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Abstract Bis(monoacylglycero)phosphate (BMP) assists lyso-
somal function by facilitating interaction of hydrolases and
activator proteins with sphingolipid substrates. Impaired lys-
osomal degradation of the sphingolipid glucosylceramide
(GC) occurs in Gaucher disease due to an inherited defi-
ciency of acid B-glucosidase, with secondary BMP altera-
tions. We investigated the nature of BMP accumulation and
whether its correction reduced the storage burden in a
THP-1 macrophage model of Gaucher disease. Using sucrose
gradients and detergent solubility, 98% of BMP resided in
the detergent-soluble membranes (DSM) rather than in the
detergent-resistant membranes (DRM) where 73% of GC
predominated. There was a 2-fold widespread elevation in
BMP, including the saturated, mono- and polyunsaturated
species. Linoleic acid in the culture media selectively re-
duced BMP from 4.2 nmol/mg to 0.49 nmol/mg (except
18:1/18:2) and prevented up to one third of GC, dihexosyl-
ceramide (DHC), and trihexosylceramide (THC) from ac-
cumulating. The 2-fold reduction in these sphingolipids
occurred only in the DRM and did not reduce 18:1/16:0.
However, once GC had accumulated, linoleic acid could
not reverse it, DHC, or THC, despite effectively reducing
BMP.HE These results imply a causative link for BMP in the
pathobiology of Gaucher disease and demonstrate that
linoleic acid can shield the cell from excessive substrate
accumulation.—Hein, L. K., S. Duplock, and M. Fuller. Selec-
tive reduction of bis(monoacylglycero)phosphate amelio-
rates the storage burden in a THP-1 macrophage model of
Gaucher disease. J. Lipid Res. 2013. 54: 1691-1697.
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Bis(monoacylglycero) phosphate (BMP) belongs to
the group of glycerophospholipids that consist of a glycer-
ol-3-phosphate backbone whose snl and sn2 positions are
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esterified with fatty acids. The stereochemical configura-
tion of BMP differs as each glycerol moiety is esterified
through only the snl position to the phosphate and con-
tains a single fatty acid (1). Evidence suggests that BMP is
synthesized from its structural isomer, phosphatidylglyc-
erol (2). The fatty acid from the sn2 position is removed
with phospholipase A2 to produce lysophosphatidylglyc-
erol, which then undergoes a transacylation reaction on
the sn2 position of the glycerol head group (3, 4). The
subsequent steps, which must remove the fatty acid from
the snl position, rearrange the phosphoryl ester from the
sn3 to the snl position and esterify the sn2 position to pro-
duce the final product, BMP, have not yet been adequately
described. The synthesis of BMP is believed to occur in the
lysosomal network, as BMP is highly enriched in the inter-
nal membranes of lysosomes (5).

The negative charge of BMP, coupled with its proposed
cone-shaped structure, enables it to participate in the or-
ganization of the membranes of the lysosomal network,
contributing to its multivesicular/multilamellar morphol-
ogy (6, 7). These properties of BMP also facilitate lyso-
somal lipid degradation, which takes place on the surface
of the inner membranes of lysosomes. At the acidic pH
of the lysosome, BMP contributes its negative charge to
enhance adherence of the polycationic enzymes and acti-
vator proteins, aiding in lipid hydrolysis (8). Together, the
high BMP and low cholesterol content of the internal lyso-
somal membrane ensures the selective degradation of lipids
destined for lysosomal degradation without affecting the
limiting membrane of the lysosome (9).

