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Macrophage phagocytosis is an essential biological process in
host defense and requires large amounts of energy. To date, glu-
cose is believed to represent the prime substrate for ATP pro-
duction in macrophages. To investigate the relative contribu-
tion of free fatty acids (FFAs) in this process, we determined the
phagocytosis rates in normal mouse macrophages and macro-
phages of adipose triglyceride lipase (ATGL)-deficient mice.
ATGL was shown to be the rate-limiting enzyme for the hydrol-
ysis of lipid droplet-associated triacylglycerol (TG) in many tis-
sues. Here, we demonstrate that Afgl~’~ macrophages fail to
efficiently hydrolyze cellular TG stores leading to decreased cel-
lular FFA concentrations and concomitant accumulation of
lipid droplets, even in the absence of exogenous lipid loading.
The reduced availability of FFAs results in decreased cellular
ATP concentrations and impaired phagocytosis suggesting that
fatty acids must first go through a cycle of esterification and
re-hydrolysis before they are available as energy substrate.
Exogenously added glucose cannot fully compensate for the
phagocytotic defect in Atgl™’~ macrophages. Hence, phagocy-
tosis was also decreased in vivo when Atgl~’~ mice were chal-
lenged with bacterial particles. These findings imply that phag-
ocytosis in macrophages depends on the availability of FFAs and
that ATGL is required for their hydrolytic release from cellular
TG stores. This novel mechanism links ATGL-mediated lipoly-
sis to macrophage function in host defense and opens the way to
explore possible roles of ATGL in immune response, inflamma-
tion, and atherosclerosis.

A critical role of macrophages in host defense and resolution
of inflammation is to phagocytose pathogens and cellular
debris, which are then enclosed in specific vacuoles called pha-
gosomes. Phagosomes then fuse with lysosomes, yielding
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phagolysosomes where enzymatic degradation occurs. Phago-
cytosis is a process that demands a large supply of energy, most
likely to combat infections and remove debris in damaged tis-
sues. Normally, glucose is the favored fuel to generate ATP. In
vitro, however, macrophages also generate ATP from gluta-
mine, lactate, keto acids, and fatty acids (FAs)> to varying
degrees (1, 2). In this regard, Yin et al. (3) have shown that FAs
produced by macrophage lipoprotein lipase (LPL) acting on
triacylglycerol (TG)-rich lipoproteins provide an important
source of energy for phagocytosis but not endocytosis. FAs in
the circulation are bound to albumin or transported in esteri-
fied forms within TG-rich lipoproteins, notably VLDL. VLDL
causes accumulation of TG and FAs in macrophages through
uptake of FAs produced by extracellular LPL-mediated VLDL
lipolysis or by endocytosis of whole VLDL particles and VLDL
remnants, whose TG stores are subsequently hydrolyzed in
lysosomes (4—7). Several groups have demonstrated that LPL-
mediated FA generation affects atherogenesis. For example, it
was found that atherosclerosis susceptibility is increased in
mice with high expression levels of LPL in macrophages (8 —10)
and is reduced in mice that lack LPL (11).

Essentially all mammalian cells, including macrophages,
generate lipid droplets as storage organelles consisting of neu-
tral lipids (cholesteryl esters (CE) and TG), phospholipids,
unesterified free cholesterol (FC), and lipid droplet-associated
proteins (12—14). In the setting of atherosclerosis, macrophages
have an enormous capacity to take up cholesterol-rich apoli-
poprotein B-containing lipoproteins by clathrin-mediated endo-
cytosis, pinocytosis, and phagocytosis (15, 16). This process results
in the accumulation of CE droplets in the cytoplasm of the cells,
giving them a “foamy” appearance. Intimal macrophage foam
cells are a characteristic feature of atherosclerotic lesions.

Excess intracellular accumulation of FFAs can be toxic to
cells (17). Therefore, cells protect themselves from this over-

2 The abbreviations used are: FA, fatty acid; ATGL, adipose triglyceride lipase;
TG, triacylglycerol; CE, cholesteryl esters; FC, free cholesterol; FFA, free fatty
acid; LPL, lipoprotein lipase; MPM, murine peritoneal macrophages; ac,
acetylated; agg, aggregated; DMEM, Dulbecco’s modified Eagle’s medium;
PBS, phosphate-buffered saline; LPDS, lipoprotein-deficient serum; LDL,
low density lipoprotein; VLDL, very LDL; WT, wild type; BMM, bone mar-
row-derived macrophage.
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load by esterifying and thereby neutralizing excess FAs into TG
and CE. The consequences of FC versus CE accumulation in
macrophages have been thoroughly studied (18 -21). In con-
trast, much less is known about the molecular and (patho)phys-
iological effects of FA versus TG accumulation in macrophages.
Both FAs and FC are released from lipid droplets by intracellu-
lar lipases. Adipose triglyceride lipase (ATGL) catalyzes the ini-
tial step of TG hydrolysis in many tissues, generating diacyl-
glycerol and FFAs (22—-25). Hormone-sensitive lipase was shown
to be more important as diacylglycerol than TG hydrolase (26).
The enzymatic function and physiological role of hormone-
sensitive lipase in macrophages in neutral CE hydrolysis are still
a matter of debate (27-30). The final step in TG hydrolysis is
conducted by monoacylglycerol lipase that specifically cleaves
monoacylglycerol to yield glycerol and FFA (31).

Here, we demonstrate that macrophages express consider-
able amounts of enzymatic active ATGL. In the absence of
ATGL, macrophages accumulate high amounts of TG-rich
lipid droplets. The lipolytic defect and consequently the re-
duced availability of FAs in Atgl '~ macrophages decrease the
capacity for phagocytosis even in the presence of glucose.

EXPERIMENTAL PROCEDURES

Animals—Animal experiments were performed in accor-
dance with the standards established by the Austrian Federal
Ministry of Science and Research, Division of Genetic Engi-
neering and Animal Experiments (Vienna, Austria). All exper-
imental protocols were approved by the Ethics Committee for
Animal Experiments of the Medical University of Graz, Austria.
Atgl™”" mice (25) and WT littermates (on a C57Bl/6 back-
ground) were maintained in a clean environment on a regular
light-dark cycle (12 h light, 12 h dark) on a standard laboratory
chow diet containing 4% fat and 21% protein (R/M-H; Ssniff,
Soest, Germany).

