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Abstract Infections share with atherosclerosis similar
lipid alterations, with accumulation of cholesteryl esters
(CEs) in activated macrophages and concomitant decrease
of cholesterol-HDL (C-HDL). Yet the precise role of HDL
during microbial infection has not been fully elucidated.
Activation of P388D1 by lipopolysaccharide (LPS) trig-
gered an increase of CEs and neutral lipid contents, along
with a remarkable enhancement in 1,1’-dioctadecyl-3,3,3",3'-
tetramethylindocarbocyanine perchlorate-HDL uptake.
Similar results were found in human monocyte-derived
macrophages and monocytes cocultured with phytohemag-
glutinin-activated lymphocytes. Inhibition of cholesterol
esterification with Sandoz-58035 resulted in 80% suppres-
sion of CE biosynthesis in P388D1. However, only a 35%
decrease of CE content, together with increased scavenger
receptor class B member 1 (SR-B1) protein expression,
was found after 72 h and thereafter up to 16 passages of
continuous ACAT suppression. Chronic inhibition blunted
the effect of LPS treatment on cholesterol metabolism,
increased the ratio of free cholesterol/CE content and
enhanced interleukin 6 secretion.ll These results imply
that, besides de novo biosynthesis and acquisition by LDL,
HDL contributes probably through SR-B1 to the increased
CE content in macrophages, partly explaining the low lev-
els of C-HDL during their activation. Our data suggest that
in those conditions where more CEs are required, HDL
rather than removing, may supply CEs to the cells.—Uda,
S., S. Spolitu, F. Angius, M. Collu, S. Accossu, S. Banni, E.
Murru, F. Sanna, and B. Batetta. Role of HDL in choles-
teryl ester metabolism of lipopolysaccharide-activated
P388D1 macrophages. J. Lipid Res. 2013. 54: 3158-3169.
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Cholesteryl esters (CEs) overload in macrophages (1)
and low levels of cholesterol-HDLs (C-HDLs) (2, 3) are a
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hallmark of atherosclerosis. Similar changes are present in
chronic metabolic diseases (hypercholesterolemia, insulin
resistance, diabetes, etc.) (4), and have been described in
other disorders such as cancer (5-9) and infections (10).
Probably, accumulation of CEs serves as a reservoir of cho-
lesterol for an enhanced membrane biogenesis during sus-
tained proliferation.

During acute infections the body undergoes several
metabolic changes (11, 12), among which plasma lipid al-
terations are prominent and related to a shift in energetic
requirements (increased triglycerides and fatty acids)
(13, 14) or to structural modification of LDLs (15) and
HDLs (16, 17). The infection-related decrease in C-HDLs
observed in all species is ascribed to a reduction of pro-
teins involved in reverse cholesterol transport (18, 19),
supposedly induced by inflammatory molecules secreted
from immune cells activated by the microbial stimulus
(16). Thus, during infection, an inefficient removal of
cholesterol from the arteries may contribute toward elicit-
ing a lipid overload of macrophages and transformation of
the former into foam cells (19). For this reason, infections
have been considered as a serious risk factor for the devel-
opment or worsening of atherosclerosis (20-22). Epide-
miological findings support this correlation, with acute
vascular accidents (myocardial infarction, ictus, etc.) be-
ing described during acute and chronic infections. Carotid
plaques have been observed in patients with periodontal
diseases (23, 24) and other chronic infections (25, 26).
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BCS, bovine calf serum; CE, cholesteryl ester; C-HDL, cholesterol-HDL;
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deprived bovine calf serum; LPS, lipopolysaccharide; NFkB, nuclear
factor kappa-light-chain-enhancer of activated B cells; PBMC, periph-
eral blood mononuclear cell; PFA, paraformaldehyde; PHA, phytohe-
magglutinin; SR-B1, scavenger receptor class B member 1; Sz-58035,
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Macrophages are the major players of innate immunity,
possessing a number of receptors that enable them to rec-
ognize both microbial infections, i.e., toll-like receptor
(TLR)-2 and TLR-4 (27), and metabolic antigens such as
modified LDL, i.e., scavenger receptors A and B (28, 29).
Although different pathways are activated following rec-
ognition of antigens, microbial infections and metabolic
diseases manifest similar lipid alterations in serum and
macrophages, leading to CE enrichment of the latter.
Nascent HDLs are formed due to coalescence of phos-
phoslipids-apoAl complexes, which are synthesized by the
liver and the intestine (30). Nascent HDLs are converted
into mature CE-rich HDLs in the blood by removing free
cholesterol (FC), mainly from the CE-macrophage pool
(31). It can be hypothesized that the immune response,
underlying remarkable changes in CE metabolism, may be
directly responsible for low plasma C-HDLs. To add fur-
ther insight into this aspect, we investigated the way by
which microbial macrophage response leads to CE con-
tent increase in a macrophage-like cell line P388D1, in hu-
man monocyte-derived macrophages activated with the
microbial stimulus lipopolysaccharide (LPS) (Escherichia
coli 026:B26), and in monocytes cocultured in presence of
phytohemagglutinin (PHA)-activated lymphocytes.

