
ABSTRACT: Lysobisphosphatidic acid (LBPA) is highly accu-
mulated in specific domains of the late endosome and is in-
volved in the biogenesis and function of this organelle. Little is
known about the biosynthesis and metabolism of this lipid. We
examined its FA composition and the incorporation of exoge-
nous FA into LBPA in the human monocytic leukemia cell line
THP-1. The LBPA FA composition in THP-1 cells exhibits an el-
evated amount of oleic acid (18:1n-9) and enrichment of PUFA,
especially DHA (22:6n-3). DHA supplemented to the medium
was efficiently incorporated into LBPA. In contrast, arachidonic
acid (20:4n-6) was hardly esterified to LBPA under the same ex-
perimental conditions. The turnover of DHA in LBPA was simi-
lar to that in other phospholipids. Specific incorporation of
DHA into LBPA was also observed in baby hamster kidney fi-
broblasts, although LBPA in these cells contains very low en-
dogenous levels of DHA in normal growth conditions. Our re-
sults, together with published observations, suggest that the spe-
cific incorporation of DHA into LBPA is a common
phenomenon in mammalian cells. The physiological signifi-
cance of DHA-enriched LBPA is discussed.
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During atherogenesis, peripheral blood monocytes traverse
the arterial endothelium and differentiate into macrophages.
Much of the vessel wall lesion of atherosclerosis is composed
of macrophages that have become engorged with cholesterol
(1,2). Cells acquire cholesterol by receptor-mediated endocy-
tosis of LDL or oxidized LDL. After endocytosis,  LDL and
oxidized LDL are first transported to early endosomes and
then late endosomes/lysosomes (3). The molecular mecha-
nism of cholesterol transport from late endosomes/lysosomes
is not well understood. The characteristic feature of the late

endosome is the accumulation of internal membranes (4). Re-
cently it was shown that these internal membranes are highly
enriched with a unique phospholipid (PL), lysobisphospha-
tidic acid (LBPA), also called bis(monoacylglycerol) phos-
phate (5,6). Antibodies against LBPA, when internalized from
the medium, alter both the organization of internal mem-
branes and the membrane traffic from late endosomes (7,8).
These results suggest that LBPA-rich internal membrane do-
mains contribute to membrane sorting and/or trafficking from
late endosomes. Accumulation of cholesterol in late endo-
somes in Niemann–Pick type C (NPC) cells and in drug-
treated cells that mimic NPC impaired membrane traffic from
late endosomes (9–11). Treatment of the cells with anti-LBPA
antibody also resulted in a massive accumulation of choles-
terol in late endosomes, suggesting that the characteristic net-
work of LBPA-rich membranes contained within multivesic-
ular late endosomes regulates cholesterol transport (9).

LBPA is a structural isomer of phosphatidylglycerol.
Whereas phosphatidylglycerol binds two acyl groups in one
glycerol, LBPA contains one FA in each glycerol. In addition,
LBPA has an sn-1, sn-1′ glycerophosphate backbone, instead
of sn-3 stereoconfiguration, which is a common structure of
all other PL (12,13). The FA composition of LBPA varies
among cell types. In baby hamster kidney (BHK) cells, more
than 90% of FA in LBPA is oleic acid (OA; 18:1) (6,14)
whereas pulmonary alveolar macrophages efficiently incor-
porate arachidonic acid (AA; 20:4) (15–17). DHA (22:6) is
selectively incorporated into LBPA in rat uterine stromal cells
(18). DHA attracts special attention since epidemiological,
animal, and clinical studies all indicate that DHA has potent
anti-inflammatory and antiatherogenic properties (19,20). It
is reported that membranes enriched with DHA-containing
PL exclude cholesterol (21–24). Phorbol ester-treated THP-1
monocytes are a widely used model in studying cholesterol
homeostasis in human macrophages (25–27). In the present
study, we characterized the content, distribution, and FA com-
position of LBPA in THP-1 cells. Our results indicate that
LBPA selectively incorporates DHA into THP-1 cells. Our
results also suggest that the preferential incorporation of
DHA is a common phenomenon in LBPA.
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MATERIAL AND METHODS

