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 Lipids regulate and modify protein function and thus 
various biological processes by two distinct mechanisms. 
Signaling lipids, including free fatty acids, eicosanoids, 
sphingosine-1-phosphate, and lysophosphatidic acid, may 
be released from the sites of their generation in mem-
branes and can subsequently affect receptors located re-
motely throughout tissues and cells [e.g., see ( 1–4 ) for 
reviews]. Structural lipids, which represent the bulk of the 
lipid in the organism, affect membrane-bound enzymes, 
transporters, and receptors in a local fashion by altering 
membrane properties or by specifi c binding to target pro-
teins [reviewed in ( 5–8 )]. 

 A fundamentally accepted general concept of cell biol-
ogy is the compartmentalization of biological processes 
within subcellular structures, termed organelles. Detailed 
information about the location of biochemical reactions is 
crucial for understanding their roles in cellular function 
and dysfunction. By the same token, knowing how different 
signaling and structural lipids affect cellular responses re-
quires knowledge of their subcellular distribution. Tradi-
tional lipid analysis involves organic extraction of whole 

       Abstract   Lipids orchestrate biological processes by acting 
remotely as signaling molecules or locally as membrane 
components that modulate protein function. Detailed in-
sight into lipid function requires knowledge of the subcel-
lular localization of individual lipids. We report an analysis 
of the subcellular lipidome of the mammalian macrophage, 
a cell type that plays key roles in infl ammation, immune re-
sponses, and phagocytosis. Nuclei, mitochondria, endoplas-
mic reticulum (ER), plasmalemma, and cytoplasm were 
isolated from RAW 264.7 macrophages in basal and acti-
vated states. Subsequent lipidomic analyses of major mem-
brane lipid categories identifi ed 229 individual/isobaric 
species, including 163 glycerophospholipids, 48 sphingolip-
ids, 13 sterols, and 5 prenols. Major subcellular compart-
ments exhibited substantially divergent glycerophospholipid 
profi les. Activation of macrophages by the Toll-like recep-
tor 4-specifi c lipopolysaccharide Kdo 2 -lipid A caused signifi -
cant remodeling of the subcellular lipidome. Some changes 
in lipid composition occurred in all compartments (e.g., in-
creases in the levels of ceramides and the cholesterol pre-
cursors desmosterol and lanosterol). Other changes were 
manifest in specifi c organelles. For example, oxidized ste-
rols increased and unsaturated cardiolipins decreased in 
mitochondria, whereas unsaturated ether-linked phosphati-
dylethanolamines decreased in the ER.   We speculate that 
these changes may refl ect mitochondrial oxidative stress 
and the release of arachidonic acid from the ER in response 
to cell activation.  —Andreyev, A. Y., E. Fahy, Z. Guan, S. 
Kelly, X. Li, J. G. McDonald, S. Milne, D. Myers, H. Park, A. 
Ryan, B. M. Thompson, E. Wang, Y. Zhao, H. A. Brown, A. 
Merrill, C. R. H. Raetz, D. W. Russell, S. Subramaniam, and 
E. A. Dennis.  Subcellular organelle lipidomics in TLR-4-
activated macrophages.  J. Lipid Res .  51:  2785–2797   .  
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 Tissue culture 
 Cells were maintained, treated, and fractionated as previously 

described ( 9 ). Briefl y, RAW264.7 cells were maintained between 
passages 4 and 24 at 37°C and 10% CO 2 . The medium was com-
posed of high glucose- and  L -glutamine-containing DMEM sup-
plemented with 10% heat-inactivated fetal calf serum, 100 units/
ml penicillin, and 100  � g/ml streptomycin. For an experiment, 
fi ve T-150 fl asks of cells were plated at a density of 3.6 × 10 7  cells/
fl ask in 24 ml of medium. At 24 h after plating, cells were treated 
with vehicle or 100 ng/ml KLA for another 24 h followed by sub-
cellular fractionation. 

 Subcellular fractionation 
 Cells were harvested by scraping in 35 ml of PBS, pelleted at 

200  g  for 7 min, resuspended in 35 ml of isolation medium (250 
mM sucrose, 10 mM HEPES-Tris, pH 7.4, 1 mM EGTA-Tris), and 
pelleted again to remove salts. For effective homogenization, 
cells were subjected to mild osmotic shock by resuspension in 35 
ml of slightly hypotonic medium (isolation medium containing 
100 mM sucrose) and thereafter pelleted. The supernatant was 
set aside; the cell pellet was carefully transferred to a 7 ml glass 
Dounce homogenizer, 10 ml of the supernatant was added, and 
the mixture homogenized by 40 strokes with a tight-fi tting pestle. 
The resulting slurry was then combined with the remaining su-
pernatant. Any alterations to this protocol resulted in ineffective 
cell lysis and organelle separation and decreased fi nal yield. 

 The homogenate was brought to an isotonic state by the addi-
tion of 3.2 ml of the hypertonic medium (isolation medium con-
taining 1.78 M sucrose) and then supplemented with 2 mM MgCl 2  
to preserve nuclei through subsequent steps. Differential centrifu-
gation parameters were as follows: 200  g  for 10 min to pellet nu-
clei/unbroken cells (crude “nuclear” pellet), 5,000  g  for 10 min to 
pellet mitochondria, and 100,000  g  for 1 h to pellet microsomes 
and plasmalemma fragments. Postnuclear and postmitochondrial 
supernatants were additionally purifi ed by centrifugation at 300  g  
and 5,000  g  for 10 min, respectively, to remove residual nuclei and 
mitochondria. The crude nuclear and mitochondrial pellets were 
additionally washed by resuspension and pelleting in Mg 2+ -
containing and Mg 2+ -free media, respectively. The supernatant 
from the 100,000  g  spin was retained as the cytosolic fraction. 