Cell Culture—Peritoneal macrophages were obtained 3 days
after intraperitoneal injection of 3 ml of 3% thioglycollate.
Macrophages were cultured in DMEM, 10% LPDS (Invitrogen)
supplemented with 1% penicillin, 1% streptomycin for 2 h.
Thereafter, cells were washed twice with PBS, and if not stated
otherwise, the adherent macrophages were cultured in high
glucose (25 mm) DMEM containing 4 mm glutamine, 1 mm
pyruvate, and 10% LPDS. In some experiments, macrophages
were incubated in DMEM containing 0, 6, or 25 mm glucose.
LDL and VLDL were isolated from human plasma by density
gradient ultracentrifugation, and LDL was acetylated as de-
scribed previously (32). Protein was quantitated using the Brad-
ford assay (Bio-Rad). For isolation of bone marrow-derived
macrophages, femur and tibia were removed and flushed with 2
ml of DMEM. Bone marrow cells were plated in DMEM, 10%
LPDS, 1% penicillin, 1% streptomycin and differentiated into
macrophages by addition of 10 ng/ml macrophage colony-
stimulating factor (R & D Systems, Minneapolis, MN) for
8 days.

Real Time PCR—Total RNA from macrophages and foam
cells was isolated using RNeasy mini kit (Qiagen, Hilden, Ger-
many). Total RNA from white and brown adipose tissues was
isolated using TRIzol (Invitrogen). Two micrograms of total
RNA were reverse-transcribed by using the high capacity
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c¢DNA reverse transcription kit (Applied Biosystems, Foster
City, CA). Quantitative real time PCR was performed on a
LightCycler 480 (Roche Diagnostics) using the Quantifast™
SYBR® Green PCR kit (Qiagen, Hilden, Germany). Primer
sequences are available upon request. Amplification of human
porphobilinogen deaminase and murine hypoxanthine-gua-
nine phosphoribosyltransferase as housekeeping genes was
performed on all samples as internal controls for variations in
mRNA amounts.

Western Blotting Analysis—Equivalent amounts of protein
homogenates were resolved by 10% SDS-PAGE, transferred to a
nitrocellulose membrane, and probed with rabbit polyclonal
antibodies to murine ATGL (1:200), hormone-sensitive lipase
(1:800) (Cell Signaling Technology, Danvers, MA), and a mono-
clonal anti-mouse B-actin (1:5000) (Santa Cruz Biotechnology).
Specifically bound immunoglobulins were detected in a second
reaction with a horseradish peroxidase-labeled IgG conjugate
and visualized by enhanced chemiluminescence detection
(ECL Plus, GE Healthcare).

Assay for TG and CE Hydrolase Activity—MPM were washed
two times with PBS and sonicated (Labsonic B. Braun, Melsun-
gen, Germany) twice for 10 s in 100 mm potassium phosphate
lysis buffer (250 mm sucrose, 1 mm EDTA, 1 mm dithiothreitol,
20 wg/ml leupeptin, 2 pg/ml antipain, 1 pg/ml pepstatin (pH
7.0)). Nuclei and cell debris were removed by centrifugation
(1000 X g) for 5 min at 4 °C. Protein concentrations were quan-
titated using the Bradford assay (Bio-Rad). One hundred ug
of protein from cell lysates were incubated in a water bath at
37 °Cfor 1 h with 100 ul of substrate. TG substrate contained 25
nmol of triolein/assay and 40,000 cpm/nmol [9,10-*H]triolein
(PerkinElmer Life Sciences) as tracer. CE substrate contained
20 nmol of cholesteryl oleate/assay and 50,000 cpm/nmol of
cholesteryl [1-'*CJoleate (Amersham Biosciences) as tracer. All
lipid substrates were prepared by sonication (Labsonic, B.
Braun, Melsungen, Germany) as described previously (33). The
reaction was terminated by the addition of 3.25 ml of methanol/
chloroform/hexane (10:9:7, v/v) and 1 ml of 100 mMm potassium
carbonate, 100 mm boric acid (pH 10.5). After centrifugation
(800 X g, 20 min), the radioactivity in 1 ml of the upper phase
was determined by liquid scintillation counting, and the release
of FFA was calculated.

Lipid Parameters in Macrophages—Lipids from MPM were
extracted with 2 ml of hexane/isopropyl alcohol (3:2, v/v) for 1 h
at4 °C. Lipid extracts were dried under nitrogen, redissolved in
100 wl of Triton X-100 in chloroform, dried under nitrogen,
and resuspended in 100 ul of distilled water for 15 min at 37 °C.
Aliquots (30 ul) were used for enzymatic measurements of TG
(Diagnostic Systems, Holzheim, Germany), total cholesterol
(Greiner Diagnostics AG, Bahlingen, Germany), and FC (Diag-
nostic Systems, Holzheim, Germany) concentrations. Protein
was quantitated using a Bradford assay (Bio-Rad) after dissolv-
ing the proteins of extracted cells in 2 ml of 0.3 M NaOH for 1 h
at room temperature.

Electron Microscopy—MPM grown on a Melinex Film
(Gropl, Tulln, Austria) were fixed in 0.06 M phosphate buffer
(pH 7.2) containing 2.5% glutaraldehyde for 90 min at room
temperature. MPM were rinsed twice in 0.06 M phosphate
buffer for 10 min and post-fixed in 1% osmium tetroxide in the
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same buffer for 1 h. The cells were then rinsed four times for 10
min in 0.06 M phosphate buffer and dehydrated in 50, 70, 90,
and 100% cold acetone for 20 min each. Thereafter, cells were
infiltrated by 2:1, 1:1, and 1:2 mixtures of 100% acetone and agar
100 epoxy resin (Gropl, Tulln, Austria) and pure agar 100 epoxy
resin for 4 h. The cells were then placed in agar 100 epoxy resin
at room temperature for 8 h, transferred into embedding
molds, and polymerized at 60 °C for 48 h. Ultrathin sections (75
nm) were cut with a Reichert Ultracut S ultramicrotome and
stained with lead citrate for 5 min and with uranyl acetate for 15
min. Images were taken on a Philips CM 10 transmission elec-
tron microscope equipped with a plate camera system.