METHODS

Cells

P388D1 cells. The murine P388D1 macrophage-like cell
line, a well-studied model for investigating human atherogene-
sis (82, 33), was obtained from the American Type Culture Col-
lection (Rockville, MD). Cultures were maintained in exponential
growth (between 2 x 10° cells/ml and 1.5 x 10° cells/ml) at
37°C, 5% COy in T-25 cm? tissue culture flasks (Falcon, M19,
Milan, Italy) containing RPMI 1640 medium supplemented
with 10% bovine calf serum (BCS) (Bioquote Ltd., York, UK),
streptomycin (100 pg/ml), L-glutamine (2 mM), and penicillin
(100 U/ml). Stock cultures were diluted and seeded at a density
of ~2 x 10° cells/ml in growth medium twice a week. According
to other authors (34, 35), to achieve the best immune activation,
cells at a density of 2.5 x 10° cells/ml were given the microbial
stimulus LPS, serotype 026:B26, at 100 ng/ml for 72 h. To in-
hibit cholesteryl esterification, cells were treated with the ACAT
inhibitor Sandoz-58035 (Sz-58035) (4 wM; Sigma-Aldrich, Milan,
Italy) for 72 h [acute Sz-58035 treatment (ACS) ]. To investi-
gate the effect of continuous inhibition of CE synthesis, cells
were cultured for at least 16 passages (about 50 cell cycles) with
the drug [chronic Sz-58035 treatment (CRS)]. To investigate
the effect of lipoprotein deficiency, in some experiments cells
were cultured in medium containing 10% BCS or 10% lipopro-
tein-deprived bovine calf serum (LDBCS). In order to investi-
gate the contribution of lipoproteins, CE metabolism and
cytokine secretion were evaluated in cells cultured in the pres-
ence of LDLs (100 pg/ml) and HDLs (250 pg/ml) (Biochemical
Technology Inc., Stoughton, MA) given singularly.

Human peripheral mononuclear cells. 1In this study whole
heparinized blood samples from healthy volunteers (n = 6)
were drawn after the subjects gave their written informed consent,
approved by the Institutional Review Boards. Peripheral blood