Materials. DHA and AA were from Sigma (Saint Quentin
Fallavier, France). Tissue culture media were from Eurobio (Les
Ulis, France). [9,10-3H]OA (23 Ci/mmol), [5,6,8,9,11,12,14,15-
3H]AA (200 Ci/mmol), [4,5-3H]DHA (23 Ci/mmol), [1-
14C]DHA (54 mCi/mmol), and [1-14C]EPA (20:5n-3) (54
mCi/mmol) were from PerkinElmer Life Science (Paris, France).
All other lipids were purchased from Avanti Polar Lipids (Al-
abaster, AL). Anti-Lamp-1 mouse monoclonal antibody was ob-
tained from Developmental Studies Hybridoma Bank at the Uni-
versity of Iowa (Iowa City, IA). Anti-EEA1 mouse monoclonal
antibody was from Transduction Laboratories (Lexington, KY).
Anti-CD63 mouse monoclonal antibody was obtained from
Cymbus Biotechnology (Southampton, United Kingdom). Alexa
Fluor 488 conjugated anti-mouse IgG was from Molecular
Probes (Eugene, OR). Anti-LBPA mouse monoclonal antibody
was obtained as described (7). Alexa Fluor 546 conjugated anti-
LBPA antibody was prepared according to the manufacturer’s
instruction (Molecular Probes).

Cell culture. Human monocytic leukemia cell line THP-1
was obtained from RIKEN Bioresource Center (Tsukuba,
Japan). Cells were grown in RPMI 1640 medium containing
10% (v/v) FCS, 2 mM Λ-glutamine, 100 units/mL penicillin,
and 100 µg/mL streptomycin. Cells were grown in suspension
in 75-cm2 flasks at 37°C in an atmosphere of 5% CO2 and sub-
cloned periodically to maintain a cellular density around 2 ×
105 cells/mL

Differentiation to a macrophage phenotype was induced by
culturing 10–12 × 106 cells per 100-mm diameter dish in the
presence of 100 nM phorbol myristate acetate (PMA) for 72 h.
Where indicated, cells were differentiated in the presence of 5
µM AA or DHA. Medium was changed for the last 24 h. FA
were added from ethanolic stock solutions, the final ethanol
concentration being 0.025%. When radioactive FA were incor-
porated, cells were differentiated for 2 d in the presence of 100
nM PMA and then labeled with radioactive FA in complete
medium for 24 h at 37°C in the presence of PMA. At the end
of incubation, the medium was aspirated, cells were washed
twice with PBS and scraped in PBS for lipid analysis. For im-
munofluorescence, cells were grown on glass-bottomed 35-mm
dishes. Baby hamster kidney (BHK-21) cells were grown and
maintained as described (28).

Lipid extraction and separation of lipids on TLC. Cells were
collected by centrifugation and resuspended in methanol. Total
lipids were extracted using the procedure of Folch et al. as de-
scribed previously (18,29): 2 vol of chloroform were added to
the methanolic cell suspension and after sonication and vortex-
ing for 5 min, 0.9 vol of 0.88% KCl was added. Samples were
vortexed and centrifuged for 10 min at 1500 × g. The chloro-
form layer was collected, and the aqueous phase was washed
once with 2 vol of chloroform. The two chloroform layers were
combined, dried under vacuum, and stored in chloroform at −
20°C. Extracted lipids were spotted on a silica gel 60 TLC plate
(20 × 20 cm, 0.25 mm; Merck AG, Darmstadt, Germany),
which was developed in chloroform/methanol/40% methy-

lamine (65:22:3, by vol). PL were revealed under UV light
after spraying with 0.05% 2′,7′-dichlorofluorescein in methanol
and were identified by comparison with authentic standards
spotted on the same plate. For radioactive samples, the labeled
compounds were detected and integrated using a Berthold LB
511 (Wildbad, Germany) TLC analyzer and identified by their
Rf values as compared with those observed for standards. The
silica gel containing lipids was scraped and lipids extracted
using 2 × 2 mL chloroform/methanol/water (5:5:1, by vol).
Water was added to the combined extracts to obtain 10:10:9
(by vol) chloroform/methanol/water mixture. The samples
were vortexed and centrifuged, and the chloroform layer was
collected. The solvent was then removed under nitrogen, and
the dried lipids were resolubilized in chloroform. 

