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The Journal of Immunology

Fatty Acids from Very Low-Density Lipoprotein Lipolysis

Products Induce Lipid Droplet Accumulation in Human

Monocytes

Laura J. den Hartigh,*,†,1 Jaime E. Connolly-Rohrbach,*,‡,1 Samantha Fore,*,x

Thomas R. Huser,*,x and John C. Rutledge*

One mechanism by which monocytes become activated postprandially is by exposure to triglyceride-rich lipoproteins such as very

low-density lipoproteins (VLDL). VLDL are hydrolyzed by lipoprotein lipase at the blood-endothelial cell interface, releasing free

fatty acids. In this study, we examined postprandial monocyte activation in more detail, and found that lipolysis products generated

from postprandial VLDL induce the formation of lipid-filled droplets within cultured THP-1 monocytes, characterized by coherent

antistokes Raman spectroscopy. Organelle-specific stains revealed an association of lipid droplets with the endoplasmic reticulum,

confirmed by electron microscopy. Lipid droplet formation was reduced when lipoprotein lipase-released fatty acids were bound by

BSA, which also reduced cellular inflammation. Furthermore, saturated fatty acids induced more lipid droplet formation in mono-

cytes comparedwithmono- and polyunsaturated fatty acids.Monocytes treatedwith postprandial VLDL lipolysis products contained

lipid droplets withmore intense saturated Raman spectroscopic signals thanmonocytes treatedwith fasting VLDL lipolysis products.

In addition, we found that humanmonocytes isolated during the peak postprandial period containmore lipid droplets comparedwith

those from the fasting state, signifying that their development is not limited to cultured cells but also occurs in vivo. In summary,

circulating free fatty acids can mediate lipid droplet formation in monocytes and potentially be used as a biomarker to assess an

individual’s risk of developing atherosclerotic cardiovascular disease. The Journal of Immunology, 2010, 184: 3927–3936.

U
nderstanding interactions between circulating monocytes

and lipoproteins is currently an area of active investigation

related to inflammatory diseases such as atherosclerosis

(1, 2). Triglyceride (TG)-rich lipoproteins, such as very low-density

lipoproteins (VLDL), are commonly regarded as proinflammatory

(3). VLDL, which are generated by the liver, are hydrolyzed by

lipoprotein lipase (LpL) anchored to endothelial cells, resulting in

the release of free fatty acids, phospholipids, monoglycerides, and

diglycerides and the conversion of VLDL into remnant lipo-

proteins. This process is enhanced postprandially and can induce

cellular injury in neighboring endothelial cells and monocytes (4).

Such inflammatory injury can result in increased monocyte acti-

vation and recruitment to the arterial intima, contributing to foam

cell development and fatty streak formation characteristic of ath-

erosclerotic cardiovascular disease (ASCVD).

Excessive lipid accumulation within cells is a central feature of

some metabolic diseases such as atherosclerosis, but little is known

about the role that cytoplasmic lipid droplets play in monocyte

responses to hypertriglyceridemia. Lipid droplets are commonly

found inadipocytes,but exist invirtually all typesof cellswhen faced

with lipid overload. In nonadipocytes, lipid droplets are believed to

function as lipid storage sites for later b-oxidation, membrane

biogenesis, hormone synthesis, and other cellular functions (5).

Recently, more diverse functions of the lipid droplet have been

discovered largely related to intracellular signaling, protein storage,

as well as protein degradation (6–9). Lipid droplets typically con-

sist of a core of neutral lipids composed of TGs, cholesterol esters,

and fatty acids, surrounded by a phospholipid monolayer (10, 11). It

has been suggested that lipid droplets originate from the endo-

plasmic reticulum (ER), as they have been found in close proximity

to ER membranes and contain a similar phospholipid profile as the

ER (12, 13). The molecular composition, cell-specific function, and

biogenesis of the lipid droplet are intense areas of investigation and

currently remain unknown.

Prevention of lipid overloadmay be important in the prevention of

metabolic disease states. A new unified view of lipid droplets as

distinct organelles with the ability to store excess lipids and to

participate in specific intracellular signaling cascades related to the

energy requirements of the cell (14), makes them attractive targets

for investigation. In this study, monocyte treatment with VLDL

lipolysis products generated by treating VLDLwith LpL resulted in

the formation of cytoplasmic lipid structures, which led us to ex-

amine their origins in more detail. We determined that the droplets
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were indeed lipid-filled and that fatty acids were partially re-

sponsible for this lipid droplet formation. In addition, there appears

to be a correlation between VLDL lipolysis product-induced cy-

tokine synthesis and lipid droplet formation. Organelle-specific

stains indicated that in monocytes, as has been observed in other

cell types, the lipid droplets associate with the ER, a finding we

confirmed by transmission electron microscopy (TEM). Further-

more, monocyte treatment with postprandial VLDL (PVLDL) li-

polysis products resulted in the formation of lipid droplets with

more intense saturated Raman spectroscopic modes, whereas fast-

ing VLDL (FVLDL) lipolysis product-treated monocytes contained

lipid droplets exhibiting higher unsaturated lipid modes. Similar

lipid droplets were found in fresh human monocytes isolated from

postprandial whole blood. Our study presents novel observations

that lipolysis products generated from VLDL induce the rapid

formation of cytoplasmic lipid droplets within naive monocytes

in vitro, and freshly isolated primary postprandial monocytes con-

tain similar lipid structures, observations that may be clinically

important. Thus, lipid droplet formation by postprandially activated

monocytes appears to be a potential mechanism of lipotoxic pro-

tection but additionally results in monocyte inflammation, which

has been linked to vascular inflammation and ASCVD.