 The nuclear, mitochondrial, and microsomal pellets were sub-
jected to centrifugation through step gradients of iodixanol in an 
SW-41 rotor. All gradient media were prepared according to the 
manufacturer’s instructions based on the isolation medium 
above; the medium for nuclear preparation was supplemented 
with 5 mM MgCl 2 . 

 To purify nuclei, the crude nuclear pellet was brought to 25% 
iodixanol (fi nal volume = 12 ml), iodixanol gradients were 
formed from the bottom up in three 12 ml tubes (4 ml 10%, 4 ml 
nuclei in 25%, 2.5 ml 30%, 1.5 ml 35%) and centrifuged at 10,000 
 g  for 20 min. Nuclei banded at the 30/35% iodixanol interface. 

 The mitochondrial and microsomal pellets were resuspended 
in isolation medium and brought to 35% iodixanol (fi nal volume = 
6 ml) and fractionated by fl otation for 2 h at 50,000  g  in three 
12 ml tubes each. The iodixanol gradient was formed with 2 ml 
10% iodixanol, 4 ml 17.5% iodixanol, 4 ml 25% iodixanol, and 2 
ml of the respective pellet resuspended in 35% iodixanol. Mito-
chondria banded at the 17.5/25% interface; plasmalemma and 
endoplasmic reticulum (ER) banded at the 10/17.5% and 
17.5/25% interfaces, respectively. A 3rd fraction, originating 
from the microsomal pellet, banded at the most dense 25/35% 
interface, and was termed heavy microsomes ( 9 ). 

 All samples were frozen and stored at  � 80°C. Purity of frac-
tions and composition of contaminants was determined as de-
scribed previously ( 9 ). After completion of lipidomics analyses 

cells or tissues followed by separation and measurement of 
lipid classes and subclasses. When these approaches are 
taken, information regarding the subcellular distribution 
of lipid classes and the molecular identity of individual spe-
cies of lipids is lost. Because the physical properties of indi-
vidual membranes are determined not only by lipid head 
groups (lipid classes) but also by their acyl chain composi-
tion ( 6, 8 ), we sought to overcome these limitations by com-
bining subcellular fractionation approaches we developed 
for the macrophage ( 9 ) with sophisticated mass spectro-
metric analysis of lipid species. In choosing a cell to apply 
these approaches to, we took advantage of the extraordi-
nary biology of the macrophage. This cell type is ubiquitous 
throughout the mammalian kingdom and undergoes 
drastic transformation in response to activation ( 10–13 ). 
The LIPID MAPS Consortium has developed quantitative 
methods for comprehensively evaluating the composition, 
biosynthesis, and function of macrophage lipids ( 14 ) and 
has now applied these methods to subcellular fractions. 

 The classic pathway of macrophage activation is trig-
gered by molecular components of pathogens, e.g., li-
popolysaccharide (LPS), a complex structural lipid found 
in the outer membranes of most gram-negative bacteria 
( 15, 16 ). Macrophages and other immune cell types de-
tect submicromolar amounts of LPS ( 17–20 ) via the bind-
ing of this molecule to Toll-like receptor 4 (TLR-4) ( 15, 
18, 21 ). It stimulates macrophages via its lipid anchor, 
which is termed lipid A. In our studies, we have employed 
Kdo 2 -lipid A (KLA), a homogenous subspecies of LPS 
that is specifi c for the TLR-4 receptor ( 17 ). Binding of 
LPS to TLR-4 and its associated coreceptors activates an 
intracellular signaling cascade that ultimately marshals 
cells of the adaptive immune system to resolve the infec-
tion. This process is accompanied by signifi cant changes 
in the cellular levels of both signaling and structural lip-
ids and in their metabolic pathways (Dennis et al., un-
published observations). 

 In the current study, we isolated the major subcellular 
organelles from resting and KLA-activated macrophages 
and determined the lipid composition of each organelle 
by LC-MS. We found that activation-induced lipid changes 
occurred on both global and subcellular levels and in-
volved multiple lipid classes. 

  EXPERIMENTAL PROCEDURES  

 Materials 
 Immortalized mouse macrophage-like RAW264.7 cells were 

obtained from the ATCC (catalog no. TIB-71). DMEM (catalog 
no. 10-013) and PBS   (catalog no. 21-031-CV) were from Medi-
atech. Fetal calf serum with low endotoxin content was from Hy-
clone (SH30071.03 ANG19242). KLA and lipid standards were 
from Avanti Polar Lipids. Iodixanol (OptiPrep from Axis-Shield) 
was obtained from Sigma-Aldrich. Solvents were chromatogra-
phy-grade and purchased from OmniSolv. All other reagents/
kits were from Sigma-Aldrich. Aqueous solutions were prepared 
using distilled-deionized water (catalog no. 25-055-CV) from Me-
diatech. Isolation media were prepared K + - and Na + -free; pH was 
adjusted by addition of Tris base (TRIZMA). 
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was 1 ′ -[1,2-di-(13Z-docosenoyl)- sn -glycero-3-phospho], 3 ′ -[1-(13Z-
docosenoyl), 2-(9Z-tetradecenoyl)- sn -glycero-3-phospho] sn -glyc-
erol  . The 86:4 standard was 1 ′ -[1,2-di-(15Z-tetracosenoyl)- sn -glyc-
ero-3-phospho], 3 ′ -[1-(15Z-tetracosenoyl), 2-(9Z-tetradecenoyl)- sn -
glycero-3-phospho] sn -glycerol. The exact masses of these standards 
were 1,245.792, 1,307.902, 1,568.152 and 1,652.247 for CL(57:4), 
CL(61:1), CL(80:4), and CL(86:4), respectively. Data were ana-
lyzed as previously described ( 24 ). 