HPLC. Purification of LBPA was carried out on a Nucleosil
5NH2, 250 × 4.6 mm column using a Hewlett-Packard 1100
HPLC system equipped with a quaternary pump and a diode
array detector as previously described (18). The mobile phase
was acetonitrile/methanol/water/50% methylphosphonic acid
(730:250:15:0.3, by vol; pH adjusted to 6.2 with 28% NH4OH)
with a flow rate of 1.2 mL/min. The absorbance was monitored
at 205 and 210 nm, and eluting lipids were identified by com-
parison with authentic standards. When radioactive lipids were
analyzed, the detector was coupled with continuous-flow liquid
scintillation counting using a Radiomatic Flow One β detector.
The detector was operated with Ultima-Flow M (Packard) at a
flow rate of 2.5 mL/min in a 400 µL cell. In some experiments,
radioactive FAME were separated by reversed-phase HPLC
using a 4.6 × 250 mm Ultrabase C18 column (SFCC-Shandon,
Eragny, France) with 5 µm spherical particles as previously de-
scribed (30,31). The mobile phase was acetonitrile/water (80:20
vol/vol), and the flow rate was 2.0 mL/min. The absorbance was
monitored at 210 nm. Peaks were identified by comparing re-
tention times with authentic standards.

GC. The FA composition of total lipids, PL classes, and pu-
rified LBPA was determined by GC after transmethylation
using 5% H2SO4 in methanol (100°C, 90 min). FAME were an-
alyzed with a Hewlett-Packard 5590 gas chromatograph. The
capillary column was an SP2380 (0.32 mm, 30 m; Supelco,
Bellefonte, PA). The temperature was programmed from 145
to 225°C at 1.2°C/min. Helium was used as a carrier gas.
FAME were identified by comparison with the relative reten-
tion times of known standards. The percentage and mass of
each FA were calculated using an internal standard (pentade-
canoic acid methyl ester) as described previously (18,30).

Immunofluorescence. All manipulations were performed at
room temperature. Cells were first washed with PBS and then
were fixed with 3% paraformaldehyde in PBS for 20 min,
quenched with 0.1 M NH4Cl and then blocked with 0.2%
gelatin in PBS. Cells were then permeabilized by treatment
with 50 µg/mL digitonin for 5 min followed by incubation with
the first monoclonal antibodies. After 30 min of incubation
with Alexa Fluor 488 conjugated anti-mouse IgG, cells were
washed with PBS and further incubated with Alexa Fluor 546
conjugated anti-LBPA monoclonal antibody. The specimens
were mounted with Mowiol and examined under a Zeiss LSM
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510 confocal microscope equipped with C-Apochromat 63XW
Korr (1.2 n.a.) objective.

Data analysis. Data are expressed as mean ± SD. Statisti-
cally significant difference was tested using Student’s t-test for
paired samples.

RESULTS

LBPA in THP-1 cells. In the present study, we characterized
LBPA in the cultured macrophage cell line THP-1. LBPA was
purified from THP-1 total lipid extracts, using a first separation
from total lipids by TLC, and a further separation by HPLC as
described previously (18). The proportion of LBPA compared
with other PL was determined on the basis of FA content in the
different PL classes. Expressing the results as a percentage of
total PL, based on the FA amount in each PL class, LBPA rep-
resents 1.4 ± 0.7% (mean ± SD) of the total PL, phosphatidyl-
choline (PtdCho) 51.7 ± 3.5%, phosphatidylethanolamine (Ptd

Etn) 23.8 ± 7.0%, sphingomyelin 6.0 ± 1.3%, and phospha-
tidylinositol/phosphatidylserine 16.3 ± 2.3%. The low propor-
tion of LBPA was also found in THP-1 cells before differentia-
tion into macrophages (data not shown).

The intracellular distribution of LBPA was then measured
using a specific monoclonal antibody (7). In Figure 1, THP-1
macrophages were doubly labeled with anti-LBPA and anti-
CD63 monoclonal antibodies, anti-LBPA and anti-Lamp 1
monoclonal antibodies, or anti-LBPA and anti-EEA1 mono-
clonal antibodies, as described in the Materials and Methods
section. CD63 is a member of the four-time membrane-span-
ning proteins (tetraspanins) and is enriched in the internal
membranes of multivesicular late endosomes (32,33). Lamp-1
is localized in the limiting membranes of late endosomes
(7,34). LBPA was not co-localized with the early endosome
marker, EEA1 (35). Co-localization of LBPA with late endo-
some markers indicates that, similar to other cell types (7,36),
LBPA is enriched in late endosomes in THP-1 macrophages.
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FIG. 1. Intracellular distribution of lysobisphosphatidic acid (LBPA) in THP-1 macrophages ex-
amined by immunofluorescence. THP-1 cells were grown for 3 d in the presence of 100 nM
phorbol myristate acetate (PMA). Cells were then fixed and permeabilized as described in the
Materials and Methods section. Cells were then doubly labeled with anti-LBPA antibody and
various endosome markers as indicated. Bar, 10 µm.