mononuclear cells (PBMCs) were separated by Lymphoprep
(Nycomed Pharma AS, Oslo, Norway) density gradient cen-
trifugation, as previously described (36). Cells were cultured
at a density of 3.0 x 10° cells/ml in RPMI 1640 supplemented
with 10% fetal calf serum, penicillin (100 U/ml), streptomy-
cin (100 mg/ml), and 2 mM r-glutamine at 37°C in a 5% CO,
humidified atmosphere. A 99% pure monocyte cell suspen-
sion was obtained from isolated PBMCs using the positive
magnetic labeling protocol by BD IMag™ anti-human CD14
magnetic particles DM, according to the manufacturer’s guide-
lines (BD Biosciences). Briefly, monocytes were seeded at a
density of 2.0 x 10° cells/ml, fresh medium was supplied every
three days and macrophage differentiation was obtained be-
tween days 7 and 9. Thereafter, macrophages were incubated
with LPS (20 ng/ml) and harvested at the indicated times.
Before carrying out the experiments, we performed a dose-
response curve of LPS treatment of human monocyte-derived
macrophages. The LPS dose range that produced the best in-
flammatory response, evaluated by measuring interleukin
(IL)-1B, tumor necrosis factor a (TNF-a), and IL-6 secretion,
albeit not significantly toxic to cells, were established ranging
from 20 to 50 ng/ml (data not shown), which also corresponds to
that reported in the literature (36-39). In some experiments,
PBMCs were cultured for 48 h with PHA (10 pg/ml). At the end
of experiments, the suspended cells (mostly clustered activated
lymphocytes) were removed and adherent cells (mostly mono-
cytes) were examined.

Determination of cholesterol esterification
14
from [ "Cloleate

Cells were incubated for 4 h in medium containing [**c]
oleate bound to BSA. To prepare the oleate-BSA complex,
3.7 MBq of [14C]oleic acid in ethanol (specific activity 2.035
GBq/mmol) was mixed with 1.4 mg KOH and the ethanol
evaporated. PBS (1.5 ml) without Ca** and Mg*', containing
4.24 mg BSA (fatty acid-free) was added and the mixture
shaken vigorously. This solution was added to each well for a
final concentration of 74 KBq/ml. After incubation, cells were
washed with ice-cold PBS and lipids extracted with acetone.
Neutral lipids were separated by TLC, and incorporation of
[14C]oleate into CEs was measured (40). An aliquot of cell
lysate was processed for protein content (41).

Analysis of FC and CEs in media and cells

Total lipids were extracted from the cells and media using
the method described by Folch, Lees, and Stanley (40). Aliquots
from chloroform phase were dried down under vacuum and
dissolved in methanol for HPLC analysis. Separation of CEs was
carried out as described (42-44) using an Agilent 1100 HPLC
system (Agilent, Palo Alto, CA) equipped with a diode array de-
tector and mass spectrometer in line. Ultraviolet and mass spec-
tra were recorded to confirm the identification of HPLC peaks.
In these experiments, to evaluate the exogenous CE source, we
used as a marker (42) the content of conjugated linoleic acid
18:2 (CLA) in cellular CEs. In fact such a fatty acid is biosynthe-
sized exclusively in the rumen and characteristic of the tissues
and milk of ruminants. Although P388D1 cells are unable to
synthesize it by themselves, they can obtain CLA from lipopro-
teins of culture medium enriched with a 10% BCS. The fact that
ACAT-inhibited cells are unable to synthetize CEs endoge-
nously (from either LDL hydrolysis or new cholesterol synthe-
sis), supports the hypothesis that CE-HDLs represent the only
possible source. With our detection method, CLA has a very
different chromatographic retention time than hydroper-
oxyoctadecadienoic acid and hydroxyoctadecanoic acid (45),
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these latter molecules likely formed in the pro-oxidant environ-
ment created by LPS activation. As expected, cholesteryl CLA
was present in BCS. In addition, prior to use, we assessed the
integrity of the commercially purchased lipoproteins by evaluat-
ing the CE oxidation state (Table 1).

Neutral lipids stored in the droplets: imaging and
measurements

To visualize neutral lipids in situ, cells were cultured in 35
mm glass-bottomed dishes (MatTek, Ashland, MA). After fixa-
tion for at least 30 min with a proportional amount of paraform-
aldehyde (PFA) from a 16% stock solution to the growth
medium to obtain a final concentration of 4% PFA, cells were
washed in PBS and stained with 300 nM Nile red (9-diethylamino-
5H-benzo[a]phenoxazine-5-one; Fluka, Buchs, SG, Switzerland)
in PBS (46, 47). Nile red is a fluorescent dye that stains differen-
tially polar lipids (i.e., phospholipids) and neutral lipids (i.e.,
CEs and triglycerides). Polar lipids display a red emission, while
neutral lipids a green emission. Red emission was observed with
540 + 12.5 nm excitation and 590 LP nm emission filters. Green
emission was observed with 460 + 25 nm excitation and 535 + 20
nm emission filters.