Materials and Methods
Monocyte cell culture and treatment conditions

THP-1 human monocytes were purchased from American Type Culture
Collection (Manassas, VA) and maintained in suspension between 5 3 104

and 8 3 105 cells/ml in RPMI 1640 medium supplemented with 2 mM
L-glutamine and containing 10 mMHEPES, 1 mM sodium pyruvate, 4.5 g/l
glucose, 1.5 g/l bicarbonate, 10% FBS, and 0.05 mM 2-ME. Monocytes
were incubated in 5% CO2 and 95% O2 at 37˚C during growth and treat-
ment. THP-1 monocyte treatments were conducted at a cell density of 1 3

106 cells/ml for the times indicated. Monocyte viability was monitored after
all treatments using trypan blue exclusion, and remained .90% for all
treatments. Prior to cell treatment, lipolysis of VLDL was performed by
incubating VLDL (200 mg TG/dl) with bovine LpL (2 U/ml, Sigma-
Aldrich, St. Louis, MO) for 30 min at 37˚C. In some experiments, fatty-acid
free BSA (60 mg/ml, Sigma-Aldrich) was added to each lipid treatment
5 min prior to exposure to the cells. In other experiments, THP-1 cells were
treated with the synthetic fatty acids linoleic acid (Cayman Chemical, Ann
Arbor, MI), oleic acid (Sigma-Aldrich), stearic acid (Cayman Chemical),
and palmitic acid (Nu-Check Prep, Elysian,MN), at 150mMeach, for 3 h. In
all experiments, THP-1 monocytes were treated at a cell density of 13 106

cells/ml for the times indicated. Lipid droplets were confirmed by differ-
ential interference contrast (DIC) microscopy using a 403 objective or
phase-contrast microscopy using a 603 objective. For some experiments,
human PBMCs were isolated by centrifuging buffy coats over a Lymphosep
density solution (r = 1.07, MP Biomedicals, Solon, OH) for 20 min, washed
three times, and immediately processed for quantitative RT-PCR. All THP-1
monocytes, freshly isolated human monocytes, and PBMCs used in these
experiments were maintained in an undifferentiated state.

VLDL isolation

Male and female healthy human volunteers ages 18–55 y were recruited
from the University of California, Davis campus. The study was approved
by the Human Subjects Research Committee of the University of Cal-
ifornia, Davis. The study aims and protocol were explained to each par-
ticipant and informed written consent was obtained. All studies were
performed at the same time of day to eliminate any diurnal variables.
Blood was drawn by venipuncture from subjects before and 3.5 h after
consumption of a moderately high-fat meal [40% calories from fat, as
described previously (3)] into K2-EDTA vacutainer tubes and centrifuged
at 1200g for 10 min to obtain cell-free plasma. Plasma was treated with
0.01% sodium azide as a preservative and subjected to lipoprotein isolation
as described previously (15), with minor modifications. Chylomicrons
were removed from postprandial plasma by centrifuging for 30 min at
63,000g prior to VLDL isolation. VLDL samples from multiple donors
were pooled together and dialyzed overnight at 4˚C in 0.9% NaCl and
0.01% EDTA and quantified for total TG content using a kit from Sigma-
Aldrich. Lipolysis of VLDL was induced by the addition of bovine LpL
(Sigma-Aldrich) at 2 U/ml for 30 min at 37˚C, where indicated.

Oil Red O staining

THP-1 human monocytes (1 3 106 cells/ml) were treated with VLDL
(200 mg TG/dl), LpL (2 U/ml), or VLDL lipolysis products generated as
described previously for 3 h at 37˚C. Cells were harvested after treatment,
washed one time with PBS without calcium chloride and magnesium
chloride, and resuspended in 1% paraformaldehyde for fixation. After in-
cubation at room temperature for 30 min, the cells were collected, washed
one time with deionized water, and resuspended in 60% isopropanol for
5 min. The isopropanol was removed, the cells were resuspended in Oil Red
O stain (Lonza, Walkersville, MD), and incubated at room temperature for
5 min. After staining, the cells were washed several times with deionized
water to remove excess stain, resuspended in 20 ml deionized water, and
viewed using DIC, phase contrast, or epifluorescence microscopy.

Coherent anti-Stokes Raman scattering imaging of monocyte

lipid droplets

To analyze lipid-filled droplets in living monocytes, we used a custom-built
coherent anti-Stokes Raman scattering (CARS) microscopy system. A 1064
nm Nd:YVO4 laser (PicoTrain, HighQ Laser) with 7 ps pulse width and 76
mHz repetition rate is used as the Stokes pulse to generate the CARS signal
and also serves as the pump laser for an Optical Parametric Oscillator (OPO,
Levante, APE-Berlin, Germany). The tunable OPOwith a wavelength range
between 790–920 nm provides the pump pulse for the CARS signal gen-
eration. Both beams are spatially and temporally overlapped and combined
by a 970 nm dichroic mirror. To diminish potential photo damage to the
cells, the laser repetition rate is reduced 10-fold to 7.6 mHz by an electro-
optical modulator (Conoptics, Danbury, CT). The combined laser beams are
sent into an inverted optical microscope (IX71, Olympus America, Center
Valley, PA) and focused to a diffraction-limited spot by a 603 oil objective
(Olympus America). The forward-directed CARS signal generated in the
sample is separated from the laser beams by a dichroic mirror and a multi-
photon short-pass filter (Semrock, Rochester, NY) and is then collected by
a single photon counting avalanche photodiode detector (APD, SPCM-AQR
14, Perkin-Elmer, Wellesley, MA). The APD signal is processed using time-
correlated single photon counting electronics (TimeHarp200, PicoQuant
GmbH, Adlershof, Germany) and displayed using image acquisition and
analysis software (SymPhoTime, PicoQuant GmbH).

To image lipid droplets in primarymonocytes, theOPObeamwas tuned to
816nmandservesasthepumplaser,whereasthe1064nmlineoftheNd:YVO4

laser was used as the Stokes probe beam. Together, the two beams coherently
probe the strong aliphatic lipid CH stretch vibration at 2854 cm21, which
results in the generation of a strong CARS signal at 661 nm. Images are
acquired at 256 3 256 pixels with an acquisition time of 1 min/image.

In vitro LysoTracker, MitoTracker, and ER-Tracker analysis

THP-1 human monocytes (1 3 106 cells/ml) were treated with VLDL li-
polysis products generated as described previously for 3 h at 37˚C. After
treatment, cells were stained with LysoTracker Red DND-99 (50 nM final
concentration; Molecular Probes, Eugene, OR), MitoTracker Green FM
(50 nM final concentration; Molecular Probes), or ER-Tracker Red (100
nM final concentration; Molecular Probes). Cells stained with ER-Tracker
Red were then fixed in 1% paraformaldehyde for 2 min at 37˚C, washed,
and resuspended in 20 ml probe-free medium. Localization of the Tracker
dyes was examined by FITC or rhodamine optical filters on a Zeiss Axi-
oskop 2 plus fluorescence microscope.