TABLE 1 
FA Composition (%mol)of THP-1 Macrophages Unsupplemented and  Supplemented with 5 µM Arachidonic Acid (AA) or DHAa

PtdCho PtdEtn LBPA

Supplemented Supplemented Supplemented

FA Control 5 µM DHA 5 µM AA Control 5 µM DHA 5 µM AA Control 5 µM DHA 5 µM AA

16:0 35.6 ± 0.3 40.3 ± 3.6 43.2 ± 1.9* 14.6 ± 1.1 17.9 ± 1.5 25.7 ± 0.4** 23.1 ± 2.4 22.8 ± 2.15 28.6 ± 3.9

16:1 12.7 ± 3.3 10.4 ± 1.9 6.3 ± 0.6* 9.6 ± 1.4 7.5 ± 1.2 2.5 ± 0.3* 6.4 ± 1.2 8.7 ± 0.7 4.4 ± 1.3

18:0 4.5 ± 1.7 4.4 ± 0.8 5.0 ± 0.4 11.4 ± 4.6 13.2 ± 2.2 17.1 ± 2.3 24.1 ± 12.1 9.6 ± 2.1 16.4 ± 4.3

18:1 37.6 ± 2.5 32.8 ± 5.7 28.2 ± 0.9* 27.5 ± 0.7 25.2 ± 1.4 18.1 ± 0.4** 26.5 ± 6.8 17.5 ± 1.8 15.6 ± 6.0

18:2n-6 1.6 ± 0.2 1.6 ± 1.4 3.7 ± 3.1** 3.0 ± 0.9 3.6 ± 1.8 4.8 ± 2.1 4.7 ± 2.7 3.2 ± 1.1 4.1 ± 2.3

20:4n-6 1.5 ± 0.3 1.5 ± 0.4 5.1 ± 0.1** 9.7 ± 2.7 8.7 ± 1.0 18.7 ± 0.3* 7.2 ± 0.5 1.0 ± 1.3** 4.3 ± 3.1

20:5n-3 Trace Trace 1.1 ± 0.2 2.1 ± 0.9 4.4 ± 1.5 4.0 ± 0.3 Trace Trace Trace

22:5n-3 Trace Trace Trace 1.2 ± 1.7 1.2 ± 0.2 1.6 ± 0.2 Trace Trace Trace

22:6n-3 0.8 ± 0.0 2.4 ± 1.4* 1.1 ± 0.2 5.2 ± 0.6 14.8 ± 1.7** 3.6 ± 0.1 6.6 ± 1.6 29.3 ± 2.1** 9.5 ± 2.3

Saturated 44.4 ± 1.4 49.4 ± 3.0 52.3 ± 2.8* 30.3 ± 3.6 32.4 ± 2.0 43.2 ± 3.3 47.2 ± 9.7 39.6 ± 5.4 54.9 ± 5.3
MUFA 50.8 ± 15 43.5 ± 7.1 34.7 ± 1.4 42.6 ± 5.2 33.1 ± 1.6 20.7 ± 0.1* 32.8 ± 5.6 24.8 ± 3.3 21.5 ± 5.8
PUFA (n-6) 3.6 ± 0.5 3.5 ± 2.1 10.7 ± 3.5* 16.4 ± 3.8 14.0 ± 2.1 26.9 ± 3.2* 13.4 ± 2.5 4.2 ± 2.2** 10.4 ± 2.1

PUFA (n-3) 1.1 ± 0.4 3.7 ± 2.0 2.5 ± 0.3** 9.8 ± 0.8 20.5 ± 2.5* 9.3 ± 0.0 6.6 ± 1.6 31.4 ± 2.6** 12.1 ± 3.6
aTotal lipids were obtained from THP-1 macrophages [3 d of differentiation with 100 mM of phorbol myristate acetate (PMA)] without (control cells) or with
5 µM of FA. Phospholipids (PL) were separated by TLC and analyzed as described in the Materials and Methods section. The FA composition is expressed as
mol% of total FA, and represents means ± SD from three separate experiments. PtdEtn, phosphatidylethanolamine; PtdCho, phosphatidylcholine; LBPA,
lysobisphosphatidic acid; MUFA, monounsaturated FA. Trace means <1% of total FA. Significant differences with respect to the values of unsupplemented
cells were determined using Student’s t-test and are indicated with asterisks. *P < 0.05; **P < 0.01.