Nile Red Staining and Fluorescence Microscopy—MPM from
WT and Atgl~”~ mice were plated on chamber slides in
DMEM, 10% LPDS for 24 h. Cells were fixed with 4% parafor-
maldehyde for 30 min, and lipid droplets were visualized after
Nile Red staining (2.5 pg/ml) by confocal laser scanning
microscopy using an LSM 510 MET A microscope system (Carl
Zeiss GmbH, Vienna, Austria). Pictures (X63) were taken at
excitation 543 nm, and signals were recorded using a 560-nm
long pass filter. Quantification of lipid droplet-containing cells
in MPM and foam cells was performed in at least 150 cells per
group using Zeiss LSM Image Browser (Carl Zeiss Microimag-
ing GmbH, Vienna, Austria).

acLDL and VLDL Labeling with [PH]Cholesterol or
[9,10-°H]Triolein—One hundred pg of freshly prepared
acLDL/ml were enriched with 1 uCi of [1,2->*H]cholesterol
(Hartmann Analytik, Braunschweig, Germany). One hun-
dred pg of VLDL/ml were enriched with 1 pCi of [9,10-
3H]triolein (GE Healthcare). The mixtures were overlaid
with argon and incubated for 16 h at 37 °C under continuous
shaking. Labeled lipoproteins were separated from unincor-
porated [*H]cholesterol or [9,10-*H]triolein and desalted by
exclusion chromatography on PD-10 columns (Amersham
Biosciences) using PBS as eluent.

Lipoprotein and Oleate Uptake—MPM of Atgl~"~ and WT
mice were plated in 12-well plates and incubated with 1 uCi of
[*H]acLDL and [*’H]VLDL at 37 °C for 24 h, respectively. After
incubation, cells were washed with PBS and lysed in 1 ml of 0.3
M NaOH, and the incorporated radioactivity was determined by
scintillation counting. Protein content was quantitated using
the Bradford assay (Bio-Rad).

For determination of oleate uptake and incorporation of
oleate into lipid subclasses, MPM of Atgl—”~ and WT mice were
plated in 12-well plates and incubated with 1 uCi of [*H]oleate
(GE Healthcare) and 200 uMm oleate in DMEM containing 1%
FFA-free bovine serum albumin for 6 h at 37 °C. Thereafter,
cells were washed twice with PBS and dried, and the lipids were
extracted with 1 ml of hexane/isopropyl alcohol (3:2, v/v) on a
rotary shaker for 1 h at 4 °C. Five-pul aliquots were assayed for
oleate uptake by scintillation counting. Lipids were dried under
a stream of nitrogen, redissolved in 100 ul of human serum/
chloroform/methanol (1:1:1, v/v) and separated by thin layer
chromatography (hexane/diethyl ether/acetic acid, 65:35:1).
The bands were excised, and the incorporation of [*H]oleate
into various lipid subclasses was quantitated by scintillation
counting.

20194 JOURNAL OF BIOLOGICAL CHEMISTRY

LPL Assay—MPM were incubated in 12 wells with 1 ml of
medium, 2% FFA-free bovine serum albumin (Sigma), and 2
units of heparin for 1 h at 37 °C. For the substrate preparation
per sample, 0.6 uCi of [*H]triolein, 920 ng of nonradioactive
glycerol trioleate, and 0.1% Triton X-100 in chloroform were
evaporated under a stream of nitrogen. Forty ul of 1 M Tris-HCl
(pH 8.6) and 80 ul of double distilled H,O were added, and the
mixture was sonicated six times (1 min on and 1 min off) on ice.
Then 40 pl of heat-inactivated human serum containing apoCII
as activator (obtained from a pool of donors, heated at 50 °C for
1 h and stored at —20 °C) and 40 ul of 10% FFA-free bovine
serum albumin were added to the substrate. For the analysis,
200 wl of the substrate were incubated with 100 ul of the sample
for 1 hat37 °C. The reaction was stopped by the addition of 3.25
ml of a mixture of methanol/chloroform/heptane (1.41:1.25:1,
v/v) and 1 ml of 100 mm potassium carbonate and 100 mm boric
acid (pH 10.5). FFA were extracted by vortex mixing for 10 s,
and phases were separated by centrifugation at 3200 rpm for 10
min. Radioactivity in 1 ml of the upper phase was measured by
liquid scintillation counting. MPM were lysed, and protein was
quantitated by the method of Bradford.

Analysis of ATP Concentrations and ADP/ATP Ratios—In-
tracellular ATP levels of Atgl "~ and WT MPM were measured
in DMEM containing 0, 6, or 25 mM glucose using EnzyLight™
ATP assay (BioAssay Systems, Hayward, CA) according to
the manufacturer’s instructions. Oligomycin (0.5 uMm), an
inhibitor of F,F,-ATP synthase, was used as an ATP deple-
tion control (34, 35). Luminescence was measured on a
TopCount NXT luminometer (Packard Instruments, Meri-
den, CT) and quantitated to ATP standards. ADP/ATP
ratios were determined using EnzyLight™ ADP/ATP ratio
assay kit (BioAssay Systems).