TEM

THP-1 human monocytes (1 3 106 cells/ml) were treated with VLDL li-
polysis products generated as described previously for either 30 min or 3 h at
37˚C. At each time point, 1 ml cells were harvested and fixed by re-
suspension in modified Karnovsky’s fixative (2% paraformaldehyde and
2.5% glutaraldehyde in 0.06 M Sorenson’s phosphate buffer, pH 7.2). Cells
were washed in Sorenson’s phosphate buffer three times for 1 min each,
resuspended in 2% OSO4 (osmium tetroxide), and incubated at 4˚C for 1 h.
Prior to dehydration, the cells were washed in distilled water three times for
1min each at 4˚C. Samples were dehydrated through serial washes in graded
acetone (10 min each). The dehydrated samples were embedded in epoxy
resin and ultra-thin sections were obtained after heavy metal staining. The
images were collected on a Phillips CM120 microscope at 80 kV.

Quantitative real-time RT-PCR

Gene expression of inflammatory cytokines from treated monocytes was
examined using quantitative real-time RT-PCR as described previously (16).
Briefly, RNAwas extracted from treated THP-1 cells using TRIzol reagent
(Invitrogen, San Diego, CA) and an RNeasy mini kit (Qiagen, Valencia,

3928 MONOCYTE LIPID DROPLET FORMATION BY FATTY ACIDS
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CA). Total RNA (5 mg) was converted to cDNA using a Superscript III kit
(Invitrogen). Quantification of mRNA from gene transcripts of TNF-a, IL-
1b, IL-8, and b-actin was performed using the GeneAmp 7900 HT sequence
detection system (Applied Biosystems, Foster City, CA), as described
previously (17). Primers for the genes of interest were designed using Primer
Express (Applied Biosystems) and synthesized by Integrated DNA Tech-
nologies. The primer sequences were as follows: TNF-a (sense, 59-AAC-
ATCCAACCTTCCCAAACG-39; antisense, 59-CCCTAAGCCCCCAATTC-
TCTT-39), IL-1b (sense, 59-AATTTGAGTCTGCCCAGTTCCC-39; anti-
sense, 59-AGTCAGTTATATCCTGGCCGCC-39), IL-8 (sense, 59-GAGAA-
ATCAGGAAGGCTGCC-39; antisense, 59-ACATGACTTCCAAGCTGGC-
C-39), and b-actin (sense, 59-CTGTCCACCTTCCAGCAGATGT-39; anti-
sense, 59-CGCAACTAAGTCATAGTCCGCC-39). Expression of TNF-a,
IL-1b, and IL-8 were normalized to b-actin and represented in terms of
a fold change.

TNF-a ELISA

Secreted TNF-a protein from treated THP-1 monocytes was quantified
using a human ELISA kit, according to the manufacturer’s instructions
(BD Biociences, San Jose, CA).

Spontaneous Raman spectroscopy of single lipid droplets in

monocytes

Spontaneous Raman spectra of single lipid droplets within monocytes were
acquired on a custom-built inverted laser-tweezers Raman microscope. The
main microscope platform consists of an Olympus IX-71 microscope
equipped with a 1003, NA 1.4, oil immersion objective optimized for
near-infrared operation (Olympus America). The laser source is an 80 mW,
785 nm diode-pumped solid-state laser (Crystalaser, Reno, NV). The
spontaneously scattered Raman-shifted light is collected by the same mi-
croscope objective, dispersed by an imaging spectrograph (SP2300i, Roper
Scientific, Trenton, NJ), equipped with a 300 lines/mm grating, and de-
tected with a back-illuminated, thermoelectrically cooled deel-depletion
charge-coupled device camera with 1340 3 1000 pixels (PIXIS 100BR,
Roper Scientific). To acquire spectra from individual lipid droplets in
monocytes, the monocytes were optically trapped by their cytoplasmic
lipid droplets using the highly focused near-infrared laser beam. This
immobilizes the cell and allows us to obtain full Raman spectra within 30–
60 s signal acquisition time. Background spectra were acquired from the
buffer solution, while avoiding trapping any cells. After the subtraction of
the individual background spectra, the resulting spectra were processed
equally, including baseline subtraction and peak area normalization.

Analysis of lipid droplets in human monocytes

Buffy coats were isolated from blood drawn during the fasting and peak
postprandial periods. Contaminating erythrocytes were removed using
a lysing solution (BD Biosciences). Monocytes within the buffy coats were
labeled with an Alexa488-conjugated CD14 Ab, cells were fixed using 1%
paraformaldehyde, and then stained with Oil Red O as described previously.
Cells were imaged with a personal DV deconvolution microscope (Applied
Precision, Issaquiah, WA) using a 403 objective. A FITC filter was used
for excitation of the Alexa-488 and Oil Red O, and emission profiles at
528 nm and 617 nm were used to detect CD14 and Oil Red O, respectively.
A minimum of 40 frames of cells were captured per sample. Images were
deconvolved using D Vision software, giving a partially computer-generated
final image. Total monocytes with and without lipid droplets were counted
from samples isolated from the fasting state and the peak postprandial
period, and presented as a percentage of monocytes positive for lipid
droplets. In addition, total TGs and NEFAs were measured from the cor-
responding plasma samples using kits from Sigma-Aldrich and Wako
Chemicals, respectively, according to the manufacturers’ instructions.

Statistics analysis

All statistical analyses were performed using Student t test or one-way
ANOVA,where appropriate, with SigmaStat software. All data are presented
as the mean 6 SEM. Statistical significance was reported for p , 0.05.

Results
Treatment of THP-1 monocytic cells with VLDL lipolysis

products induces lipid droplet biogenesis

Initial studies revealed that THP-1 cells develop intracellular

droplet-like structures after a 3-h treatment with VLDL lipolysis

products, generated by pretreating VLDL with LpL. DIC micros-

copy was used to visualize the droplet-like structures in the VLDL

lipolysis product-treated cells (Fig. 1D, arrows). Cells were stained

with Oil Red O, which stains neutral lipids, to confirm that the

droplets are lipid filled. Untreated THP-1 monocytes (Fig. 1A) and

monocytes treated with LpL (Fig. 1B) or VLDL alone (Fig. 1C)

contained very few droplets. Supplemental Fig. 1 represents DIC

microscopic images of treated cells without Oil Red O staining, to

confirm that the lipid droplet formation is not an artifact of the Oil

Red O staining procedure.

To further confirm that lipid-filled droplets exist in living mono-

cytes and to avoid potential artifacts from fixation or Oil Red O

staining, we also imaged treated THP-1 monocytes by CARS mi-

croscopy. CARS microscopy is a label-free chemical imaging

technique suitable for live cell microscopy that probes specific

molecular vibrations by inelastic light scattering.Here,we tuned our

system to probe the aliphatic CH vibration at 2845 cm21 that is

common to all lipids (Fig. 2A). Images obtainedby this technique are

similar to confocal fluorescence microscopy images, but are based

on the intrinsic contrast between these specificmolecular vibrations.