LBPA is enriched with DHA in THP-1 cells.  Table 1 shows
the FA composition of LBPA and two major PL classes, Ptd-
Cho and PtdEtn, in THP-1 macrophages. The FA composition
of PtdCho and PtdEtn obtained in this experiment is close to
that reported by others (37). PtdEtn contains a high level of mo-
nounsaturated FA (MUFA) and is enriched with PUFA com-
pared with PtdCho, which is mainly constituted of saturated FA
and MUFA. The major FA in LBPA were saturated FA and
MUFA, especially 18:1, which represents 26% of the total FA.
However, the PUFA content in LBPA was relatively high. n-3
and n-6 PUFA together account for 20% of the total FA in
LBPA, whereas this proportion was 26% in PtdEtn and less
than 5% in PtdCho. The main PUFA of LBPA were AA (20:4n-
6) and DHA (22:6n-3), which were found in similar propor-
tions. It is noteworthy that DHA accounts for 33% of the total
PUFA in LBPA. This percentage is higher than those in PtdEtn
and PtdCho (20 and 17%, respectively) whereas AA represents
around 35% of the total PUFA regardless of the PL class.
Moreover, DHA was the only n-3 PUFA representative in
LBPA. In contrast, PtdEtn contained both EPA (20:5n-3) and
docosapentaenoic acid (22:5n-3) in addition to DHA. We have
also analyzed PL from undifferentiated THP-1 cells (data not
shown) and found similar FA compositions, indicating that
PMA treatment and the differentiation of monocytes into

macrophages had no significant effect on cellular FA composi-
tion.

DHA is selectively incorporated into LBPA in THP-1 cells.
We then asked whether exogenously added FA alter FA com-
position of LBPA, PtdCho, and PtdEtn. As shown in Table 1,
after DHA supplementation, the proportion of this FA was sig-
nificantly increased in the three PL compared with their respec-
tive controls. Interestingly, the highest increase of DHA was
found in LBPA with a 4.5-fold increase vs. a 3- and 2.8-fold
increase, respectively, in PtdCho and PtdEtn. This increase of
DHA in LBPA was compensated for by a significant decrease
in the proportion of AA and a less marked decrease of stearic
acid (18:0) and OA. In contrast, incorporation of DHA did not
significantly decrease the percentage of AA in PtdCho and Pt-
dEtn. In supplemented cells, DHA accounted for more than
90% of the total n-3 PUFA in LBPA as compared with 70% in
PtdEtn. Determination of the FA amounts revealed that the cel-
lular LBPA content was not affected by incubation with DHA
(0.26 ± 0.12 vs. 0.27 ± 0.12 nmol/106 cells, in control and sup-
plemented cells, respectively). After AA supplementation, the
proportion of AA was significantly increased in PtdCho and
PtdEtn, and levels of linoleic acid were also increased, with a
compensatory decrease in MUFA. In contrast, no increase of
AA and its retroconversion products was observed in LBPA.
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TABLE 2
Percent Distributiona of Radioactivity in Lipids from THP-1 Macrophages Labeled for 24 h
with [3H]AA, [3H]OA, [14C]DHA, or[14C]EPA

Percentage of total radioactivity in PL

Radioactive FA ChoGpl EtnGpl PtdIns/PtdSer/CerPCho LBPA

DHA 19.5 ± 4.2 66.3 ± 4.1 6.5 ± 3.0 6.4 ± 1.1

AA 19.0 ± 2.7 69.4 ± 7.5 13.6 ± 0.8 0.8 ± 0.3

EPA 16.1 ± 2.7 72.7 ± 8.5 9.7 ± 2.2 1.6 ± 0.4

OA 63.8 ± 0.1 21.8 ± 0.1 4.2 ± 0.3 7.5 ± 0.1

DHA/AA 1.0 1.0 0.5 8.0
aValues refer to averages ± SD of three different experiments. Total lipids were obtained from THP-1
cells differentiated 2 d with 100 nM of PMA and the last 24 h, with 100 nM PMA plus 0.5 µCi/mL of
radioactive FA. PL classes were separated by TLC and analyzed as described in the Materials and
Methods section. OA, oleic acid; ChoGpl, cholineglycerophospholipids; EtnGpl, ethanolamineglyc-
erophospholipids; PtdIns, phosphatidylinositol; PtdSer, phosphatidylserine; CerPCho, sphingomyelin;
for other abbreviations see Table 1.