 Sphingolipids.   Sphingolipids were extracted and analyzed ac-
cording to the LIPID MAPS procedure ( 25 ). Briefl y, 0.1 ml of 
sample was mixed with 0.5 ml of methanol and 0.25 ml of chloro-
form with internal standards added (0.5 nmol of each C12-SM, 
C12-Cer, C12-GlcCer, and C12-LacCer). The mixtures were soni-
cated, incubated overnight at 48°C in a heating block, and then 
cooled down. For alkaline extraction, 75  � l of 1 M KOH in metha-
nol was added; samples were sonicated and incubated for 2 h at 
37°C. After centrifugation, to remove insoluble material, superna-
tants were dried down using SpeedVac and neutralized with 3–5  � l 
of glacial acetic acid. Then 1 ml of chloroform and 2 ml of distilled 
deionized water were added; samples were mixed and centrifuged. 
The upper layer was carefully removed, leaving the interface (with 
some water). The bottom layer/interface was dried on a SpeedVac 
and used for LC-MS/MS analysis, which was performed using a 5 cm × 
2.1 mm Supelcosil LC-NH 2  3  � m particle size HPLC col umn 
and the following mobile phase: 98% 97:2:1 CH 3 CN:CH 3 OH:
CH 3 COOH, 2% 64:15:20:1 CH 3 OH:H 2 O:CH 3 (CH 2 ) 3 )OH:CH 3 
COOH containing 5 mM ammonium acetate. 

 Sterol lipids.   Sterols in subcellular samples were extracted 
and analyzed using methods described in McDonald et al. ( 26 ). 
Briefl y, a mixture of deuterated sterols serving as internal stan-
dards was added to samples and extracted using a modifi ed 
Bligh/Dyer procedure. Extracts were dried under nitrogen and 
reconstituted in methanol. Sterols were resolved by HPLC and 
detected by MS using an electrospray source in positive ion mode. 
The HPLC was equipped with a 250 × 2 mm Luna C 18  column (3 
 � M particle size; Phenomenex, Torrance, CA). The A mobile 
phase was 85% methanol and the B mobile phase was methanol 
(both A and B contained 5 mM ammonium acetate). The mass 
spectrometer was operated in multiple reaction monitoring 
(MRM) mode for maximum sensitivity. 

 Prenol lipids.   Prenol lipids were extracted and analyzed us-
ing LIPID MAPS procedures ( 24 ) with modifi cations as outlined 
below. Coenzyme Q (CoQ) 9   and CoQ10 were quantifi ed by LC-
MRM experiments performed using a Shimadzu LC system (com-
prising a solvent degasser, two LC-10A pumps, and a SCL-10A 
system controller) coupled to a 4000 Q-Trap hybrid triple quad-
rupole linear ion-trap mass spectrometer equipped with a Turbo 
V ion source (Applied Biosystems). LC was operated at a fl ow rate 
of 200  � l/min with a linear gradient as follows: 100% of mobile 
phase A was held isocratically for 2 min and then linearly in-
creased to 100% mobile phase B over 14 min and held at 100% B 
for 4 min. Mobile phase A consisted of methanol-acetonitrile-
aqueous 1 mM ammonium acetate (60/20/20, v/v/v). Mobile 
phase B consisted of 100% ethanol containing 1 mM ammonium 
acetate. A Zorbax SB-C8 reversed-phase column (5  � m, 2.1 × 50 
mm) was obtained from Agilent. 

 MRM was performed in the positive ion mode with MS settings 
as follows: CUR = 10 psi, GS1 = 20 psi, GS2 = 30 psi, IS = +5000 V, 
source temperature (TEM) = 350°C, ihe = ON, DP = +100 V, 
entrance potential (EP) = +10 V, and collision cell exit potential 
(CXP) = +5 V. The voltage used for collision-induced dissocia-
tion was +55 V. To quantify CoQ9 and CoQ10 in the subcellular 

(see below), raw data were deconvoluted to determine organellar 
lipid levels as previously described ( 9 ) using proteomic marker 
ensembles derived from quadruplex iTRAQ analysis of fractions. 
Statistical analysis was performed using ANOVA. 

 Lipidomic analyses 
 Glycerophospholipids.   Glycerophospholipids from the major-

ity of subclasses with the exception of cardiolipins (CL; see below) 
were extracted and analyzed as follows. Extraction was performed 
by modifi ed Bligh and Dyer procedure using acidifi ed methanol. 
Briefl y, an equal volume of ice-cold methanolic HCl ( � 0.05 N) 
and ice-cold CHCl 3  was added to each of the fractions. Following 
1 min of vortexing at 4°C, layers were separated by centrifugation 
(18,000  g  for 5 min, 4°C) and the lower (organic) layer was col-
lected. After the extraction and addition of standards, solvent was 
evaporated. The resulting lipid fi lm was dissolved in 100 µl of iso-
propanol (IPA):hexane:100 mM NH 4 COOH (aq)  58:40:2 (mobile 
phase A). The mass spectrometric analysis and quantitation were 
performed essentially as previously described ( 22 ). The LC-MS 
technique was used with the utilization of synthetic odd-carbon 
phospholipid standards (four per each class). A MDS SCIEX 
4000QTRAP hybrid triple quadrupole/linear ion trap mass spec-
trometer (Applied Biosystems, Foster City, CA) was used for the 
analyses, and coupled to it was a Shimadzu HPLC system (Shi-
madzu Scientifi c Instruments, Inc., Columbia, MD) consisting of a 
SCL 10 APV controller, two LC 10 ADVP pumps, and a CTC HTC 
PAL autosampler (Leap Technologies, Carrboro, NC). Phospho-
lipids were separated on a Phenomenex Luna Silica column (Phe-
nomenex, Torrance, CA) (2 × 250 mm, 5 µm particle size) using 
a 20 µl sample injection. A binary gradient consisting of 
IPA:hexane:100 mM NH 4 COOH (aq)  58:40:2 (mobile phase A) and 
IPA:hexane:100 mM NH 4 COOH (aq)  50:40:10 (mobile phase B) 
was used for the separation. The parameters of the mass spectrom-
eter instrument and solvent gradient were as described in ( 22 ). 
Glycerophospholipid identifi cation was achieved by comparison 
of fragmentation spectra of the samples to those of chemically de-
fi ned phospholipid standards and literature, as described in ( 23 ). 