Acyl-CoAs and Carnitine Esters—Acyl-CoAs were deter-
mined by on-line solid phase extraction liquid chromato-
graphy-mass spectrometry as described previously (36). This
method also allowed the separation and semiquantitative anal-
ysis of acylcarnitines. Acyl-CoAs (internal standards of 0.5
nmol/ml C17:0 CoA, 0.6 nmol/ml '*C,-acetyl-CoA, and 0.6
nmol/ml '*C;-malonyl-CoA) and acylcarnitines (internal
standard of 0.5 nmol/ml C17—-0 CoA) were extracted from the
cell pellet using 0.5 ml of prechilled (4 °C) buffer (50% 0.1 m
KH,PO, and 50% 2-propanol). The cell suspension was homog-
enized on ice for 10-20 s using an ultrasonic homogenizer.
Subsequently, 30 ul of saturated aqueous (NH,),SO, and 0.5 ml
of acetonitrile were added. The homogenate was vigorously
mixed and centrifuged at 2,500 X g for 10 min at 4 °C, and the
supernatant was transferred to autosampler vials. Extracts were
stored at —80 °C. Analyses were performed on an Ultimate
3000 System (Dionex, LC Packings, Sunnyvale, CA) consisting
of an autosampler with cooled tray and a column oven with a
switching unit coupled to an LTQ Orbitrap XL (Thermo Scien-
tific, Waltham, MA). A Phenomenex Strata X 2.0 X 20-mm
cartridge (Torrance, CA) and a Waters XBridge column (2.1 X
50 mm, 2.5 um) (Milford, MA) were used for on-line solid
phase extraction and as analytical column, respectively. Posi-
tive electrospray ionization-mass spectrometry was performed
by high resolution mass spectrometry (scan range 150 —-2000
m/z, resolution 60,000). Compound identities were confirmed

VOLUME 285+NUMBER 26+JUNE 25, 2010



A B
< 209 3 HsL
+

£ B ATGL control acLDL Std WAT
= *
Q -
>
)
8
o 107
2
=
£ 5
<
z
o~
g (d

control +acLDL

FIGURE 1. ATGL expression in macrophages and foam cells. Mouse peritoneal macrophages, human THP-1,
and human monocyte-derived macrophages (HMDM) were cultivated in DMEM, 10% LPDS in the absence
(control) or presence of 100 ug of acLDL/ml. Total RNA was isolated and reverse-transcribed, and mRNA
expression of ATGL (A and C) and hormone-sensitive lipase (HSL) was determined by real time PCR, including
murine hypoxanthine-guanine phosphoribosyltransferase or human (hu) porphobilinogen deaminase nor-
malization (A). Untreated macrophages were arbitrarily set to 1. Data are expressed as mean values (n = 3) =
S.E. of triplicate repeats. ***, p =< 0.001. B, cell extracts of macrophages, foam cells (40 ng per lane), and white
adipose tissue (WAT) (10 and 40 ug per lane) were resolved by SDS-PAGE. Protein expression of ATGL and
hormone-sensitive lipase were analyzed by Western blotting relative to the expression of B-actin. STD,

standard.
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FIGURE 2. Analysis of hydrolase activities and lipid parameters of Atgl~/~
and WT macrophages. A, Western blotting of WT and Atg/~/~ MPM using an
anti-ATGL-specific antibody. B, TG. D, CE hydrolase activities were assayed in
cell lysates from WT and Atgl~/~ MPM. Lipids from MPM (control) and 24-h
acetylated LDL-loaded (100 wg/ml) MPM (+acLDL) were extracted. C, TG.
E, (total cholesterol), FC, and CE concentrations were measured enzymati-
cally. Data are presented as mean values (n = 3-4) = S.E. ***, p < 0.001.

using accurate mass, tandem mass spectrometry, and retention
time. Peak area ratios of acylcarnitines were compared with
C17:0 CoA for semiquantitative analysis.

Phagocytosis of Fluorescein-labeled Escherichia coli Particles—
MPM of Atgl~”~ and WT mice were plated in black 96-well
pClear plates (Greiner Bio-One GmbH, Solingen, Germany).
After 24 h of preincubation in DMEM, 10% LPDS, and 25 mm
glucose, cells were incubated in DMEM, 10% LPDS and 0, 6,
or 25 mM glucose for 1 and 8 h, respectively. After washing
the cells, 100 ul of fluorescein-labeled E. coli BioParticles®
(Vybrant™ Phagocytosis Assay, Molecular Probes, Invitrogen)
suspended in Hanks’ balanced salt solution were added for 2 h.
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content in each well. To analyze
phagocytosis in vivo, mice were
injected intraperitoneally with 200
ul of fluorescein-labeled E. coli
BioParticles® (Molecular Probes,
Invitrogen) suspended in Hanks’
balanced salt solution. After 2 h,
MPM were collected by flushing the
peritoneal cavity with 10 ml of PBS
plus 1 mm EDTA and incubated in DMEM containing 25 mm
glucose and 10% LPDS for 90 min. The cells were then washed
three times with PBS, and the fluorescence was measured
before and after adding trypan blue suspension to obtain total
and intracellular fluorescence, respectively. Experimental read-
ings were normalized to protein content.

Phagocytosis of Yeast Cells—Yeast cells were cultured in
potato dextrose broth for 48 h and autoclaved at 120 °C for
45 min. Cells were washed three times with PBS and then
stored at 4 °C. Before use, the cells were sonicated for a short
time and diluted to 10® cells/ml of DMEM. Atgl™"~ and WT
macrophages were plated on chamber slides and preincu-
bated for 24 h in DMEM, 10% LPDS. Thereafter, cells were
washed with PBS and incubated for 8 h in DMEM, 10%
LPDS media containing 0, 6, and 25 mm glucose, respec-
tively. After incubation, yeast cells (~10° cells/ml) were
added and incubated for 1 h. Nonengulfed yeast cells were
washed with PBS. One ml of 1% tannic acid solution was
added for 1 min, and cells were then washed and air-dried.
Cells were stained for 2 min with May-Griinwald stain
freshly diluted with Giemsa buffer (1:2), washed with PBS,
and dried. Cells were mounted in Vectashield medium plus
4',6-diamidino-2-phenylindole (Vector Laboratories, Burl-
ingame, CA). Visualization of the images was performed on
a TissueFAXS (TissueGnostics, Vienna, Austria) assembled
with an Axiolmager.Z1 automated microscope (Carl Zeiss
GmbH, Oberkochen, Germany). Pictures (X63) were taken
at 560 nm excitation/630 nm emission (Texas Red filter), and
MPM nuclei were observed at 390 nm excitation/450 nm
emission (4',6-diamidino-2-phenylindole).