TABLE 3
Percent Distributiona of [14C]DHA, or[3H]DHA in PL from THP-1Macrophages
Coincubated with 5 µM AA

Percentage of total radioactivity in PL

FA ChoGpl EtnGpl PtdIns/PtdSer/CerPCho LBPA

[14C]DHA 5 µM 23.6 ± 4.2 64.5 ± 4.7 4.7 ± 0.7 7.2 ± 0.6

+ AA 5 µM 24.0 ± 2.7 63.7 ± 3.1 4.2 ± 0.2 8.0 ± 0.1

[3H]DHA 10 nM 22.3 ± 0.7 61.9 ± 0.8 7.0 ± 0.3 8.8 ± 0.8

+ AA 5 µM 25.0 ± 1.6 58.8 ± 1.5* 6.9 ± 0.3 9.3 ± 0.7
aValues refer to averages ± SD of triplicates. Total lipids were obtained from THP-1 cells differenti-
ated 2 d with 100 nM of PMA and the last 24 h, with 100 nM PMA plus 5 µM [14C]DHA or 10 nM
[3H]DHA in the absence or presence of 5 µM AA. PL were separated by TLC and analyzed as de-
scribed the in Materials and Methods section. For abbreviations see Tables 1 and 2.



Altogether, these results show that DHA is preferentially in-
corporated into LBPA.

The apparent selectivity of LBPA for DHA was further ex-
amined by comparing the incorporation of several radioactive
FA into PL classes. Radiolabeled OA, AA, EPA, and DHA
were incubated with THP-1 macrophages for 24 h, and the dis-
tribution of cellular radioactivity was determined after separa-
tion of the lipid and PL classes by TLC (Table 2). For OA and
DHA, nearly 5% of the incorporated radioactivity was found
associated with LBPA, which represents less than 1% of the
total PL in terms of mass. This is indicative of a high rate of in-
corporation of these FA in LBPA, when compared with AA.
Indeed, DHA was eightfold more efficiently incorporated than
AA into LBPA (Table 2). After incubation with EPA, a precur-
sor of DHA, LBPA was only slightly labeled. EPA was metab-
olized to DHA, with 2% of radioactive EPA being converted to
DHA as shown in total cellular lipids. This proportion in-
creased up to 40% in LBPA (data not shown), indicating that
DHA, which was derived from EPA, was preferentially esteri-
fied into LBPA. These results, together with those presented in
Table 1, show that regardless of the source of DHA (i.e.,
formed either by elongation/desaturation or by direct addition),
DHA was incorporated selectively into LBPA in THP-1 macro-
phages.

We next examined whether the selectivity for DHA still
would be observed if DHA was coincubated with AA. This
condition mimics the in vivo situation where both FA are pre-
sent at comparable levels and could therefore compete for up-
take and incorporation mechanisms. THP-1 macrophages were
incubated with 5 µM [14C]DHA (0.3 µCi/mL) in the absence
or presence of 5 µM AA. Total incorporation of radioactive
DHA was not affected by the presence of exogenous AA (92.8
± 0.06% of initially added radioactivity vs. 92.9 ± 0.21% in the
control experiment). In addition, the distribution of incorpo-
rated radioactivity to total PL was not significantly altered
(85.3 ± 5.1% of cellular radioactivity vs. 87.6 ± 4.4% in the
control). As shown in Table 3, the percentage of DHA incorpo-
rated into LBPA was not modified in the presence of 5 µM AA.
We have also incubated macrophages with 10 nM [3H]DHA
(0.3 µCi/mL) together with a 500 times higher concentration
of AA (5 µM). In this condition, coincubation with AA reduced
the cellular uptake of DHA (83.6 ± 2.5% of initially added ra-

dioactivity vs. 95.2 ± 5.2% in the control, P ≤ 0.05) but not its
distribution in total PL (82.2 ± 1.8% of cellular radioactivity
vs. 85.3 ± 3.7% in controls). Of interest, the percentage of
DHA incorporated into ethanolamineglycerophospholipids (Et-
nGpl) was slightly decreased whereas it was not changed into
LBPA (Table 3). These results indicate the LBPA selectivity
for DHA even when a high level of AA is available for incor-
poration.