 CLs were quantifi ed using normal phase LC coupled to a 
QSTAR XL quadrupole time-of-fl ight tandem mass spectrometer 
(Applied Biosystems) equipped with an electrospray source. Nor-
mal phase LC using an Ascentis Si HPLC column (5  � m, 25 cm × 
2.1 mm) was performed on an Agilent 1200 Quaternary LC system. 
Mobile phase A consisted of chloroform-methanol-aqueous am-
monium hydroxide (800:195:5, v/v/v). Mobile phase B consisted 
of chloroform-methanol-water-aqueous ammonium hydroxide 
(600:340:50:5, v/v/v/v). Mobile phase C consisted of chloroform-
methanol-water-aqueous ammonium hydroxide (450:450:95:5, 
v/v/v/v). The elution program consisted of a linear gradient be-
gun at 100% mobile phase A to 100% mobile phase B over 14 min 
and held at 100% B for 11 min, followed by a 5 min linear gradient 
to 100% mobile phase C and held for 2 min. A 5 min gradient back 
to 100% B was then held for 2 min and returned to 100% A over 
5 min and held for an additional 8 min. The LC fl ow rate was 
300  � l/min. A postcolumn splitter diverted  � 10% of the LC 
fl ow to the ESI source of the Q-Star XL mass spectrometer, with 
MS settings as follows: ion source (IS) =  � 4,200   V, curtain gas 
(CUR) = 20 psi, source gas 1 (GS1) = 20 psi, declustering potential 
(DP) =  � 55 V, and focusing potential (FP) =  � 265 V. 

 Four synthetic CL standards, CL(57:4), CL(61:1), CL(80:4) and 
CL(86:4) (from Avanti), were used as internal references. The 
CL(57:4) standard was 1 ′ -[1,2-di-(9Z-tetradecenoyl)- sn -glycero-3-
phospho], 3 ′ -[1-(9Z-tetradecenoyl), 2-(10Z-pentadecenoyl)- sn -glyc-
ero-3-phospho] sn -glycerol. The 61:1 standard was 1 ′ -[1,2-dipenta-
decanoyl- sn -glycero-3-phospho], 3 ′ -[1-(pentadecanoyl), 2-(9Z-
hexadecenoyl)- sn -glycero-3-phospho] sn -glycerol. The 80:4 standard 
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 Lipid composition of subcellular compartments 
 A summary of the number of lipid species analyzed in 

the lipidomics analysis of the six major subcellular frac-
tions and the whole cell homogenate is presented in   Table 
1   (complete quantitative data on each lipid species are 
available in supplementary Table I).  

 Lipid abundances for subcellular organelles/compart-
ments were derived from the analyses of subcellular frac-
tions using a deconvolution procedure ( 9 ). These data 
show an overall similarity for the subcellular distribution 
of different lipid species (maximal abundance in the plas-
malemma and decreasing in the order ER > mitochondria 
> nuclei > dense microsomes >> cytoplasm) (  Fig. 1  ).  Lipid 
profi les (i.e., the relative abundance of various lipid spe-
cies) are also similar among fractions and in general re-
semble the lipid profi les of the whole cell; however, 
detailed analyses reveal differences in both the subcellular 
distribution of individual lipids and classes and lipid pro-
fi les of organelles. For example, as expected, the subcel-
lular localization of the ubiquinones was almost exclusively 
mitochondrial (  Fig. 2A  ).  Similarly, dolichols were remark-
ably absent from the plasma membrane and maximal in 
the ER ( Fig. 2B ). Phosphatidylglycerols and ether-linked 
phospholipids were present in all membranes but were 
relatively more abundant than other glycerophospholipid 
classes in mitochondria and ER, respectively ( Fig. 2C, D ). 

 Distribution differences at the level of individual lipids 
were more subtle but could be observed by examining 
glycerophospholipid profi les of individual organelles (  Fig. 
3  ).  For example, the two most abundant phospholipid spe-
cies in mitochondria were phosphatidylcholines PC(36:2) 
and PC(36:1), whereas in ER they were phosphatidyleth-
anolamines PE(36:2) and ether-linked (plasmalogen) 
PE(P-38:4) and in plasma membrane they were phosphati-
dylserine (36:1) and PC(36:1). The complete subcellular 
lipidome data are available for more detailed analysis as 
lipid abundance maps (supplementary Figs. I–XII). 

 Factor-deconvolution of subcellular lipidome 
 The most important issue in the analysis of the subcellu-

lar lipidome is the spatial specifi city of lipid distribution. 
Specifi c localization of particular lipid classes, subclasses, or 
individual lipids results from, and therefore contains infor-
mation about, localization of their biosynthetic machinery 
and/or specifi city of intracellular lipid transport systems ( 5, 
27 ). However, in the absolute lipid abundance data (e.g., 

fractions of RAW 264.7 cells, a known quantity of CoQ6 (Sigma) 
was added as an internal reference. The MRM pairs for CoQ6, 
CoQ9, and CoQ10 are 608/197, 812/197, and 880/197, respec-
tively. In these MRM pairs, the precursor ions are the [M+NH 4 ] +  
ions, and the  m/z  197 is the major fragment ion corresponding to 
a proton adduct of the quinone ring of CoQ. 