Dil-HDL uptake, Dil-ac-LDL and Dil-LDL binding

To evaluate the binding of LDLs and acetylated LDLs (ac-
LDLs) and the uptake of CE-HDLs, we utilized lipoprotein bound
with 1,1"-dioctadecyl-3,3,3’,3"-tetramethylindocarbocyanine per-
chlorate (Dil) (Bioquote Ltd.). Dil is a fluorescent dye which,
when excited with 514 nm light, shows an emission peak at 550
nm, suitable for viewing with a common filter for rhodamine.
In the experiments carried out in the context of the present
study, a modified protocol of Stephan and Yurachek (48) was
applied. In particular, cells were seeded at a concentration of
2.0 x 10° cells/ml and incubated at 37°C and 5% CO, for 72 h
with various experimental treatments as needed. Subsequently,
cells were washed twice with PBS and once with medium 199
supplemented with 10 mM HEPES, pH 7.3. On the basis of
preliminary experiments (see supplementary data), all lipo-
protein incubations were carried out for 1 h at 4°C; at this
temperature LDLs and ac-LDLs bind to their receptor but in-
ternationalization is avoided giving the peculiar crown shape;
on the contrary, HDLs do not bind to any receptor and only
the CE component is internalized (49). Following incubation
and subsequent to two washes with PBS, cells were incubated
for 10 min with Hanks’ balanced salt solution. After an addi-
tional washing in PBS, cells were fixed with 4% PFA for 10 min
at 22°C, and once more washed with PBS.

Microscopy and imaging

Microscope observations were performed with an Olympus
IX71 inverted microscope (Olympus, Tokyo, Japan) fitted with
a 20x/0.7 plan apochromatic objective. Twelve-bit images were
captured using a cooled CCD camera (PCO Sensicam, Kelheim,

Germany), electronically coupled to a mechanical shutter inter-
posed between the 100 W Hg lamp and the microscope to limit
photo bleaching. Excitation light was attenuated with a 6% den-
sity neutral density filter. The nominal resolution of images was
0.3 pwm/pixel. Quantitative analysis of images was performed
with the Image Pro Plus package (Media Cybernetics, Silver
Springs, MD). At least 400 cells were measured individually for
each experimental group.

Western blotting analysis

The cells were lysed at 4°C in a PBS buffer containing 10%
SDS, 50 g Tris, 1 uM EDTA (pH 7.5), 50 pM DTT, and a protease
inhibitor cocktail, homogenized by a UP100H compact ultrasonic
laboratory device (Hielscher Ultrasonics GmbH, Teltow Germany).
Protein content of each sample was determined by bicinchoninic
acid (Sigma-Aldrich) assay (50) and processed as previously
described (51). In particular, protein samples (30 pg/lane)
were separated by electrophoresis (12% SDS acrylamide gel)
and transferred to nitrocellulose, 0.45 pm pore size (Invitro-
gen, Milan, Italy) by standard electro-blotting procedure. The
blots were pretreated with a solution containing 5% nonfat
dried milk, at room temperature in TBST (50 pM Tris-HCI,
pH 7.6; 0.15 M NaCl; and 0.05% Tween-20) for atleast 1 h before
the addition of the primary antibodies (dilution range varying
from 1:200 to 1:1,000) for mouse scavenger receptor class B
member 1 (SR-B1), TLR-4, and nuclear factor kappa-light-chain-
enhancer of activated B (NFkB) cells (Santa Cruz Biotechnol-
ogy, Santa Cruz, CA). After an overnightincubation, the primary
antibodies were removed and appropriate horseradish peroxi-
dase-conjugated secondary antibodies (Santa Cruz Biotechnol-
ogy) were added in a dilution range of 1:3,000 to 1:5,000 for at
least 1 h at room temperature. Proteins were detected by en-
hanced chemiluminescence (Amersham-Pharmacia Biotech,
Milan, Italy) and by exposure to X-ray film (Sigma-Aldrich) for
various times. Quantification of the protein bands was then ac-
complished by densitometry (Image J software; National Institutes
of Health, Bethesda, MD).