Abbreviations:  BMP, bis(monoacylglycero) phosphate; Cer, ceramide;
DHGC, dihexosylceramide; DRM, detergentresistant membrane; DSM,
detergent-soluble membrane; GC, glucosylceramide; MBS, MES-buffered
saline; PC, phosphatidylcholine; PE, phosphatidylethanolamine; PG,
phosphatidylglycerol; PI, phosphatidylinositol; PS, phosphatidylserine;
THC, trihexosylceramide.
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BMP has been shown to be elevated in certain lysosomal
diseases, which arise due to an inherited deficiency of a
hydrolase or protein involved in lysosomal degradation
(10, 11). Although the primary biochemical consequence
is the accumulation of material in the lysosomes of affected
cells due to the alteration of degradation pathways, in the
majority of instances, the diseases are also associated with
expansion of the lysosomal network and a corresponding
increase in BMP (12). More recently, we have shown that
the BMP profile is altered in cultured fibroblasts from
lysosomal storage disorders regardless of the degree of
BMP elevation. With the exception of Fabry disease, an-
other seven disorders showed a loss of polyunsaturated
BMP species relative to monounsaturated species (13).
These changes in BMP composition are likely to alter
the organization of the lysosomal membrane domains and
interfere with lysosomal function. A role for BMP in lyso-
somal diseases is indicative, but the pathological signifi-
cance is not known (14).

Gaucher disease, the most common of the lysosomal dis-
eases, is the result of an inherited deficiency in acid
B-glucosidase, the enzyme responsible for cleaving the
B-glucosidase linkage in glucosylceramide (GC) to give
glucose and ceramide (15). Consequently GC accumulates
in affected cells. Although acid B-glucosidase is ubiquitous,
the enzyme deficiency manifests primarily in the macro-
phage due to the acquisition of exogenously derived lipids
from ingested senescent and apoptotic blood cells (16).
Here we show that BMP accumulates in different mem-
brane microdomains from the primary substrate, GC, in a
Gaucher THP-1 macrophage model and that BMP could
be lowered by manipulating its synthesis with an excessive
amount of linoleic acid added to the culture media. This
enables control over the fatty acids incorporated into BMP,
aimed at preserving the integrity of the lysosomal mem-
brane and facilitating lysosomal function. Furthermore,
reducing BMP with linoleic acid reduced the amount of
GC that accumulated in this model, thereby partially alle-
viating the primary storage burden. This study shows that
it is possible to reduce the cellular consequences of Gau-
cher disease by correcting one aspect of this complex lyso-
somal disease even if the primary biochemical defect
remains.

MATERIALS AND METHODS

Materials

Cell culture media and reagents, linoleic acid, oleic acid, and
essentially fatty acid free BSA were purchased from Sigma (St.
Louis, MO). FBS was purchased from In Vitro Technologies
(Noble Park, Vic, Australia). Lipoprotein-deficient serum was
purchased from Biomedical Technologies Inc. (Stoughton, MA).
Conduritol B epoxide was purchased from Toronto Research
Chemicals Inc. (North York, ON, Canada). The internal standards
ceramide (Cer) 18:1/17:0 {Nheptadecanoyl-D-erythrosphingosine};
BMP 14:0/14:0 {bis(monomyristoylglycero) phosphate (S,R isomer)
(ammonium salt)}; phosphatidylethanolamine (PE) 17:0/17:0
{1,2-diheptadecanoyl-sn-glycero-3-phosphoethanolamine}; phos-
phatidylglycerol (PG) 14:0/14:0 {1,2-dimyristoyl-sn-glycero-3-
phospho-(1"rac-glycerol) (sodium salt)}; and phosphatidylserine
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(PS) 17:0/17:0 {1,2-diheptadecanoyl-srn-glycero-3-phospho-L-serine
(sodium salt)} were purchased from Avanti Polar Lipids (Alabaster,
AL); dihexosylceramide (DHC) 18:1/16:0 (d;) {N-palmitoyl-ds
lactosylceramide}; GC 18:1/16:0 (d;) {N-palmitoyl-dsglucopsycho-
sine}; phosphatidylinositol (PI) 16:0/16:0 {phosphatidylinositol,
dipalmitoyl (NH,' salt)}; and trihexosylceramide (THC) 18:1/17:0
{N-heptadecanoyl ceramide trihexoside} were purchased from
Matreya LLC (Pleasant Gap, PA); and phosphatidylcholine
(PC) 14:0/14:0 {1,2-dimyristoyl-sn-glycero-3-phosphocholine}
was purchased from Sigma (St. Louis, MO). All solvents were
of HPLC grade, except chloroform, which contained 1% etha-
nol and was reagent grade, and were used without further
purification.