Statistics—Statistical analyses in experiments, except for real
time PCR analyses (see above), were performed with GraphPad
Prism 5.0. The significance was determined by Student’s ¢ test.
Data with >2 groups or =2 of independent variables were ana-
lyzed with one-way analysis of variance followed by the Bonfer-
roni post hoc test. Data are presented as mean values * S.E. ¥,
p < 0.05;*, p = 0.01; ***, p = 0.001.
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FIGURE 3. Lipid droplets in Atgl~'~ and WT macrophages. A, electron microscopy images of an Atg/~’~ and
WT macrophage. Lipid droplets in the Atg/~/~ macrophage are indicated by arrowheads. A and B, fluorescent
microscopy images after Nile Red staining of Atgl~’~ and WT MPM, BMM, and macrophages incubated with
100 pg of aggLDL/ml for 24 h (A) or MPM incubated with 100 g of VLDL/ml for 4, 8 and 24 h (B). Scale bar in
electron microscopy images applies to 1 um. Fluorescence images: original magnification, X63. C, quantifica-
tion of lipid droplet-containing cells in MPM cultivated in LPDS or after incubation with aggLDL or VLDL for
24 h.Data are presented as the mean percent = S.E. of foamy-like cells from at least 150 cells per group. ***, p <

0.001; ###, p = 0.001.

RESULTS

ATGL Is Expressed in Macrophages and Foam Cells—We
investigated ATGL mRNA expression levels in macrophages
and foam cells. Although less than in white adipose tissue,
ATGL mRNA was expressed in both MPM and macrophage-
derived foam cells. Foam cell formation was achieved after
loading MPM with acLDL. ATGL mRNA levels in macro-
phages and foam cells were 11.2- and 15.5-fold increased
compared with hormone-sensitive lipase mRNA (Fig. 14). In
accordance with mRNA levels, ATGL protein expression was
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comparable in macrophages and
foam cells but markedly lower than
in white adipose tissue. Concomi-
tantly, we found less hormone-sen-
sitive lipase protein in macrophages
and foam cells compared with
ATGL (Fig. 1B). ATGL mRNA was
also significantly expressed in
human monocyte-derived macro-
phages and foam cells (Fig. 1C).
Human ATGL mRNA expression
was markedly higher in primary
cells than in THP1-derived macro-
phages and foam cells.

Reduced TG Hydrolase Activity
and Increased TG Content in
Atgl™"" Macrophages—TG hydro-
lase activity was determined in
MPM isolated from WT and
Atgl~'~ mice. We verified the lack
of ATGL in macrophages by West-
ern blotting (Fig. 2A4). TG hydrolase
activity was significantly (—54%)
decreased in Atgl /= compared
with WT MPM (Fig. 2B). Conco-
mitantly, Atgl~'~ MPM showed
higher TG concentrations in MPM
and acLDL-loaded foam cells (4.7-
and 3.0-fold, respectively) (Fig. 2C).
In contrast, MPM of Atgl~’~ and
WT mice exhibited comparable
CE hydrolase activities (Fig. 2D).
Accordingly, intracellular total cho-
lesterol, FC, and CE concentrations
in MPM and foam cells of both ge-
notypes were similar (Fig. 2E).

Increased Lipid Droplet Numbers
in Atgl™’~ Macrophages—Lipid
droplets were visualized by electron
microscopy in Atgl '~ and WT
MPM and by fluorescence micros-
copy of Nile Red-stained WT and
Atgl™’~ MPM as well as in bone
marrow-derived macrophages (BMM)
(Fig. 3). In MPM and BMM isolated
from WT mice, only a few lipid
droplets were visible, whereas in
Atgl~’~ MPM the number of lipid
droplets markedly increased (Fig. 3A). After cultivation in
medium containing aggregated (agg)LDL for 24 h, MPM and
BMM of both genotypes accumulated lipids in comparable
amounts (Fig. 34). Similar results were obtained after incuba-
tion of MPM with acLDL for 24 h (data not shown). Incubation
of MPM with VLDL for 4, 8, and 24 h resulted in increased lipid
droplet formation in Azgl '~ compared with WT cells (Fig. 3B).
Quantification of lipid droplet-containing WT and Atgl~’~
MPM incubated in the absence or presence of aggL.DL or VLDL
is shown in Fig. 3C. The data reveal that MPM cultured in
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medium containing lipoprotein-deficient serum (LPDS) had
5.4-fold more Nile Red-stained neutral lipids compared with
WT MPM (Fig. 3C). After incubation with aggLDL for 24 h,
MPM of WT and Atgl '/~ mice showed the same amount of
lipid droplet-containing cells. VLDL loading, however, led to a
3.0-fold increase in lipid droplet accumulation in Atgl~/~ com-
pared with WT macrophages (Fig. 3C). This difference was due
to the fact that Atgl~"~ MPM already had 5.4-fold more foamy
cells compared with WT macrophages in the absence of exog-
enous lipids.

A VLDL uptake B acLDL uptake C LPL activity
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FIGURE 4. Lipoprotein uptake and LPL activity in Atgl~'~ and WT macro-
phages. MPM from WT and Atgl /™ mice were incubated with [*H]VLDL (A) or
[*HlacLDL (B) for 24 h. VLDL and acLDL uptake in Atg/~’~ and WT MPM was
assessed by liquid scintillation. C, WT and Atg/~/~ MPM were incubated with
[PHltriolein for 1 h and assayed for LPL activity. Data are presented as mean

values (n = 3-5) performed in duplicate = S.E. *, p < 0.05.
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FIGURE 5. FFA uptake in Atgl~'~ and WT macrophages. MPM from Atgl /"~
and WT mice were incubated with [*H]oleate for 24 h. Lipids were extracted,
and lipid subclasses were separated by TLC. The uptake of oleate in whole
cells (A) and various lipid subclasses (B) was determined by liquid scintillation
counting. Data are presented as mean values (n = 3-4) performed in tripli-
cate = S.E. *, p < 0.05; **, p = 0.01. PL, phospholipid.