Cytokine assay

Cells were removed by 400 g centrifugation for 10 min and
supernatants frozen at —80°C for subsequent determination of
IL-1B, IL-6, and TNF-a.. Cytokines were assessed with a sandwich
ELISA test (Abcam, Cambridge, UK) as reported previously (52).
Absorbance at 450 nm for all cytokines was measured with a mi-
croplate reader, model 680 (Bio-Rad, Hercules, CA). A standard
curve was prepared by plotting absorbance value of the standard
cytokine versus the corresponding concentration (pg/ml or
ng/ml). The range of assay for cytokines: 7.8-1,000 pg/ml for
IL-18 and IL-6 and 31.2-2,000 pg/ml for TNF-a. Cell protein
content was measured by the Lowry method (41).

Statistical analysis
Data from all experiments were analyzed with GraphPad Prism
software version 5.00 for Windows (GraphPad, San Diego CA)

TABLE 1. CE profile of ac-LLDLs, LDLs, and HDLs added to the delipidated medium and of BCS
Ox-CE Cl6:0CE C180CE Cl16:1CE CI8:1CE Cl182CE C20:3CE C20:4CE C22:6 CE
ac-LDLs (mol%)  0.37 28.32 12.70 5.32 31.21 21.36 n.d. 0.71 n.d.
LDLs (mol%) 0.12 16.21 13.74 1.54 16.51 42.74 1.42 5.80 0.83
HDLs (mol%) 0.01 18.70 17.62 n.d. 14.79 34.03 1.70 9.82 2.19
BCS (mol%) 0.08 15.95 11.32 1.22 13.36 50.98 0.88 2.46 0.19

Ox-CE, oxidized CEs; C16:0 CE, cholesteryl palmitate; C18:0 CE, cholesteryl stearate; C16:1 CE, cholesteryl
palmitoleate; C18:1 CE, cholesteryl oleate; C18:2 CE, cholesteryl linoleate; C20:3 CE, cholesteryl eicosatrienoate;
C20:4 CE, cholesteryl arachidonate; C22:6 CE, cholesteryl docosahexanoate; n.d., not detected.
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TABLE 2.

FC, CLA-CE, and CE content in activated P388D1 macrophages

Treatments FC (nmol/l()7 cells) CLA-CE (mnol/l()7 cells) CE (1111101/1()7 cells) CLA/CE (%) FC/CE
CTR 187.92 + 10.68 5.86 + 0.56 78.60 + 3.15 7.44 2.39
CTR+LPS 200.98 + 0.67 5.48 +1.03 92.99 + 8.08" 5.86 2.17
ACS 203.56 + 17.97 6.13 + 1.60 50.72 £9.17° 12.47 4.10°
ACS+LPS 206.75 + 5.81 6.19 + 0.98 47.85 + 0.76° 12.96" 4.32°
CRS 222.66 + 21.06° 6.69 + 1.05 43.82 + 3.07° 15.38" 5.10°
CRS+LPS 229.37 + 2.41° 6.76 + 1.65 39.27 + 3.54° 17.06" 5.87°

FC, CLA-CE, total CE, and FC/CE were evaluated in P388D1 cells with/without LPS activation and in the
absence (CTR) and presence of Sz-58035 (4 wM) for a period of 72 h (ACS) or 2 months (CRS).