Cell culture

THP-1 cells (human monocytic cell line) were differentiated
into macrophages, and the Gaucher disease phenotype was
induced by chemical inhibition of acid B-glucosidase with con-
duritol B epoxide to generate a Gaucher THP-1 macrophage
model as described previously (17). These cells were cultured
for 10 days in RPMI media supplemented with 10% FBS in
the presence of 100 wM linoleic acid during induction of the
Gaucher phenotype. When fatty acids (100 wM linoleic or oleic
acid) were added for 24 h (following induction of the Gaucher
phenotype), 10% FBS, 2% lipoprotein-deficient serum/0.4%
essentially fatty acid free BSA, or serum free medium was used.
Skin fibroblasts from two Gaucher patients (18) were grown to
confluence before the addition of 100 wM linoleic acid for 24 h.
The Women’s and Children’s Hospital Research Ethics Com-
mittee (Adelaide, Australia) approved the use of fibroblasts for
this study. The addition of ethanol (0.1%, v/v) was substituted
for the fatty acid and served as a control. Cells were harvested
and washed twice with PBS before preparing homogenates by
resuspending pellets in 200 pl 0.02 M Tris (pH 7.0) containing
0.5 M NaCl and 0.1% (v/v) nonidet P-40 and then sonicating
for 20 s. Total cell protein was determined by the method of
Lowry et al. (19).

Detergent-resistant membrane and detergent-soluble
membrane isolation

Detergentresistant membrane (DRM) and detergent-soluble
membrane (DSM) were prepared from four T flasks of THP-1
macrophages with and without linoleic acid supplementation, ac-
cording to the method of Lisanti et al. (20). Briefly, cell pellets
were resuspended in 2 ml MES-buffered saline [MBS; 25 mM
MES (pH 6.5) and 0.15 M NaCl] containing 1% (v/v) Triton
X-100 and 1 mM PMSF, and then homogenized with 12 strokes of
a Dounce homogenizer and incubated on ice for 30 min. Follow-
ing incubation, the samples were centrifuged at 425 g for 5 min
at 4°C to remove any cellular debris. A 50 pl aliquot of the super-
natant was removed for total cell protein determination (19).
The supernatant was placed in the bottom of a Beckman (Palo Alto,
CA) centrifuge tube (14 mm x 95 mm), and the sucrose concen-
tration adjusted to 40% (w/v) by the addition of 2 ml of 80%
(w/v) sucrose in MBS containing 1% (v/v) Triton X-100 and
1 mM PMSF. The sample was overlaid with 5 ml of 30% (w/v)
sucrose in MBS (without Triton X-100), followed by 3 ml of 5%
(w/v) sucrose in MBS (without Triton X-100). Samples were cen-
trifuged at 270,500 g for 16-20 h at 4°C using a swing-out rotor.
Twelve fractions (each containing 1 ml) were collected from the
top of the gradient.

Lipid extractions and mass spectrometric quantification

Lipids were extracted from 100 pg of total protein from cell
homogenates according to the method of Folch et al. (21) or