As shown in the CARS image in Fig. 2B, only lipid droplets within

the cytoplasm of a monocyte produce visible contrast using this

modality, which further underscores the highly localized lipid

storage in these cells. The lipid droplets imaged in this cell are all of

approximately the same size and similar overall lipid density.

VLDL lipolysis product-induced lipid droplets appear to be in

close proximity to the ER

Lipid droplets can form within cells by several processes, but they

most commonlyoriginate from theER.TodeterminewhetherVLDL

lipolysis product-induced lipid droplets are associated with ER

FIGURE 1. VLDL lipolysis product-induced droplets are lipid-filled.

THP-1 monocytes were treated at a cell density of 13 106 cells/ml for 3 h.

Monocytes were fixed in 1% paraformaldehyde and lipid droplets were

stained with Oil Red O. Monocytes were observed at room temperature

using a Zeiss Axioskop2 plus microscope with a Pan-Neofluar 403 ob-

jective, 1.3 oil. DIC images were captured using a Zeiss AxioCam MRm

camera and processed using AxioVision LE software. A–C, Negative con-

trols included (A) media, (B) LpL (2 U/ml), and (C) VLDL alone (200 mg

TG/dl), and resulted in low levels of droplet formation. D, VLDL lipolysis

products (200 mg TG/dl VLDL and 2 U/ml LpL) induced formation of

droplets that stained red with Oil Red O, indicating that they are lipid filled.

Cells from each treatment were analyzed over a minimum of 10 frames per

experiment. The experiment was repeated three times, with similar results.

Arrows, lipid droplets. Original magnification 3400 for all panels.

The Journal of Immunology 3929
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structures, treatedmonocyteswere stainedwithER-TrackerRedand

observed at various time points over a course of 3 h (Fig. 3). THP-1

cells treated with VLDL lipolysis products (200 mg TG/dl VLDL

and 2 U/ml LpL) between 0.5 and 3 h show the gradual accumu-

lation of lipid droplets within the cells, with the greatest number of

lipid droplets observed by 3 h clearly seen by DIC (Fig. 3A, first

column). ER-Tracker Red dye (Fig. 3A, middle column) displays

a punctate cytoplasmic localization early in the time course (0.5–1

h), consistent with ER localization. As lipid droplets form, most

noticeably at 2 and 3 h, they appear to associate with ER mem-

branes (white arrows). Specifically, at 2 h, you can see that the ER-

Tracker Red dye is largely localized to one area where a lipid

droplet is located within the cell. By 3 h, the ER-Tracker Red dye

appears to surround the periphery of the lipid droplet and is highly

concentrated in close proximity to one side of the lipid droplet. This

finding is consistent with the idea that neutral lipids coalesce within

the ER bilayer into a sphere that eventually buds into the cytosol,

a model largely accepted in the lipid droplet field, but is nonetheless

unproven (18). A merge of the two images is presented in Fig. 3A.

To determine whether other cellular organelles could be involved

in lipid droplet biosynthesis, VLDL lipolysis product-treated THP-1

monocytes were stained with Lyso-Tracker Red DND-99 (Sup-

plemental Fig. 2B) andMito-Tracker Green FM (Supplemental Fig.

2E) to stain lysozomes and mitochondria, respectively. Neither

stain appeared to strongly colocalize with the lipid droplets (Sup-

plemental Fig. 2C, 2F, black arrows), suggesting that these struc-

tures are not involved in lipid droplet formation.

To further investigate the cellular origin of the lipid droplets and

confirm their association with the ER, we examined thin sections of

VLDL lipolysis product-treatedTHP-1monocytes byTEMafter 0.5

and 3 h. Fig. 3B shows that small lipid droplets (arrows) are visible

as early as 30 min after treatment (38510 total magnification).

After 3 h, the droplets appear to be larger in size (Fig. 3C, 38510

total magnification), perhaps because of fusion of multiple smaller

droplets within the cell. However, the mechanism that results in this

increase in droplet size remains to be elucidated (18). Increased

magnification revealed that the lipid droplets are indeed variable

in size after 3 h of lipolysis product treatment (Fig. 3D, 315,900

total magnification), and TEM confirms that the lipid droplets are

found opposed to the ER, which supports the idea that the

lipid droplets likely bud off from the ER during their generation

(Fig. 3E, 311,000 total magnification).

Albumin binding to fatty acids released from lipolysis of VLDL

attenuates lipid droplet formation and cytokine expression

To determine whether fatty acids released from hydrolysis of

VLDL are involved in lipid droplet formation in THP-1 monocytes,

we used fatty acid-free BSA to sequester the fatty acids prior to

monocyte treatment. After a 2-h treatment, monocytes were stained

with Oil Red O and counted as positive or negative for lipid droplets

by phase-contrast microscopy. Fig. 4A shows that ,10% of un-

treated monocytes contained lipid droplets. Adding BSA to the

untreated culture medium had no effect on lipid droplet formation.

Treatment with LpL or VLDL, negative controls, did not result in

a significant change in lipid droplet formation with or without

BSA. However, 80% of monocytes treated with VLDL lipolysis

products contained lipid droplets, a significant increase from the

controls. Allowing BSA to bind to fatty acids released from the

lipolysis of VLDL significantly decreased the number of lipid

droplet-laden monocytes (50%, p , 0.05), suggesting that free

fatty acids, unbound to albumin, play an important role in lipid

droplet formation in THP-1 monocytic cells.

Anotherconsequenceofmonocyte treatmentwithVLDLlipolysis

products was increased cytokine expression. A natural monocytic

response to pathogens or toxins is the release of cytokines and

chemokines, to ultimately mount an acute inflammatory defense.

Such monocyte activation by nonforeign stimuli, such as modified

lipids, has been described as an initiating event in atherogenesis (19–

21). Fig. 4B illustrates that TNF-a, IL-1b, and IL-8 gene expression

significantly increased in THP-1 cells after lipolysis product treat-

ment. Furthermore, sequestering lipolytically released fatty acids

with BSA, and therefore reducing the number of lipid droplets

within the cell, attenuated this cytokine expression. This observation

suggests that lipid overload within the cell triggers inflammatory

signaling pathways that could result in cellular activation.