“P<0.05 versus CTR without LPS.
’P<0.01 versus CTR and ACS without LPS.
‘P<0.001 versus CTR + LPS.

and Statistica (StatSoft, Tulsa, OK). All data were expressed as
the mean + SE of experiments in triplicate and analyzed by one-
or two-way ANOVA, post hoc tests (Newman-Keuls, LSD-Fisher,
or Bonferroni test) when required. Data were considered signifi-
cant when P was <0.05.

RESULTS

CE profile and oxidized CEs in lipoproteins and BCS
Table 1 shows the CE profile and the percentage of

oxidized CEs of ac-LDLs, LDLs, HDLs, and BCS, com-

mercially obtained. Normal HDLs and LDLs showed

similar content as BCS, whereas ac-LDLs showed a 4-fold
increase.

CE content increases in LPS-activated P388D1 cells

As shown in Table 2, at 72 h, LPS-activated macrophages
[control (CTR)+LPS] showed a significantly higher con-
tent of CEs when compared with nonactivated cells (CTR).
No significant difference was observed between the two
groups with regard to FC.

Cells growing in acute (ACS) and chronic (CRS) presence
of the ACAT inhibitor Sz-58035 displayed a significant
and consistent decrease of CEs, whereas FC significantly
increased only in CRS cells. LPS activation failed to raise

CTR CTR+LPS ACS ACS+LPS CRS CRS+LPS
B = s0 C 800, o CTR
2 = . —~ LPS
> * b1} 4
o5 60 g 600
85 # o 9
SE 4l S 400+
=8 z
o =
z % 204 5 200-
S i
2 o LR et aee T TTO ST LT
(@ (b (c) (d) (e) (f 5 10 15 20 25 30 35 40
LPS - + - + - + Area (pixel)
ACS - = * + = =
CRS - - - - * +

Fig. 1.

Neutral lipids in LPS-activated cells and effect of ACAT inhibition. P388D1 (CTR), and chronically

inhibited cells (CRS) were activated for 72 h with LPS; simultaneously, one group of LPS-stimulated cells was
treated with 4 wM Sz-58035 (ACS). At the end of incubation cells were washed, fixed in 4% PFA, resus-
pended in 300 nM Nile red and observed using an Olympus IX 71 inverted microscope fitted with a 20x/0.7
plan apochromatic objective. Twelve-bit images were captured using a cooled CCD camera (for details see
Methods). Polar lipids display a red emission, while neutral lipids a green emission. Quantitative analysis of
images was performed using the ImagePro Plus package. At least 400 cells were individually measured for
each experimental group. A: Neutral lipids, stained with Nile red in the different experimental groups, are
identified as yellow spots as result of the merger of the red and green channels in the imaging process. B:
Quantitative analysis of Nile red green emission. C: Lipid droplet distribution profiled by number and size.
Data were reported as mean + SE. *P < 0.05; *#P < 0.05 versus all; *P<0.05 versus (c); and °P< 0.05 versus

(e) (Fisher’s LSD as post hoc test).
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CE content in both acute and chronically treated cells, al-
though the FC/CE ratio was maintained at a higher level
than in CTR cells. CLA percentage in CEs was significantly
increased in all Sz-568035-treated cells; this strongly sug-
gests an exogenous uptake of cholesteryl-CLA from the
medium.

CTR+LPS cells (Fig. 1A) showed increased Nile red
fluorescence, indicating a higher content of neutral lip-
ids in organelles of activated cells. Conversely, ACAT in-
hibition was accompanied by a significant decrease of
Nile red fluorescence compared with both LPS-treated
and -untreated cells. These results were confirmed by
densitometric analysis (Fig. 1B). The count of number of
droplets showed a peak significantly higher in CTR+LPS
cells, although the size was similar to that of CTR mac-
rophages (Fig. 1C).

Origin of CEs in LPS-activated P388D1 cells

P388D1 macrophages synthesize a very small quantity of
cholesterol also during proliferation. On the contrary, cho-
lesterol esterification is active throughout cell proliferation,
indicating that FC originates mainly from LDL hydrolysis
(see supplementary data).