DHA is selectively incorporated into LBPA in BHK cells. Se-
lective incorporation of DHA into LBPA has been reported in
several cell types (18,38). The results in pulmonary macrophages
are controversial. Whereas Huterer and Wherrett (38) showed
the efficient incorporation of DHA, Waite and colleagues (17)
reported that LBPA is a reservoir of AA. The FA composition of
LBPA varies among cell types. In BHK cells, more than 90% of
FA in LBPA is OA (18:1) (6). To determine whether selective
incorporation of DHA into LBPA is a common phenomenon, we
measured the incorporation of radioactive FA in BHK cells. Ra-
dioactive DHA and OA were efficiently incorporated into LBPA
whereas, as observed in THP-1 cells, AA was not significantly
incorporated with a DHA/AA ratio of around 8, as shown in
Table 2 for THP-1 cells (Table 4).

DHA turns over similarly in PtdCho, PtdEtn, and LBPA in
THP-1 cells.  The present results, together with previous re-
ports, confirm the selective ability of LBPA to incorporate
DHA and suggest that this selectivity is extended to most cell
types, regardless of their DHA content in LBPA. The reason
for the preferential incorporation of DHA into LBPA is not un-
derstood. It has been suggested that the turnover of certain FA,
such as AA and OA, is high in LBPA of pulmonary alveolar
macrophages (15). Conversely, one might suggest that the
turnover of DHA in LBPA is particularly slow compared with
that in other PL, allowing its accumulation in that pool. This
possibility was examined in THP-1 cells by following the re-
moval of DHA from PL after the cells had been supplemented
with DHA. As shown in Figure 2, after 3 d of supplementation,
the DHA content was increased by 400% in LBPA, 280% in
PtdEtn, and 220% in PtdCho compared with nonsupplemented
control cells. After DHA removal, the DHA content decreased
progressively back to the initial value in all PL. The data show
no significant difference of DHA turnover in LBPA compared
with PtdCho and PtdEtn.
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TABLE 4
Percent Distributiona of Radioactivity in PL from BHK Cells Labeled for 24 h with [3H]AA,
[3H]OA, or [3H]DHA

Percentage of total radioactivity in PL

Radioactive FA ChoGpl EtnGpl PtdIns/PtdSer/CerPCho LBPA

DHA 5.8 ± 0.8 76.1 ± 4.2 13.9 ± 3.6 3.0 ± 0.6

AA 7.0 ± 0.6 70.3 ± 0.9 21.3 ± 0.1 0.4 ± 0.1

OA 38.7 ± 2.6 45.8 ± 3.7 10.7 ± 2.1 4.5 ± 0.5

DHA/AA 0.8 1.1 0.7 7.5
aValues refer to averages ± SD of three different experiments. Total lipids were obtained from baby
hamster kidney (BHK) cells labeled for 24 h with 0.5 µCi/mL of radioactive FA. PL were separated by
TLC and analyzed as described in the Materials and Methods section. For other abbreviations see Ta-
bles 1 and 2.



DISCUSSION

The present study was undertaken to characterize LBPA in
THP-1 macrophages in the context of related investigations on
the putative role of LBPA in cholesterol homeostasis. We first
showed that LBPA is almost exclusively localized in late endo-
somes in THP-1 macrophages, which is important regarding
its involvement in LDL-derived cholesterol transport. Lipid
composition of monocytic THP-1 cells already has been re-
ported, but no data were available for differentiated macro-
phages, in particular for LBPA content and FA composition.
Our data indicate that LBPA represents 1–2% of total PL in
THP-1 macrophages and accumulates in late endosomes. This
proportion is not different from peritoneal macrophages in
which LBPA was also reported to be a minor PL (15). In con-
trast, in pulmonary alveolar macrophages, LBPA constitutes
roughly 15–18% of the total cellular PL (15,16). It has been
postulated that the presence of a large quantity of the precursor
phosphatidylglycerol in lung surfactant could account for such
a high level of LBPA in alveolar macrophages (39). Most other
mammalian cell types, including human fibroblasts (39), poly-
morphonuclear leukocytes (16), BHK cells (6,14), PC12 cells
(40), and rat uterine stromal cells (18) contain low amounts of
LBPA. A striking accumulation of LBPA, however, is found in
tissues from patients suffering from genetic lipidosis such as
Niemann–Pick disease (41) as well as rat organs treated with
drugs that induced lysosomal lipid storage (14,42–44).