TG Hydrolysis by ATGL Is Essential for Phagocytosis

To determine whether WT and Atgl~’~ macrophages show
differences in lipoprotein uptake, cells were incubated with
[*H]TG-labeled VLDL or [®*H]cholesterol-labeled acLDL. The
uptake of both lipoproteins was marginally but significantly
decreased (p < 0.05) in Atgl™'~ versus WT cells (Fig. 4, A and
B). Since LPL is responsible for the extracellular hydrolysis of
lipoprotein-associated TG and the subsequent uptake of FFAs
in underlying cells and tissues, we determined LPL activity in
Atgl™’~ and WT MPM. LPL activity was unchanged in Atgl '~
compared with WT MPM (Fig. 4C).

Increased FFA Uptake by Atgl~’~ Macrophages—FFA uptake
was examined in Azgl~”~ and WT MPM after incubation with
[®H]oleate for 24 h. We observed a 1.6-fold increase in oleate
uptake in Atgl~~ compared with WT MPM (Fig. 54). We used
TLC to analyze the incorporation of radioactivity into lipid sub-
classes of Atgl~”~ and WT MPM. ATGL deficiency in MPM
resulted in increased incorporation of radiolabeled oleate in the
TG and CE fractions (2.3- and 2.0-fold, respectively) (Fig. 5B).
The incorporation of oleate into PL was slightly reduced, but
the difference did not reach statistical significance. The con-
centration of FFAs in WT MPM was very low compared with
TG, and it was even lower in Atgl~"~ MPM.

Reduced ATP Concentration and Increased ADP/ATP Ratios
in Atgl™"~ Macrophages—FAs are an important oxidative fuel
in many mammalian cell types. To determine whether the
lower cellular FA concentration in Atgl =~ MPM had an
impact on energy production, we measured ATP concentra-
tions in Atgl”"~ and WT MPM cultured for 24 h in media with
different glucose concentrations (0, 6, and 25 mm). Oligomycin,
an inhibitor of mitochondrial F,F,-ATP synthase, was used as
an ATP-depletion control for the assay. Oligomycin completely
blocked the energy production in WT and Atgl~’~ MPM.
Importantly, the ATP level was substantially decreased (—65%)
in Atgl~”~ MPM compared with WT MPM in the absence of
glucose (Fig. 6A). Significant reductions, although less pro-
nounced, were observed even in media containing 6 or 25 mm
glucose (—22 and —27%, respectively). Next, we determined
ADP/ATP ratios since the total amount of the sum of ATP +
ADP is expected to remain fairly constant. In all cultivation
conditions, the ADP/ATP ratios were markedly increased in
Atgl™”" compared with WT MPM (Fig. 6B). In glucose-free

medium, the ADP/ATP ratio was

A 9o- EE WT B 0.7 e = WT substantially elevated also in WT
80 O3 Atgl-/- 0.6 I [ Atgl/- macrophages compared with glu-
70 s & aed cose-containing medium, indi(iat;
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FIGURE 6. ATP concentrations and ADP/ATP ratiosin Atgl~’~ and WT macrophages. A, ATP levelsin Atgl ™"~
and WT MPM were measured after cultivating the cells for 24 h in DMEM, 10% LPDS containing 0, 6, and 25 mm
glucose. Oligomycin (0.5 um) was used as an ATP-depletion control. Data are presented as mean values (n =
4) = SE.*** p < 0.001. B, ADP/ATP ratios in Atg/~’~ and WT MPM were determined using the EnzyLight™
ADP/ATP ratio assay kit. Data are expressed as mean values (n = 4) = S.E. *, p < 0.05; ***, p < 0.001.
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Atgl~”~ MPM may impact their
phagocytotic capacity. To test this
hypothesis, Atgl "~ and WT MPM
were cultured in media containing
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FIGURE 7. Phagocytosis in Atgl~’~ and WT macrophages. A, MPM from Atgl~’~ and WT mice were cultivated
in DMEM, 10% LPDS with 0, 6, and 25 mm glucose for 1 and 8 h, respectively. Phagocytosis of fluorescein-
labeled E. coli particles is presented as mean values (n = 6) = S.E. of two independent experiments. Phagocy-
tosis of WT cells was arbitrarily set to 100%. *, p < 0.05; **, p < 0.01; ***, p < 0.001. B, representative images
showing phagocytosis of yeast cells by Atgl™’~ and WT MPM after 8 h of cultivation in DMEM, 10% LPDS

containing 0, 6, and 25 mm glucose. Original magnification, X63.

0, 6, and 25 mM glucose for 1 and 8 h, respectively. Independent
of the presence or absence of glucose, we observed a decreased
ability of Atgl ”~ MPM to engulf fluorescein-labeled E. coli
particles compared with WT cells (Fig. 7A). These differences
were more pronounced after 8 h of incubation, especially under
glucose-free conditions. Phagocytosis was markedly reduced in
the absence of glucose (—84%). Even in the presence of 6 and 25
mM glucose, the phagocytotic capacity was significantly
reduced (—58 and —56%, respectively) (Fig. 7A).

To support our findings, we performed the experiment using
yeast cells as particles to be phagocytosed by MPM. Atgl "~
MPM cultivated for 8 h in glucose-free medium almost lacked
phagocytotic properties (Fig. 7B). The increase of glucose con-
centrations in the medium concomitantly increased the ability
of Atgl~"" cells to phagocytose yeast. In contrast, WT macro-
phages showed similar capacities to engulfyeast independent of
glucose concentrations. In addition, we checked phagocytosis
in Atgl ™"~ mice in vivo. Although total fluorescence was less in
macrophages isolated from Atgl~"~ mice 2 h after injection of
fluorescent E. coli particles, this decrease did not reach signifi-
cance (Fig. 84). However, after quenching external fluores-
cence of E. coli particles, which have not been internalized by
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6mM

the macrophages and therefore
stained by trypan blue, phagocytosis
was significantly reduced in Atgl "~
mice (Fig. 8B). Internalization was
also visualized by fluorescence mi-
croscopy (Fig. 8C).