As shown in Fig. 2, cholesterol esterification was signifi-
cantly higher in CTR+LPS cells (Fig. 2B). In agreement
with other studies (53), the increase of cholesterol ester
synthesis was remarkably higher when ac-LDLs were added
simultaneously with LPS (data not shown). Inhibition of
ACAT activity almost completely inhibited CE synthesis
both in cells receiving the drug for 72 h (ACS) and those
inhibited for 2 months (CRS), even in the presence of the
microbial stimulus.

Dil-LDL binding in LPS-activated cells with or without
the inhibitor is reported in Fig. 3A. The picture shows a
lower fluorescence in CTR+LPS cells compared with CTR;
fluorescence decreases further in presence of the ACAT
inhibitor. The data obtained were supported by analytical
analysis of the images (Fig. 3B).
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Fig. 2. ACAT inhibition prevents the increase of CE synthesis in
LPS-activated cells. Experimental conditions were as described in
Fig. 1. Cells were seeded at a density of 2 x 10° cells/ml in tissue
culture plates and grown in RPMI 1640 medium supplemented
with 10% BCS. Four hours before the end of incubation cells were
labeled with 37 KBq of ["*CJoleic acid and the amount of [''C]
oleate incorporated into CEs was determined as described in Meth-
ods . Data were reported as mean + SD. ¥*P< 0.05; #*P < 0.05 versus
all (Bonferroni as post hoc test).
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Fig. 3. LDL binding in activated P388D1 cells and during acute or
chronic ACAT inhibition. Experimental conditions were as described
in Fig. 1. To evaluate binding of LDLs, the fluorescent dye Dil (Bio-
quote Ltd.) was used. Cells were seeded at a concentration of 2.0 x 10°
cells/ml and incubated at 4°C for 2 h with 10 wg/ml of Dil-LDLs (for
details see Methods). At least 400 cells were measured individually for
each experimental group. A: LDL binding visualized as Dil fluores-
cence in the different experimental groups. B: Quantitative analysis of
fluorescence emission. Data were reported as mean + SE. *P < 0.05
versus all; #*¥P< 0.05 versus (b) (Newman-Keuls as post hoc test).

Figure 4A shows Dil-ac-LDL binding in LPS-activated cells
with or without Sz-58035. At variance with normal Dil-LLDLs,
CTR+LPS cells showed a remarkable increase of fluores-
cence. Although never exceeding that of unstimulated cells,
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Fig. 4. acLDL binding in activated P388D1 cells and during acute

or chronic ACAT inhibition. Experimental conditions were as de-
scribed in Fig. 1. To evaluate binding of ac-LDLs, cells were seeded at
a concentration of 2.0 x 10° cells/ml and incubated at 4°C for 30 min
with 10 wg/ml of Dil-ac-LDLs (for details see Methods). At least 400
cells were measured individually for each experimental group. A: ac-
LDL binding visualized as Dil fluorescence in the different experi-
mental groups. B: Quantitative analysis of fluorescence emission. Data
were reported as mean + SE. *P < 0.05; **P < 0.05 versus all; *P<0.05
versus (c); and °P< 0.05 versus (e) (Newman-Keuls as post hoc test).



fluorescence increased in LPS-treated macrophages also in
the presence of Sz-58035; this effect was more evident in
ACS cells. The data obtained were supported by analytical
analysis of the images (Fig. 4B).

Dil-HDL fluorescence increased remarkably in CTR+LPS
cells, indicating active CE-HDL uptake (Fig. 5A) in the pres-
ence of microbial stimulus; their uptake decreased in cells
treated with Sz-58035, also in the presence of microbial
stimulus. These findings were confirmed by analytical analy-
sis of the data (Fig. 5B). As pictured in Fig. 5C, CE spots in
LPS cells incubated with Dil-HDLs were definitely more
abundant and smaller than those observed in CTR cells.