 The MRM of dolichols was performed in the negative ion 
mode with MS settings as follows: CUR = 20 psi, GS1 = 20 psi, 
GS2 = 30 psi, IS =  � 4500 V, TEM = 350°C, ihe = ON, DP =  � 40 V, 
EP =  � 10 V, and CXP =  � 5 V. The voltage used for collision- 
induced dissociation was  � 40 V. The MRM pairs for dolichol-18, 
dolichol-19, and dolichol-20 were 1304.2/59, 1372.2/59, and 
1440.2/59, respectively. The MRM pairs for internal references 
nor-dolichol-18, nor-dolichol-19, and nor-dolichol-20 (Avanti) 
were 1290.2/59, 1358.2/59, and 1426.2/59, respectively. In these 
MRM pairs, the precursor ions were the [M + acetate]  �   adduct 
ions, and the product ions were the acetate ions ( m/z  59). 

 Databases and bioinformatics tools 
 Results of lipidomic analyses, as well as the respective search 

tools, are available online at the website of the LIPID MAPS/Na-
ture Lipidomics Gateway (http://www.lipidmaps.org/resources/
resources.html). 

  RESULTS  

 Lipidomic analyses were focused on the four major 
categories of mammalian lipids that were most likely to 
underlie lipid effects on protein function (i.e., glycero-
phospholipids, sphingolipids, sterols, and prenols). For 
our initial studies, we choose to not include the two 
lipid categories that contain relatively hydrophilic and 
extremely hydrophobic lipids (i.e., fatty acyls and glyc-
erolipids, respectively). Relatively hydrophilic lipids 
such as eicosanoids, sphingoid bases, and their phos-
phates and fatty acids were excluded from analysis, be-
cause these lipids are expected to be very easily released 
from membranes of origin and are thus likely to redis-
tribute during extensive subcellular fractionation. Ad-
ditionally, these lipids typically function remotely as 
signaling molecules through receptor-mediated modes 
of action that are distinct from a local effect of mem-
brane composition, and, thus, have no permanent in 
situ localization. Conversely, highly hydrophobic neu-
tral lipids are mainly confi ned within specialized or-
ganelles, such as lipid droplets, and have little direct 
effect on membrane properties of the major organelles 
studied. 

 TABLE 1. Overview of the subcellular lipidome 

Lipid Categories

Nuclei Mitochondria ER Plasmalemma Dense Microsomes Cytosol Whole Cell

Control KLA Control KLA Control KLA Control KLA Control KLA Control KLA Control KLA

Glycerophospholipids 149 145 152 159 150 157 151 145 142 136 109 111 155 153
Prenol lipids 5 5 5 5 5 5 5 5 5 5 5 5 5 5
Sphingolipids 48 48 47 47 48 47 48 45 48 47 47 46 48 48
Sterol lipids 13 12 12 12 12 12 13 12 11 9 5 9 12 11
Total 215 210 216 223 215 221 217 207 206 197 166 171 220 217

Each box shows the number of lipid molecular species that were detected and quantifi ed in the specifi ed subcellular fraction in the control or 
activated (KLA) states.
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  Fig.   2.  Subcellular distribution of lipids with specifi c localization. A: Total CoQ. B: Total dolichol. C: Total phosphatidylglycerol (PG). D: 
Total ether-linked phospholipids. Nuc, nuclei; Mito, mitochondria; PM, plasmalemma; D.Mic, dense microsomes; Cyto, cytoplasm. Data 
shown are sums of data for molecular species, mean ± SE, n = 3.   

 Fig. 3 ), this information is obscured by at least two other 
factors, specifi cally, organellar and species factors. 

 Indeed, an absolute amount of total lipid in an or-
ganelle is a function not only of various aspects of lipid 
metabolism but, in general, of the relative amount of 
membrane in the organelle, which we term “organellar 
factor”. If the amount of organellar protein is used as the 
measure of the organelle quantity, and, thus, total lipid 
content of the organelle is expressed as the lipid-to- 
protein ratio, then among membranous compartments, 
this ratio will be highest in the plasmalemma and lowest in 
mitochondria (the two most protein-poor and protein-rich 
organelles, respectively). It is reasonable to assume that 
these differences in the lipid-to-protein ratio are deter-
mined primarily by the protein rather than the lipid com-
ponent of the organelle. In agreement with this assumption, 
all major lipid classes (and many of the phospholipid sub-
classes) show similar subcellular distributions that mirror 
total lipid distribution ( Fig. 1 ). Therefore, we wished to 

eliminate this protein-driven organellar factor from the 
lipidomics analyses. The subcellular distribution of the to-
tal lipid, adjusted to exclude the organellar factor, must 
be a uniform distribution between organelles showing no 
difference between protein-rich (e.g., mitochondria) and 
protein-poor (e.g., plasmalemma) membranous compart-
ments. Note, however, that some lipid subclasses show sub-
cellular distributions markedly deviating from the general 
pattern ( Fig. 2 ), and, therefore, elimination of the organ-
ellar factor will emphasize these specifi c deviations. 