from 750 pl of each DRM and DSM fraction according to the
method of Bligh and Dyer (22) with the inclusion of 400 pmol of
BMP 14:0/14:0, Cer 18:1/17:0,DHC 18:1/16:0 (d5), GC18:1/16:0
(d;), PC 14:0/14:0, PE 17:0/17:0, PG 14:0/14:0, PI 16:0/16:0, PS
17:0/17:0, and THC 18:1/17:0 as internal standards. Dried lipid
extracts were resuspended in 200 pl of CH;OH containing 5 mM
NH,COOH, and lipids were resolved using HPLC (Agilent) by
injecting 20 pl onto a C18 (3 wm, 50 x 2.1 mm) column (Alltech)
ata flow rate of 200 wl/min. The column was equilibrated in 70%
mobile phase A (30% tetrahyrdofuran/20% CH;OH/50% H,O
in 5 mM NH,COOH) and then linearly converted to 100%
mobile phase B (70% tetrahyrdofuran/20% CH3;OH/10% H,O
in 5 mM NH,COOH) over 7 min and maintained there for 3 min.
Reequilibration at 70% mobile phase A was performed for 3 min
prior to the next injection. A Valco 10-port post column valve
diverted column flow to waste for the first 1.6 min. Following
chromatography, individual species of BMP, Cer, DHC, GC, PC,
PE, PG, PI, PS, and THC were quantified using multiple reaction
monitoring on a SCIEX API 4000 triple quadrupole mass spec-
trometer (see supplementary Table I) (13, 23). Concentrations
of each molecular species were calculated by relating the peak
areas of each species to the peak area of the corresponding inter-
nal standard using Analyst 1.4.2 software. To verify the accuracy
of quantification, BMP, GC, and PE quantification was also per-
formed against an eight-point calibration curve (see supplementary
Table II).

RESULTS

BMP and phospholipids in the Gaucher THP-1
macrophage model

Fig. 1 shows that in the Gaucher THP-1 macrophage
model all BMP species were significantly elevated, includ-
ing the fully saturated fatty acid species (e.g., palmitic acid)
as well as some monounsaturated (e.g., oleic acid) and
polyunsaturated species (e.g., docosahexaenoic acid). PG,
PC, PE, PI, and PS species gave similar concentrations
in both the Gaucher THP-1 macrophage model and
the THP-1 macrophages (data not shown). With the ex-
ception of the fully saturated BMP 16:0/16:0, PC 32:0,
PG 32:0, and PS 16:0/16:0, which did not correlate, the
remaining species measured in the membrane micro-
domains correlated (Pearson >0.8) and were therefore
summed. Fig. 2A shows that the summed phospholipids
(including BMP) were found almost exclusively (>91%) in
the DSM (fractions 7 to 12). The fully saturated phospho-
lipid species distributed differently, with 30-60% residing
in the DRM (fractions 3 and 4) (Fig. 2B). THP-1 macro-
phages showed a similar distribution (data not shown).

BMP and other phospholipids with linoleic acid

We hypothesized that by maintaining normal BMP lev-
els (by regulating fatty acid supply for synthesis), the integ-
rity of the lysosomal membrane would be preserved. This
should allow the lysosome to function more efficiently
and prevent the excessive buildup of lipids, even though
the primary metabolic defect remains uncorrected. Lino-
leic acid was included in the THP-1 macrophage culture
media and maintained for the 10 days in culture during
the induction of the Gaucher THP-1 macrophage model

BMP (nmoling)

16:0/16:0

18:1/16:0
18:1/16:1

18:118:0
18:118:1
18:1/118:2
18:1/20:4
18:1722:5
18:1/22:6
20:4/22:6
22:5/22:6
22:6/22:6

Fig. 1. BMP in the Gaucher THP-1 macrophage model. THP-1
macrophages were grown for 10 days, harvested, and then lipids
extracted. Individual BMP species were measured by ESI-MS/MS
and are shown in THP-1 macrophages (open bars) and the Gau-
cher THP-1 macrophage model (solid bars). Results are reported
as nanomoles of each individual BMP species per milligram of
total cell protein and expressed as the mean and standard devia-
tion (n = 3). *Significant at P< 0.05 (Student ttest).