In addition, to ensure that our treatment time of 3 h adequately

represented the inflammation induced postprandially, TNF-a pro-

tein secretion from THP-1 monocytes treated with VLDL lipolysis

products for 3, 6, and 24 h was measured by ELISA. The highest

secreted TNF-a protein levels were observed after 3 h (86.4 pg/ml

versus 65.4 and 62.2 pg/ml after 6 and 24 h, respectively), con-

firming that our in vitro replication of the peak postprandial period

is accurate (data not shown).

Synthetic fatty acids induce lipid droplet formation

Lipolysis of VLDL results in the release of large quantities of non-

esterified fatty acids (NEFAs) (22), which have the potential to affect

monocytes through a variety of mechanisms. To confirm that fatty

acids induce lipid droplet formation, THP-1 monocytes were treated

with commercially available unsaturated fatty acids (linoleic acid,

18:2 h-6, and oleic acid, 18:1), and saturated fatty acids (stearic acid,

18:0, and palmitic acid, 16:0). The treatment medium also contained

10% serum albumin. Monocytes were observed under phase-contrast

FIGURE 2. CARS imaging of THP-1monocytes confirms the lipid nature

of the droplets. After a 3-h treatment with VLDL and LpL (200 mg TG/dl,

2 U/ml), THP-1 monocytes were analyzed and imaged by CARS micros-

copy. A, Raman spectra obtained from individual lipid droplets inside

monocytes exhibit all the hallmarks of lipids. B, A chemical image obtained

by using the general lipid marker mode of an aliphatic CH vibration at 2845

cm21 to generate the contrast confirms that the droplets insidemonocytes are

highly enriched in lipids. Lipid droplets are ∼1 mm in diameter throughout

the cell. Images and spectra were obtained on home-built instruments using

and Olympus IX71 inverted microscope as platform, equipped with an

Olympus Plan-Apo 1003, 1.4 NA objective lens. Cells were fixed with 2%

paraformaldehyde, washed in PBS, and imaged at room temperature using

Picoquant SymPhoTime software. n = 3; each replication represents the

analysis of 5–8 fields of view. a.u., arbitrary units.
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microscopy after treatment with 150 mM of each fatty acid, which is

within the physiological range of NEFAs for humans (23). Lipid

droplets were abundant in monocytes treated with each fatty acid as

seen in Fig. 5. Linoleic acid (Fig. 5A), oleic acid (Fig. 5B), and stearic

acid (Fig. 5C) treatment resulted in the lowest incidence of droplet

formation with 53.9%, 50.4%, and 57.8% of total monocytes dis-

playing lipid droplets, respectively, represented quantitatively in Fig.

5E. Palmitic acid treatment ultimately generated the highest per-

centage of lipid droplet-containing cells (Fig. 5D, 76.9%), and the

droplets that formedwithin palmitic acid-treatedmonocytes appeared

larger in size than droplets inside cells from any other treatment. This

higher incidence of lipid droplet formation from palmitic acid treat-

ment was found to be statistically significant (p, 0.05).

Interactions with lipolysis products from FVLDL or PVLDL

change the lipid composition of lipid droplets

Todeterminewhether lipolysisproducts fromFVLDLorPVLDLhave

an influence on the lipid composition of monocyte droplets, we ac-

quired Raman spectra from lipid droplets across the entire Raman-

active range from ∼400 cm21 to 3100 cm21 using a laser tweezers

Raman microscope. This instrument allows us to optically trap

monocytes in culture by their cytoplasmic lipid droplets, thereby

immobilizing the lipid droplet in the tightly focused laser spot for the

duration of the experiment (typically 30–60 s per lipid droplet). In

Fig. 6, we show Raman spectra representing the average of several

lipid droplets from monocytes that underwent each treatment. All

spectra are dominated by thevibrational signature of lipids, indicating

FIGURE 3. VLDL lipolysis product-induced lipid droplets are found in close proximity to the ER.A, THP-1monocytes were treated at a cell density of 13 106

cells/mlwithVLDLandLpL(200mgTG/dl, 2U/ml)overa timecourse ranging from0.5 to 3h.At each timepoint, cellswere collectedand stainedwithER-Tracker

Red to observe any interactions betweenER structures and lipid droplet formation.Monocyteswere observed using a Zeiss Axioskop2 plusmicroscopewith aPan-

Neofluar 403 objective, 1.3 oil. Images were captured using a Zeiss AxioCamMRm camera and processed using AxioVisionLE software. Fluorescence and DIC

imagesof the samecells are shown.At 2 h, ER-associatedcontents are seen in the samearea as someof the lipiddropletswithin the cell (ER-TrackerRed, arrow).By

3 h, the ER appears to surround the lipid droplet and/or its contents (arrow). Cells from each treatment were analyzed over aminimumof 10 frames per experiment.

The experimentwas repeated three times,with similar results.B–E, TEMofTHP-1monocytes treatedwithVLDLandLpL (200mgTG/dl, 2U/ml) for either 0.5 or

3 h.Monocytes were harvested, prepared for TEManalysis, and embedded in epoxy resin for ultra thin sectioning. The imageswere collected on a Phillips CM120

microscope at 80 kVusing a GatanMegaScan model 794/20 digital camera. B, Monocyte treated with VLDL lipolysis products for 0.5 h contains small, disperse

lipid droplets (original magnification38510, arrows). C, Monocyte treated with VLDL lipolysis products for 3 h contains larger lipid droplets (original magni-

fication38510, arrows).D andE, Highermagnification images ofmonocytes treatedwithVLDL lipolysis products for 3 h reveal lipid droplets ofmultiple sizes (D,

originalmagnification315,900) and lipid droplets in close proximity to the ER (E, originalmagnification311,000). ER, endoplasmic reticulum;LD, lipid droplet.
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that the monocytes were indeed trapped by their lipid droplets. These

peaks correspond to the following assignments: Raman peaks of acyl

chains in the 1000–1200 cm21 range are typically due to C-C

stretching vibration.Specifically, peaks at 1066, 1076, and1129 cm21

are known to be very sensitive indicators of acyl chain order in lipids.

These peaks usually indicate close chain packing typical of the

structure of saturated fatty acids at room temperature.

To quantitatively analyze the lipid contents of these droplets, we

normalized all the peak vibrations to the 1442 cm21 CH deformation

mode, which indicates total lipid content. Specifically, recent articles

have established that the ratio of the peak intensity of the 1654 cm21

C-Cstretchmode to the 1442 cm21general lipidvibration provides an

excellent quantitative measure of the degree of unsaturation in in-

tracellular lipid droplets (24–26). By carefully comparing these

modes between the different samples, it can be seen that monocytes

treated with postprandial VLDL have an elevated intensity at the

1129 cm21mode (I1129/I1445: PVLDL: 0.166 0.01, FVLDL: 0.086

0.01, PVLDL and LpL: 0.116 0.01, FVLDL and LpL: 0.086 0.01).