 Similarly, the total amount of a particular lipid in an organ-
elle is a function of such parameters as substrate availability 
and enzyme specifi cities that are independent of their local-
ization. As an extreme example, the biosynthesis of polyun-
saturated fatty acids (and corresponding phospholipids) is 
strictly dependent on the availability of essential fatty acids. 
These parameters are refl ected in the total amount of the 
particular lipid in the whole cell (“species factor”) that may 
be expressed as a mole fraction of this lipid in the total lipid 

  Fig.   1.  Organelle lipid distribution profi le (organellar factor). A: Total lipid. B–D: Total glycerophospholipids, sterol lipids, and sphingo-
lipids, respectively. E–H: Total PC, PE, phosphatidic acid (PA), and phosphatidylinositol (PI), respectively (inserts: representative species). 
Data shown are sums of data for molecular species, mean ± SE, n = 3.   
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most importantly, a coeffi cient of the spatial specifi city 
(distribution)  �  (Eq. 1). More precisely, for each lipid  k  
and organelle  i : 

   L org   i,k   =  �   i,k   *  �   i   *  �   k  ,  ( Eq. 1 ), 

 where L org   i,k   is abundance (pmol/mg protein) of lipid  k  
in organelle  i ,  �   i   is total lipid content in organelle  i ,  organel-
lar factor (pmol/mg protein),  �   k   is relative lipid abundance, 

content of the cell. This factor is a bona fi de target for lipi-
domic analysis of total cell, but it may be benefi cial to elimi-
nate it from the subcellular lipidomic analyses, because it is 
determined by factors that are localization independent. 

 To remove contributions of the organellar and spe-
cies factors from the lipidomic data, we propose the fol-
lowing procedure. The total abundance of a particular 
lipid in an organelle may be presented as a product of 
the organellar factor ( � ), the species factor ( � ), and, 

  Fig.   3.  Glycerophospholipidome of RAW264.7 macrophages is organelle specifi c. Each box represents an isobaric group; the values are 
expressed in pmol lipid/mg protein. Geographic map-like color-coding shows the abundance of a given lipid relative to the most abundant 
lipid species in the organelle; bold font denotes statistical signifi cance. Acyl chains are abbreviated by the numbers of carbon atoms and 
double bonds per molecule. PA, phosphatidic acid; PG, phosphatidylglycerol; PI, phosphatidylinositol; PC(P-) and PE(P-), plasmenyl/
plasmanyl analogs of PC and PE, respectively. *For simplicity, isobaric plasmenyl/plasmanyl species that differ by one double bond in their 
acyl chains are placed in a single box with the assumption of their plasmenyl nature [except the analyte with acyl chain composition (32:0), 
which is unequivocally plasmanyl PE (O-32:0)].   

  Fig.   4.  Specifi city of localization of prenol lipids. Heat map of coeffi cient of spatial specifi city  � . The num-
bers show fold-difference between actual lipid species abundance and its predicted value from the whole cell 
level of the lipid species (species factor) and the amount of total lipid in organelle (organellar factor). Nuc, 
nuclei; Mito, mitochondria; PM, plasmalemma; D.Mic, dense microsomes; Cyto, cytoplasm.   
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 Therefore, the only unknown in Eq. 1 remains the fac-
tor of interest, the coeffi cient of spatial specifi city  � , and 
this factor can be calculated. For this, Eq. 1 is converted to 
Eq. 4 after substitutions (Eq. 2 and Eq. 3). 

 For each lipid  k : 

   �   i,k   = L org   i,k   /(   �  
k
     L org   i,k  , * (L cell   k   /    �  

k
      L cell   k  ))  ( Eq. 4 ) 

 The coeffi cient of spatial specifi city  �   i,k   shows fold-differ-
ence between actual abundance of an analyte in an organ-
elle and its predicted value from the whole cell level of the 
analyte (species factor) and the amount of total lipid in 

species factor (mole fraction), and  �   i,k   is a coeffi cient of 
spatial specifi city (specifi c lipid localization). 

 The  �   i   and  �   k   factors are easily determined from the com-
prehensive lipidome data (supplementary Figs. I–XII) using 
Eq. 2 and 3. For each organelle  i ,  �   i   is derived by summing up 
all lipid abundances in the organelle (Eq. 2). For each lipid 
 k ,  �   k   is derived by calculating mole fraction of the lipid in the 
whole cell (Eq. 3). 

    �   i   =   �  
k      L org   i,k  ,  ( Eq. 2 ) 

    �   k   = L cell   k   /    �  
k
     L cell   k    ( Eq. 3 ) 

  Fig.   5.  Global lipidome changes. A: Ceramide heat map showing fold-increase in response to KLA. Changes are color coded; numbers indi-
cate statistically signifi cant fold-changes. Cer, ceramide, DH, dihydro-, Hex, hexosyl (glucosyl or galactosyl). INCR., increase from zero; DECR., 
decrease to zero. Acyl groups are abbreviated by the numbers of carbon atoms and double bonds per molecule. B: Increase in total ceramide 
(sum of individual species is shown). C: Sterol lipids heat map showing fold-increase in response to KLA. D: Increase in lanosterol. Nuc, nuclei, 
Mito, mitochondria, PM, plasmalemma, D.Mic, dense microsomes, Cyto, cytoplasm. Data (B and D) are mean ± SE, n = 3.   
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strated a more complex response to cell activation ( Fig. 7 ). 
Unsaturated CL species with four or more double bonds 
signifi cantly decreased, whereas less unsaturated species 
tended to increase. Oxidized sterols did not show an un-
equivocal pattern of change; however, the majority of these 
lipids tended to increase in mitochondria (with the excep-
tion of 27-hydroxycholesterol, which decreased through-
out the cell) ( Fig. 8 ). Similarly ether-linked phospholipids 
( Fig. 9 ) showed a complex pattern of change: although 
these lipids increased in all major cellular membranes, 
most of members of this class tended to decrease in the 
ER, with the most pronounced decrease shown by highly 
unsaturated PE (P-38:4/O-38:5). Note that for ether-linked 
phospholipids, unlike other phospholipid subclasses, the 
ER is the main subcellular location ( Fig. 2D and 3 ); thus, 
these decreases may have biological signifi cance. 