The FA composition of LBPA in THP-1 macrophages re-
sembles that of other cell types in terms of the elevated amount
of OA (18:1n-9) and enrichment in PUFA. The proportion of
OA was found to constitute 30–50% of total FA of LBPA in
uterine stromal cells (18) and pulmonary alveolar macrophages
(15–17), reaching more than 80% in BHK cells (6,14). With
respect to PUFA, our data suggest an enrichment in DHA, as
reported for PC12 cells (40) and uterine stromal cells (18). This

is strikingly different from the situation observed in pulmonary
alveolar macrophages. The latter cells contain mostly n-6 FA,
mainly linoleic acid (18:2n-6) and AA, but have only a trace
amount of DHA in their LBPA (15–17). In rat testis, 22:5n-6
accounts for more than 70% of the total FA of LBPA (18). It
thus appears that while PUFA are consistently reported as being
substantial constituents of LBPA, the specific composition of
the PUFA varies depending on the cell type. This supports the
idea that FA composition of LBPA could depend on the cellu-
lar function of this PL, as described for AA-containing LBPA
in rabbit pulmonary macrophages (17).

Our results show that both THP-1 and BHK cells efficiently
incorporated DHA into LBPA by comparison with other FA
such as OA and AA. It should be noticed that although the per-
centage of DHA incorporation was not significantly different
from that of OA in BHK cells, OA represents more than 80%
of the endogenous FA in LBPA of those cells. In contrast to
DHA, incorporation of AA into LBPA was very inefficient in
both THP-1 and BHK cells. Preferential incorporation of DHA
into LBPA has been reported in other cell types. In pulmonary
alveolar macrophages, DHA was more efficiently incorporated
than AA into LBPA despite a much lower endogenous content
of DHA (0.5 vs. 7%) (38). In uterine stromal cells, where AA
makes up about 6% of the total FA in LBPA (18), no labeling
was detected after incubation with radioactive AA, while DHA
was readily incorporated. Our present data further show that
the high incorporation of DHA into LBPA was not affected by
the presence of a high level of AA, which brings out further ev-
idence for selectivity of LBPA toward DHA. One interesting
point is that, whereas AA and DHA were found in similar
amounts in LBPA in THP-1 macrophages, only exogenous
DHA, but not AA, was incorporated in this PL. This suggests
that DHA turnover in LBPA is much more rapid than that of
AA. The specific localization of LBPA in late endosomes may
also be important in this respect. It is possible that in these
acidic compartments, FA metabolism differs from what is typi-
cally described for cellular membrane PL. For example, it is
not known whether all FA can equally reach these compart-
ments or whether classical acyltransferases are efficient. This
is an important difference with EtnGpl that are enriched in both
n-3 and n-6 PUFA and can also incorporate AA at a high rate.
It should be noted that both EtnGpl and LBPA show high affin-
ity for DHA, which raises the question of a potential relation-
ship between these PL. Preliminary data using plasmalogen Et-
nGpl-deficient human skin fibroblasts showed that the DHA
content in LBPA was not changed in these cells compared with
controls, arguing against a role of plasmalogens as a reservoir
of DHA during LBPA remodeling. From our present data, we
can exclude a difference in turnover of DHA in LBPA com-
pared with other PL to explain DHA enrichment and high in-
corporation. It may be alternatively proposed that the selective
incorporation of DHA into LBPA reflects a DHA-specific
transacylase activity (13,45) or is related to the unique cellular
localization of LBPA. Further experiments will be necessary to
elucidate the molecular mechanisms of the preferential incor-
poration of DHA into LBPA.
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FIG. 2. Turnover of DHA in various phospholipids in THP-1 macrophages.
THP-1 cells were grown for 3 d in the presence of 100 nM PMA and 5 µM
DHA (time 0). DHA was then removed and cells were further incubated
for various intervals in normal medium. Lipids were then extracted, and
DHA composition was measured by GC. DHA content without supple-
mentation represents 100%. PtdEtn, phosphatidylethanolamine; PtdCho,
phosphatidylcholine; for other abbreviations see Figure 1.



The physiological relevance of DHA enrichment of LBPA
must also be addressed. LBPA is almost exclusively localized
in membranes of late endosomes that are essential compart-
ments of the endocytic pathway and participate in LDL-derived
cholesterol distribution. The content of DHA in biological
membranes has been shown to influence membrane properties
such as fluidity, fusion, and raft formation (24). Importantly, it
has been reported that membranes enriched with DHA-contain-
ing PL exclude cholesterol (21–23). These properties may be
advantageous for the removal of cholesterol from late endo-
somes. DHA has interesting medical implications since its di-
etary presence has been positively linked to the prevention of
numerous human afflictions including cancer and heart disease
(46–49). However, little is known about the molecular mecha-
nisms of action of DHA. Future study of DHA in LBPA may
shed a revealing light on the biological role of this unique FA.
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