Reduced Expression of Mitochon-
drial Genes and Acylcarnitines in
Atgl™’~ Macrophages—Efficient FA
oxidation and ATP synthesis not
only depend on substrate availabil-
ity but also on effective FA trans-
port into the mitochondria and on
mitochondrial function. To eluci-
date whether a decreased oxidative
capacity contributes to the reduced
phagocytotic capacity of Atgl™"~
macrophages, we analyzed the
expression of carnitine palmitoyl-
transferase la and long chain acyl-
CoA dehydrogenase, two important
proteins in mitochondrial fatty acid
B-oxidation. mRNA levels of both
genes were markedly decreased in
Atgl™”~ MPM (—58 and —63%,
respectively), and foam cells (—58
and —57%, respectively) (Fig. 9, A
and B). Total acyl-CoA concentra-
tions were decreased by 31% in
Atgl™"~ compared with MPM (Fig.
9C). The most significant reduction
was observed in acetyl-CoA levels.
Long chain acyl-CoAs showing a
trend toward decreased levels in
Atglf/ ~ macrophages, however,
failed to reach statistical signifi-
cance. Finally, we found 39% reduced total carnitine ester levels
in Atgl™"~ compared with WT MPM (Fig. 9D). Essentially all
middle and long chain carnitine esters were decreased with
significant reductions in 12:1, 14.0, 14:1, and 16:1 carnitine
esters.

25mM glucose

DISCUSSION

Previous studies have demonstrated that ATGL is the rate-
limiting enzyme for the hydrolysis of intracellular TG in adi-
pose and many nonadipose tissues of mice and humans (22-25,
37). ATGL deficiency in mice causes TG accumulation in
essentially all tissues. Lipid deposition is mostly pronounced in
cardiac and skeletal muscle, testis, kidney, and pancreas (25).
Massive lipid accumulation in cardiac myocytes causes cardiac
failure and premature death of Azgl "~ mice starting at the age
of 10 weeks. Due to the reduced availability of FAs as energy
substrate, Azgl ~/~ mice show an increased utilization of carbo-
hydrates as an energy source, leading to improved glucose tol-
erance and insulin sensitivity (25). We hypothesized that ATGL
is also involved in macrophage TG catabolism providing FAs as
oxidative substrate for energy synthesis. This process might be
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FIGURE 8. Phagocytosis in Atgl~'~ and WT mice in vivo. Fluorescein-labeled E. coli particles (200 ul) were
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extracellular fluorescence by trypan blue. G, representative image showing total fluorescence in WT and
Atgl~’~ MPM. Original magnification, X63. Phagocytosis of WT cells was arbitrarily set to 100%. Relative phag-
ocytosis is presented as mean values (n = 8-9) = S.E. of three independent experiments. *, p < 0.05.

injected into Atgl

very important with respect to energy-consuming phagocytosis
and consequently the immune host defense.

Compared with the hormone-sensitive lipase, an enzyme
implicated in TG and CE hydrolysis in many tissues and in
macrophages, ATGL is highly expressed in mouse macro-
phages and foam cells. Absence of ATGL in macrophages leads
to significantly decreased TG hydrolase activity and, concomi-
tantly, increased intracellular TG concentrations. In contrast,
and in accordance with the substrate specificity of ATGL, CE
hydrolase activity is similar in Atgl~"~ and WT macrophages.
Even in the absence of exogenous lipid loading Atgl ™",
macrophages accumulate TG demonstrating the critical role of
ATGL in macrophage TG catabolism. In atherosclerotic
lesions, macrophage-derived foam cells have a large number of
lipid droplets filled with CE, which can be hydrolyzed to FC and
FFAs by the action of a neutral CE hydrolase. In contrast to WT
foam cells, Atgl "~ macrophages accumulate specifically TG,
whereas CE and FC concentrations are unchanged compared
with control cells. This allowed us to study the direct effects of
defective TG hydrolysis on macrophage function without the
accompanying impact of ATGL on cellular cholesterol
catabolism.

We hypothesized that the decreased availability of FFAs gen-
erated by the hydrolysis of cellular TG stores may be compen-
sated by an increased uptake of extracellular FFAs mediated by
LPL-dependent and -independent mechanisms. However, the
absence of macrophage ATGL did not result in major differ-
ences in acLDL or VLDL uptake or in LPL activity. These data
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implicate that FAs generated by the
action of LPL are taken up similarly
by Atgl~”~ and WT macrophages.
As a compensatory mechanism, the
uptake of exogenously added FFAs
was increased in Afgl~’~ macro-
phages. However, this elevated
uptake failed to normalize cellular
FFA levels. This finding implies that
the majority of FFAs taken up by
Atgl~’~ macrophages is re-esteri-
fied and neutralized within TG,
probably preventing the potential
cytotoxic effect of increasing
amounts of intracellular FFA levels.
Our data strongly suggest that FAs
taken up by Atgl ™’ (and WT)
macrophages are not directly routed
to mitochondrial B-oxidation but
first have to be esterified to TG (and
CE) for the subsequent usage as
energy substrate generated by
ATGL hydrolysis (and probably the
activity of neutral CE hydrolases).

In many tissues, TG play a major
role in supplying FAs as energy
substrate. In addition, TG serve
as an important storage pool for
FFAs that are used for the synthesis
of phospholipids, ceramides, and
other complex lipids. Glucose has been proposed to be the
major energy substrate in macrophages (6, 7). FAs are used as
alternative energy fuel taken up by lipoprotein-mediated TG
catabolism or whole lipoprotein particle uptake. After cultivat-
ing macrophages for 24 h in media containing different concen-
trations of glucose, we found that ATP levels were markedly
reduced in the absence of ATGL, whereas ADP/ATP ratios
increased. Our findings clearly show that macrophages store
TG and use this TG pool as energy substrate even in the pres-
ence of glucose. This pathway can be particularly important
under starving conditions or in conditions of decreased glucose
usage like in the diabetic state.