  DISCUSSION  

 The present study reports a comprehensive analysis of the 
subcellular lipidome of a mammalian cell, a murine mac-
rophage (RAW264.7). The abundances of the major species 
of membrane lipids were determined in all major cellular or-
ganelles and compartments in both resting and activated 
cells. To fully consider the lipidome remodeling that takes 
place upon macrophage activation, we note that it is insuffi -
cient to consider in isolation the degree of change induced 
by KLA treatment in a given lipid as is done in the heat maps 

the organelle (organelle factor), or, in other words, a de-
viation from the general pattern of lipid distribution in 
the cell.  �   i,k   equal to 1 indicates no deviation from the gen-
eral pattern (lack of specifi city of localization).  �   i,k   > 1 indi-
cates specifi c enrichment in a particular organelle; this is 
typically associated with  �   i,k   < 1 in other organelles. An ex-
ample of this analysis applied to the class of prenol lipids 
is shown in   Fig. 4  .  As is evidenced by  �  > 1, dolichol is spe-
cifi cally localized to the ER but, unexpectedly, the specifi c 
localization is even more pronounced for nuclei. As ex-
pected, CoQ shows highly specifi c mitochondrial locali-
zation. Note that, despite large (order of magnitude) 
differences in absolute abundances of different species of 
CoQ and dolichol (supplementary Fig. II), the specifi city 
of their localization, as expressed by the coeffi cient of spa-
tial specifi city  �  ( Fig. 4 ), is the same. 

 KLA-induced lipidome remodeling 
 Upon the interaction of KLA with TLR-4 receptors, the 

macrophages transition to an activated state that persists 
over the 24-h treatment period. This is evidenced by the 
release of eicosanoids, cytokines (e.g., tumor necrosis 
factor- �  and interleukin-6) ( 17 ), and upregulation of char-
acteristic enzymes (e.g., COX-2 and inducible nitric oxide 
synthase  ; data not shown). In agreement with the dramatic 
transformation of the macrophage, the subcellular lipi-
dome similarly underwent profound remodeling upon acti-
vation, leading to alterations that affected all lipid categories 
studied and a majority of lipid classes/subclasses (supple-
mentary Figs. XIII–XIX, which provide heat maps for the 
fold activation of the various lipid species examined). Some 
changes in lipid content were global, i.e., occurring to a 
similar degree in all (or most) subcellular membranes (e.g., 
  Fig. 5  );  other changes were localized to a specifi c organelle 
(e.g.,   Figs. 6–9  ).  Most changes were universal, i.e., occur-
ring similarly in all structurally similar lipids (typically, lipids 
of the same subclass with similar acyl chains); however, in a 
minority of cases, higher chemical specifi city was suggested. 
Although not all changes reached the level of statistical 
signifi cance (signifi cance is indicated by the presence of 
numbers in the heat maps in  Figs. 5–9  and supplementary 
Figs. XIII–XIX), we considered the trends (indicated by 
color alone on heat maps) as supporting information in es-
tablishing patterns of change. 

 An example of global lipidome changes was the KLA-
induced production of ceramides ( Fig. 5A, B ). This phe-
nomenon was suggested previously ( 28 ) and was observed 
at the whole cell level ( Fig. 5 ); however, mapping of the 
subcellular lipidome demonstrated directly that ceramides 
generated during activation reached all major cellular 
membranes ( Fig. 5A, B ) and, therefore, may exert biologi-
cal effects throughout the entire cell. Unexpectedly, a 
global change pattern was also observed for two choles-
terol precursors, lanosterol and desmosterol ( Fig. 5C, D ). 

 An example of a local but structurally universal lipidome 
change is shown in  Fig. 6 . All detected species of phos-
phatidic acid demonstrated marked increases in the ER, 
whereas the changes were mixed in the other organelles 
and in the whole cell. The mitochondrial lipid CL demon-

  Fig.   6.  ER-specifi c increase in phosphatidic acid (heat map). 
Each box represents an isobaric group. Changes are color-coded; 
numbers indicate statistically signifi cant fold-changes. INCR., in-
crease from zero; DECR., decrease to zero; Nuc, nuclei; Mito, mito-
chondria; PM, plasmalemma; D.Mic, dense microsomes; Cyto, 
cytoplasm. Acyl groups are abbreviated by the numbers of carbon 
atoms and double bonds per molecule.   
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 As is true for any “omics” study, the dynamic lipidome 
that we mapped is no more, but also no less, than a power-
ful hypothesis-building engine. Even a superfi cial analysis 
allows us to propose several testable hypotheses that may 
in the future provide further understanding of various as-
pects of lipid metabolism and macrophage physiology. 

 Mitochondrial oxidative stress 
 Oxidative stress (sometimes referred to as the respi-

ratory burst) is a part of the host defense response 
mounted by macrophages in response to infection and 
infl ammation. A major element of this response is the 
release of reactive oxygen species (ROS) arising from 
the activation of NADPH oxidase, an enzyme of the plas-
malemma ( 29 ). The released ROS assist in the destruc-
tion of the pathogen in part by oxidizing membrane 
lipid components. In macrophage and nonmacrophage 
cell types, mitochondria are also capable of generating 
large quantities of ROS ( 30 ). A prerequisite of mito-
chondrial ROS production is severe respiratory inhibi-
tion ( 31 ), a condition that may also be met in activated 
macrophages. In the experiments reported here, respi-
ration was inhibited by up to 90% (data not shown), 
which suggests that mitochondria may have contributed 
to the total oxidative stress generated by the activated 

( Figs. 5–9  and supplementary Figs. XIII–XIX). This is be-
cause a low abundance lipid is more likely to undergo large 
fold-changes, whereas an abundant lipid is unlikely to un-
dergo a substantial change in amount but is more likely to 
determine the properties of a given membrane. An excep-
tion to this consideration is found in signaling lipids such as 
ceramides, which may act via high affi nity interactions with 
specifi c proteins and thus confer biological effects despite a 
low abundance. Because there is no a priori way to predict 
signaling properties of a lipid, we have found it insightful to 
virtually superimpose two types of maps, the heat map ( Figs. 
5–9  and supplementary Figs. XIII–XIX) and the lipid abun-
dance map (supplementary Figs. I –XII ). 