(see Materials and Methods). With the expected excep-
tion of 18:1/18:2, all species of BMP correlated (Pearson
>(0.8) and were summed. Table 1 shows that linoleic acid
supplementation reduced BMP 9-fold and that this reduc-
tion was dose dependent (see supplementary Fig. I). As
well as increased BMP 18:1/18:2 in the Gaucher THP-1
macrophage model, linoleic acid resulted in increases in
some of the PC, PE, PG, and PS species, namely, PC 32:0,
34:2, and 36:2; PE 18:0/18:2 and 18:1/18:2; PG 36:2, 36:3,
and 40:8; and PS 16:0/16:0 and 18:0/18:2. As these spe-
cies correlated (Pearson >0.8) (except PC 32:0), they were
summed and their increased concentrations are reported
in Table 1. The remaining species of PC, PE, PG, PI, and
PS measured also correlated (Pearson >0.8) (except PG 34:2,
which was unaffected by linoleic acid) and were summed,
but unlike the other species, there was a reduction in their
concentration with linoleic acid. Although the phospho-
lipid changes were notable in the DRM, they were more
pronounced in the DSM as this is where the majority of the
phospholipids reside (Table 1). Table 1 also shows that
linoleic acid had the same effect on THP-1 macrophages
as the Gaucher THP-1 macrophage model.

Effect of linoleic acid on GC and secondary
sphingolipids

We next determined whether the reduction in BMP
with linoleic acid had any effect on the primary storage
of GC and secondary sphingolipid accumulation. Apart
from the 18:1/16:0, the individual species of Cer, GC,
DHC, and THC correlated (Pearson >0.8) and were there-
fore summed. Table 1 shows a 2-fold reduction in the
amount of GC, DHC, and THC that accumulated in the
presence of linoleic acid; this reduction occurred only in
the DRM with no change in the DSM. The reduction in GC
with linoleic acid was found to be dose dependent (see
supplementary Fig. I). The 18:1/16:0 species increased

Linoleic acid reduces lipid storage 1693
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Fig. 2. BMP and phospholipid distribution in DRMs and DSMs.
Lipids in each fraction from the DRM and DSM isolation of the
Gaucher THP-1 macrophage model were extracted and measured
by ESI-MS/MS. (A) Individual species of BMP (solid triangles) (ex-
cluding BMP 16:0/16:0), PC (solid squares) (excluding PC 32:0),
PE (open triangles), PG (crosses) (excluding PG 32:0), PI (open
diamonds), and PS (open squares) (excluding PS 16:0/16:0) were
summed in each of the membrane microdomain fractions to give
total amounts. (B) Distribution of the fully saturated species, BMP
16:0/16:0 (solid triangles), PC 32:0 (solid squares), PG 32:0 (crosses),
and PS 16:0/16:0 (open squares). Results are expressed as nano-
moles or picomole of phospholipid per milligram of total protein
loaded onto the gradient prior to fractionation.

with linoleic acid; however, unlike the other species, this
increase was seen in the DSM with no change in the DRM
(Table 1). Although no Cer accumulation was observed in
the Gaucher THP-1 macrophage model, a 3-fold reduc-
tion (excluding 18:1/16:0) was observed with linoleic acid
(Table 1). Unlike GC, DHC, and THC, Cer concentrations
were significantly lower in both the DRM and DSM,
whereas Cer 18:1/16:0 showed no change in the Gaucher
THP-1 macrophage model with linoleic acid.

Fatty acid supplementation post GC accumulation

The question then arose as to whether linoleic acid
could reverse the lipid changes once they were present. In
this instance, we added linoleic acid for 24 h once GC had
already accumulated 6-fold (i.e., following induction of
the Gaucher phenotype). Fig. 3 shows that the results for
BMP were similar as when linoleic acid had been present
continuously; all species of BMP reduced substantially ex-
cept BMP 18:1/18:2, which increased 9-fold, and BMP
20:4/22:6, which remained unchanged. Even with this in-
crease in 18:1/18:2, the total amount of BMP in the Gau-
cher THP-1 macrophage model reduced from 3.6 nmol/
mg to 2.3 nmol/mg, which is similar to the 2.6 nmol/mg
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seen in the control (THP-1 macrophages). However, there
was no reduction in any of the individual species of GC
or in the secondary storage of DHC and THC (data not
shown).

