acids by mammalian cells has been stud- 
ied thoroughly although the exact mechanism is as yet 
unknown (20). A similar role of albumin might also be 
of importance in the efflux process described in the 
present study. 

We tested several agents for their ability to inhibit pas- 
sage of oleic acid from the lysosome. Imipramine (21, 
22), progesterone (23), sphinganine (24) are agents 
known to cause accumulation of cholesterol in lyso- 
somes. In our experiments these agents partially inhib- 
ited LDL-CE hydrolysis but did not cause any intracellu- 
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Fig. 3. Schematic presentation of metabolic fate of LDL-derived fatty acid in human fibroblasts. Fatty acid 
acid, originating in LDL-CE taken up by the cell by the LDL.-receptor and formed in the lysosome hy acid 
lipase, is transported to the plasma membrane; from there it  is secreted into the medium or re-enters the cell 
for various metabolic processes. Abbreviations: chol, free cholesterol; CE, cholesteryl ester; FFA, free fatty acids; 
I.DL, low density lipoprotein. 

lar accumulation of oleic acid. A similar effect was 
found for NH4Cl. The cytoskeleton-disrupting agent, 
nocodazole, and an inhibitor of vesicle transport, bre- 
feldin A, had no effect on the metabolic fate of LDL- 
derived oleic acid. We found no evidence that the 
cytoskeleton or vesicle transport were involved in trans- 
port of lysosome-derived oleic acid. The effect of the 
energy poisons (NaN1/NaF) (25) is of interest (Table 
4).  Under these conditions in which cholesteryl ester 
hydrolysis is unaffected and glycerolipid synthesis is in- 
hibited, LDL-derived oleic acid did not accumulate in 
the cell but was released into the medium, pointing 
again to an important role of the plasma membrane in 
the distribution of LDL-derived oleic acid between me- 
dium and cell. The process of fatty acid transport from 
lysosome to the medium seems to be energy-indepen- 
dent. Efflux of lysosome-derived fatty acids into the me- 
dium involves passage over the lysosomal membrane, 
transport through the cytosol to the plasma membrane, 
and transport over the plasma membrane followed by 
removal of fatty acids from the plasma membrane. Ex- 
cept for the passage of fatty acids over the lysosomal 
membrane, the individual steps of fatty acid transport 
have been studied for many years, but the exact mecha- 
nisms are unknown. Fatty acid transport across the 
plasma membrane of various cell types has been consid- 
ered as a passive diffusion process, as a protein-medi- 
ated transport process, or as both (7-9, 20). Cytosolic 
fatty acid binding proteins (FABPs) are thought to be 
involved in the transport of fatty acids from plasma 
membrane to cell organelles (7-9, 18, 26). Transport 
of long chain fatty acid across intracellular membranes 
has been studied for mitochondria and peroxisomes 

(27, 28). It is generally accepted that unesterified fatty 
acids constitute a minor fraction of lipid in the cell but 
may play a central role in metabolic and regulatory pro- 
cesses. Apart from providing substrates for energy pro- 
duction and lipid synthesis, unesterified fatty acids have 
been reported to participate in processes like signal trans- 
duction pathways (29) and cell regulation (30). Thus, cel- 
lular levels of free fatty acids must be tightly controlled. 
Little information is known about the involvement of ly- 
sosome-derived fatty acids in these processes. 

In contrast to the few studies on the metabolic fate 
of lysosomederived fatty acids, a large number of stud- 
ies on the metabolic fate of lysosome-derived choles- 
terol have been published (see review, ref. 5). It is of 
interest that these studies do suggest that lysosome- 
derived cholesterol is also transported to the plasma 
membrane prior to its movement to endoplasmic retic- 
ulum (31) where it is converted to cholesteryl ester. 

Our current hypothesis on the metabolic fate of LDL- 
cholesteryl ester-derived fatty acids in human fibroblasts 
is summarized schematically in Fig. 3. In this scheme 
oleic acid is transported to the plasma membrane where 
it is either released into the medium or reenters the 
cell and is transported to the endoplasmic reticulum for 
glycerolipid synthesis.II 
ManiLctnpL retrzard 15 Apnl 1996 and in r m w d  form 31 July 
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