This ratio is similar to that obtained directly from PVLDL lipo-

proteins and indicates that their saturated fatty acid core is likely being

incorporated in its entirety into intracellular lipid droplets (24). In-

terestingly, the observation is quite different when the total degree of

unsaturation is calculated (ratio I1654/I1445: PVLDL: 0.46 6 0.04,

FVLDL: 0.50 6 0.04, PVLDL and LpL: 0.57 6 0.05, FVLDL and

LpL: 0.65 6 0.05). In this study, treatment with lipolysis products

leads to significantly higher degrees of unsaturation, suggesting that

monocytes are trying to compensate the lipotoxic effects of exposure

to saturated fatty acids. Interestingly, the TG content in all cells is

relatively unchanged and rather similar (ratio I1740/I1445: PVLDL:

0.08 6 0.01, FVLDL: 0.07 6 0.01, PVLDL and LpL: 0.11 6 0.01,

FVLDL and LpL: 0.12 6 0.01). Based on these observations, it is

quite apparent that lipid droplets in monocytes treated with PVLDL

lipolysis products contain on average ∼15% more saturated lipids

than those from FVLDL lipolysis product-treated monocytes.

Lipid droplets are present in primary human monocytes after

consumption of a high-fat meal

To eliminate the possibility that the cytotoxic response of THP-1

monocytes to VLDL lipolysis products is an in vitro effect, we

examined freshly isolated human monocytes before and after the

FIGURE 4. Binding fatty acids with BSA partially attenuates lipid

droplet formation in THP-1 monocytes. Lipolysis of VLDLwas allowed for

30 min at 37˚C, fatty acid-free BSAwas added for 5 min, then the combined

treatment was applied to THP-1 monocytes for 3 h. A, Monocytes were

fixed, stained with Oil Red O, and imaged by phase-contrast microscopy

using a 603 objective. Monocytes treated with media, LpL (2 U/ml), and

VLDL (200 mg TG/dl) with and without BSA (60 mg/ml) were used as

negative controls. Cells positive for lipid droplets in each treatment were

counted, and expressed as a percentage of cells containing lipid droplets, n =

5. A minimum of 300 cells were counted for each treatment. B, Gene ex-

pression of cytokines TNF-a, IL-1b, and IL-8 measured from THP-1

monocytes treated with the previously described treatments, normalized to

media treatment and presented as fold change 6 SEM. pValues are signif-

icantly different from media control, p , 0.05. #Values are significantly

different from the VLDL and LpL treatment without BSA, p , 0.05.

FIGURE 5. Synthetic fatty acids induce formation of lipid droplets in

THP-1 monocytes. THP-1 monocytes were treated at a cell density of 1 3

106 cells/ml with linoleic acid (A, [18:2], h-6), oleic acid (B, [18:1]), stearic

acid (C, [18:0]), or palmitic acid (D, [16:0]) at final concentrations of 150

mM for 3 h. Monocytes were observed by phase-contrast microscopy using

an Olympus BX41 microscope with a 603 objective, NA 0.80. Images were

captured using an Olympus QColor3 camera and processed using QCapture

software. A minimum of 300 cells were counted from each treatment, and

the average percentage of cells positive for lipid droplets is represented in E

(n = 3, pp , 0.05). Original magnification 3600 for all panels.

3932 MONOCYTE LIPID DROPLET FORMATION BY FATTY ACIDS

 b
y
 g

u
est o

n
 A

u
g
u
st 4

, 2
0
2
2

h
ttp

://w
w

w
.jim

m
u
n
o
l.o

rg
/

D
o
w

n
lo

ad
ed

 fro
m

 

http://www.jimmunol.org/


consumption of a moderately high-fat meal. Monocytes were la-

beled with a CD14 Ab, a cell surface marker found exclusively on

monocytes, conjugated to the fluorescent dye Alexa488 that renders

all monocytes fluorescent green. Monocytes were fixed and sub-

sequently stained with Oil Red O for lipid droplet visualization at

red wavelengths. Monocytes isolated from fasting blood con-

tained few red-stained lipid droplets (Fig. 7A), whereas cells iso-

lated from postprandial blood contained more lipid droplet-positive

monocytes (Fig. 7B). Monocytes positive for lipid droplets, that is,

cells that stained green and contained punctate red droplets, were

counted and expressed as a percentage of total monocytes. In this

study, comparing the responses of 10 randomly selected healthy

volunteers, 29.4% of fasting monocytes contained lipid droplets,

compared with 50.3% of postprandial monocytes (Fig. 7C). Simi-

larly, when THP-1 monocytes were treated with fasting or post-

prandial plasma at the same average TG concentrations expressed

by our donors (42 and 79mg TG/dl, respectively), the percentage of

cells positive for lipid droplets (33.5% fasting and 70.0% post-

prandial, data not shown) closely mimicked the trend observed

using fresh monocytes. The red cells in Fig. 7A are nonmonocytic

leukocytes that have picked up the Oil Red O stain. Note that most

of these cells are uniformly stained red, with few punctate red spots,

suggesting that Oil Red O stains plasma membrane lipids of all

cells. However, in Fig.7A there are a few nonmonocytic leukocytes

that stain brightly red in a speckled pattern, which suggests that

some unidentified nonmonocytic leukocytes also develop lipid

droplets. In Fig. 7B, we believe that the absence of red non-

monocytic leukocytes is due to the chosen focal plane in this par-

ticular frame, in which the monocytes are in focus and the

underlying nonmonocytic leukocytes are below the plane of focus.

This, and the brightness of the red droplets within the monocytes,

FIGURE 6. Lipid droplets in THP-1 monocytes exposed to fasting or

PVLDL lipolysis products exhibit distinct differences in their lipid com-

position. THP-1 monocytes were treated at a cell density of 1 3 106 cells/

ml with either VLDL or VLDL and LpL (200 mg TG/dl, 2 U/ml) for 3 h

with VLDL obtained in the fasting and the postprandial states. THP-1

monocytes were also treated with FVLDL and PVLDL alone (in the ab-

sence of LpL). On average, 10 Raman spectra from cells treated with the

different products were obtained and their signal intensities were averaged

(n = 3). Raman markers for saturation (1129 cm21) and unsaturation (1266

cm21 and 1654 cm21) are highlighted by gray bars. a.u., arbitrary units.