To address the impact of reduced FFA availability and con-
sequently decreased ATP generation, we investigated the in
vitro and in vivo phagocytotic capacity of Atgl—”~ macrophages.
Importantly, phagocytosis was decreased in Atgl™’~ mice.
Moreover, the phagocytotic capacity was affected by the lack of
ATGL even in the presence of glucose in vitro, albeit to a lesser
extent than in glucose-free medium. This finding parallels our
data on intracellular energy stores, which are also decreased in
Atgl~”~ MPM when cultivated in glucose-containing media.
Yin et al. (3) found that LPL-mediated FA release provided
energy for macrophages under conditions of limited amounts
of ambient glucose and during periods of intense metabolic
activity, such as phagocytosis. Since reduced phagocytosis was
not observed in glucose-containing medium, the authors sug-
gested that macrophages do not endocytose sufficient lipopro-
teins from the medium and/or hydrolyze sufficient lipoproteins

JOURNAL OF BIOLOGICAL CHEMISTRY 20199



TG Hydrolysis by ATGL Is Essential for Phagocytosis

A B
E - HE WT E 0 HE WT

] -/- & 3073 Atgl-
B 5] At Z 25 gk,
=] - 3 20+
E 3(5)- g o 154 i ”
g0~ 3 g9l -
2 27 E 2
<
r4 Z
& 14 ¥ % 1
E *k
=2 =]
2 o S o
o control +acLDL - control +acLDL
C Acyl-CoAs

H WT
O Atgl--

£ 200
2
£
)
)
5 100
£
s

0

Acetyl 6:0 12:0 16:0 16:1 18:0 18:1 18:2 20:4 total
CoA

D Acyl-carnitines

150 HE WT

3 Atgl/-

9
= 100
z
8
@
Z 50
=S
2

10:0 10:1 12:0 12:1 14:0 14:1 16:0 16:1 18:0 18:1 18:2 total

FIGURE 9. mRNA levels of mitochondrial genes in Atg/~’~ and WT macro-
phages and foam cells. MPM were cultivated in DMEM, 10% LPDS in the
absence or presence of 100 ug of acLDL/ml (foam cells). Total RNA was iso-
lated from cells and reverse-transcribed, and mRNA levels of carnitine palmi-
toyltransferase (CPT)1a (A) and long chain acyl-CoA dehydrogenase (LCAD) (B)
were determined by real time PCR, including normalization to hypoxanthine-
guanine phosphoribosyltransferase (HPRT) levels. Untreated MPM were arbi-
trarily set to 1. Data are expressed as mean values = S.E. of triplicate repeats.
G, long chain acyl-CoA. D, carnitine ester concentrations were determined in
macrophages of Atgl~’~ and WT mice. Data are expressed as mean values
(n = 4-5) = S.E. correlated to protein concentrations. ¥, p < 0.05; **,p =< 0.01.

intracellularly to provide comparable amounts of FAs for phago-
cytosis (3). We propose that ATGL plays an essential role in
meeting the high energy demand of macrophages during phago-
cytosis. However, in contrast to extracellular LPL-mediated
FA mobilization, intracellular ATGL-mediated FFA release is
essential for maximal phagocytotic activity even when glucose
is available. We hypothesize that this finding is the conse-
quence of different utilization of particular FA pools inside the
cell. (i) FAs taken up by macrophages from outside the cell are
not directly available as substrate for subsequent utilization,
because they are esterified and stored in TG. (ii) FAs released
from intracellular TG-hydrolysis by ATGL are carried into the
mitochondria and used for mitochondrial FA B-oxidation and
subsequent energy production. Although long chain acyl-CoA
concentrations were unaffected in Atgl~’~ MPM, reduced
Cptla mRNA results in a decreased amount of carnitine esters.
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Unchanged steady-state concentrations of acyl-CoAs might be
the consequence of reduced FFA concentrations as substrates
and reduced carnitine esters as products. Decreased concentra-
tions of acetyl-CoA confirmed defective B-oxidation and indi-
cated that less NADH and FADH, are available for oxidative
phosphorylation to drive ATP synthesis.

Our data support a critical role of TG-mediated supply of
FAs as energy substrates for ATP synthesis necessary for phago-
cytosis. We conclude that the lipolytic defect affects the usage
of FAs as energy fuel. Efficient FA oxidation and ATP synthesis
not only depend on substrate availability but also on effective
FA transport into the mitochondria and on mitochondrial
function. In addition to FFAs as peroxisome proliferator-acti-
vated receptor signaling molecules, the homeostasis of intracel-
lular signaling lipids involved in vesicular trafficking and phago-
cytosis (such as phosphatidic acid and diacylglycerol) is likely
affected in Atgl~”~ macrophages. Moreover, the accumulation
of lipid droplets themselves may additionally account for the
observed reduction in phagocytosis even in conditions in which
ATP concentrations are partly restored by glucose in the
medium.

In normal physiology, macrophage phagocytosis plays an
essential role on host defense through clearance of infectious
organisms and in the resolution phase of inflammation,
through clearance of apoptotic cells (efferocytosis) and inflam-
matory debris (38). In atherogenesis, macrophage phagocytosis
can either promote or protect against lesion progression,
depending on the context (39 —41). On the one hand, the phago-
cytic uptake of aggregated lipoproteins can promote foam cell
formation and atherogenesis (40). Phagocytosis of erythrocytes
and platelets may also promote lesion progression (40). If this
hypothesis is true, deficiency of ATGL in macrophages might
result in reduced atherosclerosis susceptibility. On the other
hand, efferocytosis of apoptotic cells in lesions reduces plaque
progression by decreasing lesion cellularity, preventing post-
apoptotic necrosis, and promoting anti-inflammatory response
(42). Future in vivo studies exploring the possible roles of
macrophage ATGL in host defense, inflammation resolution,
and atherosclerosis should be addressable using the mouse
models and concepts described in this study.
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