We also supplemented the culture media with a mono-
unsaturated fatty acid (oleic acid) for 24 h, and although a
reduction in BMP 18:1/16:0 was observed, increases in
BMP18:1/18:1,18:1/18:2,18:1/20:4,18:1/22:5,18:1/22:6,
and 20:4/22:6 resulted in an increase in total BMP to 4.6
nmol/mg (Fig. 3). It is worth noting that the fatty acid
supplementation shown in Fig. 3 was performed in the
presence of 10% FBS; however, we observed the same in-
crease in BMP 18:1/18:2 and decreases in the other BMP
species when linoleic acid was added in 2% lipoprotein-
deficient serum/0.4% essentially fatty acid free BSA or se-
rum free media, all of which reduced total BMP 2-fold
(data not shown).

To verify that the effect of linoleic acid was not restricted
to THP-1 macrophages, we supplemented the media of
cultured skin fibroblasts from two Gaucher patients [ previ-
ously shown to accumulate GC (18) ] with linoleic acid for
24 h. Fig. 4 shows that, in cultured skin fibroblasts from
patients with Gaucher disease, the results were similar,
with an increase in BMP 18:1/18:2 and a reduction in the
other species. A 2- to 3-fold reduction in total BMP con-
centration in the Gaucher fibroblasts was observed, which
was similar to the Gaucher THP-1 macrophage model
(2-fold reduction).

DISCUSSION

In our model, we found that the majority of BMP, as
with the other phospholipids measured, resided in the
DSM (>91%), which is consistent with an earlier report
that located BMP in the soluble domains of late endo-
somes (24). The DRM, commonly characterized by the
presence of fully saturated lipids, was where BMP 16:0/16:0
and the other fully saturated phospholipid species resided.
As there were no obvious alterations in the fatty acid spe-
cies, this increase in BMP may not disrupt the actual struc-
ture of the lysosomal membranes, as it has been implied
that the fatty acid composition dictates the structural
integrity of membranes (25). Rather, the increase in BMP
is most likely due to an expansion of the lysosomal mem-
branes as the lysosomes struggle to cope with the increased
GC load. As BMP accumulates primarily in the DSM rather
than in the DRM where GC predominates (23), elevations
in BMP may be refractive to conventional therapies di-
rected at reducing the GC storage burden alone, and we
would therefore predict incomplete reversal of disease un-
less BMP was normalized.

We hypothesized that if the concentration of BMP in
the lysosomal membranes could be maintained, damage
to the lysosomal system would be minimized and that this
in turn would prevent at least some of the accumulation
of primary and secondary sphingolipids. Linoleic acid,
a polyunsaturated fatty acid, when remodeled with the
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Fig. 3. BMP in the Gaucher THP-1 macrophage model with the
addition of oleic and linoleic acid. Gaucher THP-1 macrophages
were grown in 10% FBS in the presence of 100 uM oleic or linoleic
acid for 24 h. Cells were harvested and BMP was analyzed by
ESI-MS/MS. The concentration of individual BMP species is shown
in THP-1 macrophages (open bars), Gaucher THP-1 macrophage
model without (solid bars) or with oleic acid (horizontal stripes) or
linoleic acid (diagonal stripes). Results are reported as nanomoles
of BMP per milligram of total cell protein and expressed as the
mean and standard deviation (n = 3). *Significantly reduced (lino-
leic/oleic acid compared with the Gaucher THP-1 macrophage
model), P < 0.05 (Student #test). **Significantly increased (lino-
leic/oleic acid compared with the Gaucher THP-1 macrophage
model), P< 0.05 (Student #test).