FIGURE 7. The postprandial state induces lipid droplet formation in

freshly isolated human monocytes. A and B, Peripheral blood was drawn

before and after consumption of a moderately high-fat meal from 10

healthy human volunteers. Monocytes were labeled with CD14-FITC,

fixed, and stained with Oil Red O. Fasting (A) and postprandial monocytes

(B) were imaged using a D Vision Deconvolution microscope with a 603

objective. CD14-positive monocytes are shown in green, whereas Oil Red

O-stained lipid droplets appear red. Inset of B, A CD14-positive monocyte

that contains lipid droplets is shown at 23 digital magnification. C, Percent

cells containing lipid droplets was calculated by analyzing 40 frames from

each sample, with a minimum of 150 cells counted from each fasting and

postprandial time point for each subject. 50.3 6 3.1% of postprandial

monocytes contained lipid droplets, compared with 29.4 6 3.0% of

monocytes during the fasting state. D, Postprandial blood plasma TG

levels (77.0 6 8.3 mg TG/dl) were also higher compared with fasting

blood samples (41.5 6 8.3 mg TG/dl), averaged from 10 subject samples.

pp , 0.05. Original magnification 3600 for A and B.
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renders the Oil Red O signal from the nonmonocytic leukocytes

slightly dampened.

Because the postprandial period chosen coincides with the av-

erage spike inTGs seenafter ingestionof ahigh-fatmeal, as shown in

Fig. 7D, it appears that circulating TGs or their lipolysis products

induce lipid droplet formation within monocytes in vivo. The av-

erage NEFA levels of the fasting and postprandial plasma were

0.242 mmol/l and 0.301 mmol/l, respectively. In addition, the 10

blood donors had an average postprandial TG level of 79 mg/dl.

Because this value is lower than the TG levels used in our previous

treatments, we repeated the initial THP-1 monocyte treatment with

VLDL lipolysis products at this TG concentration (data not shown).

The loading capacity at 79 mg TG/dl was quantified as 69% of total

THP-1 monocytes containing lipid droplets, slightly lower than the

200 mg/dl dose depicted in Fig. 4 (80% positive for droplets).

As an additional link tomonocyte inflammation, a previous study

from our laboratory showed that the peak postprandial period also

coincided with increased levels of TNF-a and IL-1b secretion from

circulating monocytes (3). To confirm that lipid droplet formation

in fresh monocytes also correlates with an inflammatory response,

we isolated PBMCs from fasting and 3.5-h postprandial blood and

measured cytokine gene expression. As shown in Supplemental

Fig. 3, PBMC expression levels of TNF-a, IL-1b, and IL-8 sig-

nificantly increased during the peak postprandial period, confirm-

ing our previous observation.

Discussion
The aims of this studywere to identify and characterize the cytosolic

lipid droplets that form in monocytes in response to incubation with

lipolysis products from VLDL and to determine how this effect

relates to postprandial hypertriglyceridemia. Controlled lipid

storage is a known function of monocyte-derived macrophages, but

to our knowledge has not been investigated in undifferentiated

monocytes.We found that monocytes in culture and freshly isolated

primary monocytes display similar lipid droplet formation when

exposed to PVLDL lipolysis products, suggesting that this is not an

artifact of cell culture or unique to a particular cell line. Fatty acids

released on lipolysis appear to be causative, and the level of

unsaturation of these fatty acids is critical for their rate of formation

and the size towhich the droplets can grow. Furthermore, these lipid

droplets appear to originate from the ER as previously suggested, in

agreement with the current lipid droplet model.

Lipid droplet physiology has been the subject of intense research

formany years, but gaps in the knowledge base remain. Specifically,

although polyunsaturated fatty acids have been established asmajor

stimuli for lipid droplet formation (27), it remains unknown what

function these droplets have in cells that do not normally store large

amounts of lipid, such as monocytes. In addition, a concise

mechanism describing fatty acid uptake and repackaging into TG-

filled droplets by immune cells is unknown.

Previous research has shown that neutral lipid storage is important

for cellular defense. Excess fatty acids are toxic to cells, but un-

saturated fatty acids have been shown to protect normal cells against

the damage induced by saturated fatty acids (28). One possible

reason that lipid droplets form in response to VLDL lipolysis

products is to prevent lipotoxicity, which has clinical relevance in

human disease. The cellular mechanisms by which lipid-laden cells

tolerate lipid overload or undergo lipotoxicity are not well known.

Recently, Cnop et al. showed that pancreatic islet cells treated with

oleate were able to survive lipotoxicity by forming lipid droplets,

whereas cells that did not survive the treatment did not contain

droplets (29). In our study, THP-1 monocytes formed lipid droplets

in response to polyunsaturated, monounsaturated, and saturated

fatty acids, while maintaining cell viability. In a previous study, we

determined that lipolysis of VLDL from healthy individuals re-

leases a combination of fatty acids of which palmitic acid (1206 19

nmol/mg TG), stearic acid (23.8 6 6.3 nmol/mg TG), oleic acid

(67.8 6 10 nmol/mg TG), and linoleic acid (48.2 6 11 nmol/mg

TG) were the most abundant (22). Exposure of monocytes to this

combination of saturated and unsaturated NEFAs results in the

formation of lipid droplets. We can speculate that the sequestration

of long-chain fatty acids into droplets prevents them from initiating

proapoptotic signaling cascades and/or generating reactive oxygen

species, two endpoints of lipotoxicity.

We have shown that the saturated fatty acid palmitic acid leads to

the highest level of lipid droplet formation, but likely at the expense

of long-term cell viability. Higa et al. showed that palmitate in-

creased TG accumulation in pancreatic b cells, presumably by

forming lipid droplets, but this lipid accumulation was not linked to

subsequent apoptosis at high-palmitate concentrations (30). A

continuous dose-dependent Akt phosphorylation in those cells

suggests that the accumulated lipid droplets triggered cell survival

pathways through Akt. However, at higher doses of palmitate the

cells became apoptotic, suggesting that either lipid droplet-induced

survival signaling can reach a threshold, or that the cells switched

over to a proapoptotic pathway. Similarly, Listenberger et al.

showed that Chinese hamster ovary cells treated with palmitate did

not accumulate TG and became apoptotic, whereas cells treated

with oleate did accumulate lipids and survived lipotoxicity (28).