 The observed changes characterize the activated state 
of macrophages; however, it may be possible that early 
transient changes associated with TLR-4 signaling were 
undetected at the 24 h time point. It should also be 
noted that, although acyl chain composition may be in-
fl uenced by fatty acid availability (in the cell culture me-
dium or in the in vivo extracellular milieu), our data 
indicate that the lipid composition is a function of 
additional organelle-specifi c factors as the fatty acyl pro-
fi les differ between lipid classes/subclasses and sub-
cellular organelles ( Fig. 3  and supplementary Figs. I, III–IX, 
and XI, XII). 

  Fig.   7.  Shift of CL profi le to less unsaturated species. A: Heat map. Each box represents an isobaric group. 
Changes are color-coded; numbers indicate statistically signifi cant fold-changes. INCR., increase from zero. 
Acyl groups are abbreviated by the numbers of carbon atoms and double bonds per molecule. Mito, mito-
chondria. B: Highly unsaturated CLs (four or more double bonds). C: Moderately unsaturated CLs (two or 
three double bonds). Data (B and C) are mean ± SE, n = 3.   
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macrophages. In most cases, whether mitochondrial 
ROS production makes a contribution to the oxidative 
stress is diffi cult to determine; however, analysis of the 
subcellular lipidome provides circumstantial support for 
the potential role of mitochondria. The data of  Fig. 8  
show mitochondria-specifi c 2-fold increases in choles-
tenone and 4 � -hydroxycholesterol and a somewhat 
smaller fold-change in 7-oxocholesterol. These oxidized 
sterols are thought to be products of nonenzymatic 
reactions and as such are a readout of oxidative stress 
in their vicinity. In contrast, the amounts of these oxi-
dized sterols did not change in plasmalemma upon acti-
vation, suggesting little contribution from the NADPH 
oxidase. 

 Changes in CL levels are also consistent with local oxi-
dative stress. The selective loss of more unsaturated spe-
cies ( Fig. 7 ) may be due to oxidation. Polyunsaturated 
fatty acyls are   highly susceptible to oxidation because of 
the presence of vulnerable bis-allylic carbons. It is likely 
that in CLs that have three double bonds per four acyl 
chains (which we defi ne here as “less unsaturated”), few of 

the acyl chains are polyunsaturated; therefore, these CLs 
will be resistant to oxidation. With an increasing number 
of double bonds per molecule, the likelihood of occur-
rence of polyunsaturated fatty acyls increases, leading to 
oxidative stress susceptibility and loss of native CL as was 
observed in the data of  Fig. 7 . 

 Thus, based on the lipidomics analysis, the hypothesis 
of mitochondrial oxidative stress in activated mac-
rophages gains some credibility and additional experi-
ments may be designed to further test it. Two main 
caveats become evident from these considerations. First, 
our initial subcellular lipidome has focused only on ma-
jor lipid classes and lacks, e.g., information about oxi-
dized CLs and other phospholipids. Second, the species 
resolution at the level of isobaric groups does not allow 
direct conclusions about precise fatty acyl composition 
of the lipids. However, more advanced levels of lipidom-
ics analysis that would include both minor and modifi ed 
species [i.e. oxidized phospholipids ( 32 )] and individ-
ual molecular species resolution could enhance the ini-
tial analysis reported herein. 

  Fig.   8.  Location-specifi c oxysterol increases. A: Heat map. Changes are color-coded; numbers indicate statistically signifi cant fold-changes. 
Nuc, nuclei; Mito, mitochondria; PM, plasmalemma; D.Mic, dense microsomes; Cyto, cytoplasm. B–E. Cholestenone (increase in mito-
chondria), 4- � -cholesterol (increase in mitochondria), 7-oxo-cholesterol (increase in ER). Data are mean ± SE, n = 3.   
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 An ER plasmalogen that is a source of arachidonic acid 
 Ether-linked phospholipids are highly abundant in the 

ER ( Fig. 2D ), and among these lipids, a relatively long-
chain and unsaturated PE (P  -38:4/O-36:5) is one of the 
most abundant components ( Fig. 3 ). We speculate that a 
large fraction of this lipid contains arachidonic acid at 
the  sn 2 position; specifi cally, this lipid is likely 1-stearoyl, 
2-archidonyl plasmalogen PE(P-36:4). Consistent with 
this hypothesis, the lipid decreases by a factor of two 
upon activation of macrophages ( Fig. 9 ), a situation in 
which large quantities of arachidonic acid are released 
into the medium or are converted into prostaglandins 
( 33 ). Thus, our data support prior suggestions regarding 
the role of plasmalogens as a source of arachidonic acid 
in macrophages ( 34, 35 ), and do not support the oppos-
ing view ( 36 ). 

 ER-specifi c increase in the levels of phosphatidic acid 
species ( Fig. 6 ) may indicate site-specifi c activation of a 
phospholipase D (or phospholipase C in combination 
with diacylglycerol kinase), a hypothesis we are currently 
testing further. 

  CONCLUSION  

 On this fi rst mapping of the subcellular macrophage 
lipidome, we focused on the major lipid species and the 
major organelles. However, local effects of the lipids that 
modulate protein functions may be unresolved at the 
level of organelles and manifest themselves at the level of 
particular membranes (e.g., outer vs. inner membranes 
of mitochondria), parts of membranes (basal vs. apical 
parts of plasmalemma), or even small clusters of lipids 
(lipid rafts). This report represents the fi rst step on a 
long road to the complete subcellular lipid mapping of 
the cell.  
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