assistance of desaturases and elongases for the synthesis of
BMP (26), successfully reduced BMP in the Gaucher
THP-1 macrophage model. Even with the expected excep-
tion of the 18:1/18:2, the other fatty acid species of BMP
reduced 9-fold, bringing the total BMP concentration to
0.6 nmol/mg, which was actually lower than control THP-1
macrophages. However, with 24 h linoleic acid, total BMP
reduced to 2.3 nmol/mg, which was similar to control
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Fig. 4. BMP in cultured Gaucher skin fibroblasts with linoleic
acid. Cultured fibroblasts were grown to confluence before being
grown in the presence of 100 uM linoleic acid for 24 h. Cells were
harvested and BMP was analyzed by ESI-MS/MS. The concentra-
tion of individual BMP species is shown in cultured skin fibroblasts
from two Gaucher patients (squares and triangles) without (solid
symbols) and with linoleic acid (open symbols). Results are re-
ported as picomoles of each individual BMP species per milligram
of total cell protein.
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cells. This, together with our finding that the degree of
reduction in BMP is dose dependent (see supplementary
Fig. I), suggests that the dose of linoleic acid may be im-
portant. Increases in the other phospholipids were also
seen in response to linoleic acid when the 18:2 fatty acid
was present, although this could not be confirmed for PC
as it was not possible to fragment PC in negative ion mode
to give the 18:2 fatty acid as a fragment ion. We could con-
firm the presence of the 18:2 fatty acid in PG by measuring
the 18:2 as a product ion in negative ion MS/MS (data not
shown). There were also increases in some of the other
phospholipids that contained a 16:0, which may be a
flow-on effect from the excess 18:2, and minor decreases
in others; further work will be required to determine the
specificity of linoleic acid.

The finding that the inclusion of linoleic acid in the cul-
ture media also prevented the accumulation of one third
of GC, DHC, and THC (or three fifths, excluding the
18:1/16:0 species, which increase with linoleic acid) in the
DRM presumably occurs as the membrane remodels.
Membrane remodeling will occur when multivesicular
BMP-rich endolysosomes containing GC, DHC, and THC
(destined for lysosomal degradation) fuse with BMP-en-
riched lysosomes for digestion. The 18:1/16:0 species of
GC increased in response to linoleic acid, most likely ex-
plained by the lack of an enzyme to shorten the 18:0 fatty
acid to a 16:0 derivative. Importantly, supplementing the
culture media of the Gaucher THP-1 macrophage model
with linoleic acid for 24 h had no effect on GC, despite
reducing BMP concentrations (Fig. 3). Similarly, treat-
ment of cultured skin fibroblasts from two Gaucher pa-
tients with linoleic acid induced analogous alterations in
BMP, but the decreases in the other phospholipids were
not as great in the fibroblasts compared with the Gaucher
THP-1 macrophage model (Fig. 4 and data not shown).
This is most likely due to differences in cell type, as Gau-
cher disease is primarily a disease of macrophages (16).

The exact mechanism by which linoleic acid alters the
membranes is not known, but our data are in agreement
with others who have postulated a role for BMP in control-
ling the storage capacity of the lysosomal system (27). One
of the limitations of this study is that a comprehensive
analysis of the effect of linoleic acid on other lipids has not
been determined, and the functional consequences have
not been addressed. Ideally these experiments need to be
performed in an animal model, and future work would
involve dietary supplementation of chow with linoleic acid
to the Gaucher mouse model to assess whether any pathol-
ogy is alleviated (28). To this end, it will be important to
determine the dose and concentration of linoleic acid, as
we have shown that the reduction in BMP and GC is dose
dependent (see supplementary Fig. I). Here we found that
the concentrations of some BMP species appeared over-
compensated with 100 pM linoleic acid in the culture me-
dia, and it is unclear what this equates to when given to
mice in their chow.lll
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