They reasoned that the accumulation of TG protected the cells from

apoptosis, implying that unsaturated fatty acids protect against

lipotoxicity, whereas saturated fatty acids promote it. In contrast,

our study shows that lipid droplets form after monocyte treatment

of both saturated and unsaturated fatty acids. It is possible that our

treatment dose of 150 mM, palmitic acid was able to accumulate in

lipid droplets, whereas the higher treatment concentrations reported

by Listenberger et al. yielded different results. In addition, the

treatment times varied, which could also explain the discrepancies

between studies.

Ithaspreviouslybeenreported that sitesof inflammation inside the

human body, such as arthritic joints or asthmatic bronchi, contain

cells with lipid droplets (31, 32). This suggests that lipid droplets

may play a role in regulating or responding to inflammation. Pre-

vious results reported by Bozza et al. showed that lipid body for-

mation could be inhibited by aspirin and nonsteroidal anti-

inflammatory drugs, indicating that cyclooxygenase-2 and its

downstream eicosanoid and PG targets are involved (33). Cyclo-

oxygenase-2 and PGs also have been found inside lipid bodies from

neutrophils, eosinophils, mast cells, and adenocarcinoma cell lines

(34–36). Haversen et al. showed that long-chain fatty acids, such as

palmitate and stearate, induced the mRNA expression and secretion

of inflammatorymediators TNF-a, IL-1b, and IL-8 frommonocyte-

derived macrophages, but linoleate did not induce cytokine secre-

tion (37). The fact that these two saturated fatty acids are abundantly

released from hydrolysis of our VLDL, they both initiate lipid

droplet formation, and have been shown to elicit an inflammatory

response from monocyte-derived macrophages suggests that they

are primary activating agents in our system. We have demonstrated

herein that VLDL lipolysis products initiate a proinflammatory re-

sponse from monocytes, which becomes attenuated when the

stimulus to lipid droplet formation is blocked. An important ques-

tion that remains is whether there is a cause-and-effect relationship

between themonocyte proinflammatory state and droplet formation.

In an effort to determine the origin of lipid droplets in monocytes,

we stained specific organelles to determine whether they colocalize

with lipid droplets present. Based on the comparison between

fluorescence from these organelle-specific stains andDIC images, it

appears that there is a time-dependent association with ER. Lipid
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droplets that originate from the ER may be too small to be captured

by current microscopic techniques, and remain unassociated from

the ER,while they become large enough to detect (38). TEM images

of VLDL lipolysis product-treated monocytes show lipid droplets

in close proximity to the ER membrane. The notion that lipid

droplets arise as specialized regions of the ER is attractive, given

that in times of metabolic stress this would facilitate the rapid ex-

change of lipids and proteins. However, the possibility of an en-

dosomal trafficking mechanism also exists regarding the formation

of lipid droplets. Fatty acids have been shown to induce the in-

ternalization and endosomal association of caveolin-1 and fatty

acid-binding proteins, which normally reside in membrane regions

termed caveolae (39, 40). In addition, it has been shown that cav-

eolin-1 associates with lipid droplets and can directly bind fatty

acids (41), suggesting that the lipid droplet contents originate from

outside of the cell, which could be the case in our study.

We observed profound effects on the overall lipid composition of

lipid droplets after treatment with lipolysis products from FVLDL

versus PVLDL. The postprandial period, as experienced multiple

times per day, is often characterized by increased levels of circu-

lating TGs and fatty acids (42, 43), and also by activated monocytes

(3). As evidenced by Raman spectroscopic analyses of individual

intracellular lipid droplets, exposure to lipolysis products from

PVLDL resulted in a higher level of saturation (15%) inside the

lipid droplets, which is likely to invoke a stronger lipotoxic re-

sponse. In support of this result, Chan et al. have shown that VLDL

isolated from the same population of fasting subjects has a lower

saturated fatty acid content than PVLDL (24). Overall, our results

suggest that a higher saturated-to-unsaturated fat ratio in PVLDL

contributes to increased monocyte lipid droplet formation during

the peak postprandial period, potentially representing an activating

event leading to monocyte recruitment to the vascular wall.

Although the formation of lipid droplets in amonocyte cell line in

response to VLDL lipolysis product exposure is an interesting

observation, it was important to establish physiological relevance.

By conducting a study with randomly selected healthy volunteers,

we confirmed the presence of lipid droplets in their monocytes

before and3.5hafter theconsumptionof amoderatelyhigh-fatmeal.

We found that these subjects exhibited an increase in plasmaTGs 3–

4 h after meal consumption, as has been previously reported (43,

44), and which coincides with the peak monocyte inflammatory

response (3). We speculated that, as seen in vitro, elevated VLDL

lipolysis products could induce lipid droplet formation within cir-

culating monocytes in vivo. In this study, we report for the first time

that monocytes isolated from human subjects during the peak

postprandial period contain lipid droplets. A similar finding has

recently been reported in hypercholesterolemic apoE knockout

mice (45), fromwhich CD11c+monocytes contained lipid droplets,

whereas the same monocytic population from wild-type mice did

not. This monocytic response to a high-fat meal could be even more

pronounced in humans with dyslipidemias, such as combined

dyslipidemia.

In this study, we have conclusively determined that monocytes

treated with PVLDL lipolysis products generate droplets that are in

fact lipid-filled, form due to interactions with free fatty acids, are

likely to originate from the ER, and are found both in vitro and

more importantly in vivo. Furthermore, we speculate that these

lipid droplets form to prevent lipotoxicity. We have also established

that both unsaturated and saturated fatty acids induce lipid droplet

formation, but that the increased number of cells containing lipid

droplets seen postprandially could be linked to a higher saturated-

to-unsaturated fatty acid ratio in PVLDL. The identification of lipid

droplets inside human monocytes could provide a novel biomarker

for stratification of risk for ASCVD in the future.
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35. Dvoràk, A. M., E. S. Morgan, D. M. Tzizik, and P. F. Weller. 1994. Prostaglandin
endoperoxide synthase (cyclooxygenase): ultrastructural localization to nonmembrane-
bound cytoplasmic lipid bodies in human eosinophils and 3T3 fibroblasts. Int. Arch.
Allergy Immunol. 105: 245–250.

36. Accioly, M. T., P. Pacheco, C. M. Maya-Monteiro, N. Carrossini, B. K. Robbs,

S. S. Oliveira, C. Kaufmann, J. A. Morgado-Diaz, P. T. Bozza, and J. P. Viola.

2008. Lipid bodies are reservoirs of cyclooxygenase-2 and sites of prostaglan-

din-E2 synthesis in colon cancer cells. Cancer Res. 68: 1732–1740.
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