The rate of cholesterol esterification in P388D1 mac-
rophages was modulated by the supply of LDLs and
HDLs. As shown in Fig. 6, cholesterol esterification is
absent in LDL-deprived medium, while it increased al-
most 5-fold in the absence of HDLs. Given the low en-
dogenous production of cholesterol, it is highly likely
that esterification originates from LDL hydrolysis, mainly
modified LDLs.

TLR-4, NFkB, and SR-B1 protein expression in activated
P388D1 cells with and without ACAT inhibitor

As shown in Fig. 7A, B, LPS activation was accompa-
nied by a significant increase of TRL-4 protein expres-
sion in control cells (CTR+LPS). LPS exerted a similar
effect also in ACAT-inhibited cells, however ACS cells
showed a significantly lower expression of the protein
that was remarkably increased in presence of LPS. On
the contrary, the chronic action of the inhibitor did not
result in any reduction of the protein. Similarly, NFkB

A

showed a greater expression in CTR+LPS (Fig. 7A, C).
NFkB expression was higher in all ACAT-inhibited cells,
also in presence of the microbial stimulus, although they
never reached the expression level observed in CTR+LPS
cells (Fig. 7A, C). Furthermore, SR-B1 expression in-
creased significantly in CTR+LPS cells when compared
with CTR cells, whereas high levels were observed in all
ACAT-inhibited cells, even in the absence of microbial
stimulus (Fig. 7A, D).

ACAT inhibition and lipoprotein supply modulate
cytokine production

As shown in Fig. 8, the inhibition of cholesterol esterifi-
cation produces a range of effects on cytokine secretion:
IL-1B and TNF-a (Fig. 8A and C, respectively) were sup-
pressed in both treatments when compared with CTR+LPS.
IL-6 (Fig. 8E) production in ACS cells was as efficient as in
cells treated with CTR+LPS, and an overproduction was
seen in chronically inhibited (CRS) cells.

TNF-a and IL-6 production (Fig. 8B and D, respec-
tively), but not IL-1B3 (Fig. 8F), were lower in activated cells
cultured in LDBCS. The addition of LDLs and HDLs sin-
gularly did not restore the inhibition of cytokine secretion
in LDBCS-activated macrophages.

Neutral lipids and HDL uptake in 48 h LPS-activated
human monocyte-derived macrophages

As shown in Fig. 9, lipid droplet content (Fig. 9a—d) was
significantly increased after 24 h (Fig. 9c) of activation,
being about four times higher after 48 h (Fig. 9d). Dil-
HDL uptake (Fig. 9e-h) was already evidentat 6 h (Fig. 9f)
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Fig. 5.

CE-HDLs in activated P388D1 cells and during acute or chronic ACAT inhibition. Experimental

conditions were as described in Fig. 1. To evaluate binding of Dil-HDLs, cells were seeded at a concentration
of 2.0 x 10° cells/ml and incubated at 4°C for 1 h with 10 wg/ml of Dil-HDLs (for details see Methods). At
least 400 cells were measured individually for each experimental group. A: Dil-HDL uptake visualized as Dil
fluorescence in the different experimental groups. B: Quantitative analysis of fluorescence emission. C:
Lipid droplet distribution profiled by number and size. Data were reported as mean + SE. *P < 0.05 versus
(a); **P < 0.05 versus all; and #P<0.05 versus (c) (Newman-Keuls as post hoc test).
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Fig. 6. Cholesterol esterification is dependent on lipoprotein avail-
ability. Cells were seeded at a concentration of 2.0 x 10° cells/ml and
grown for 72 h in medium constituted respectively of BCS, LDBCS,
LDBCS+HDL (250 wg/ml), and LDBCS+LDL (100 pg/ml). Four
hours before the end of incubation cells were labeled with 37 KBq of
[14C]oleic acid and the amount of [14C]oleate incorporated into CEs
was determined as described in the Methods. Data were reported as
mean + SD. ¥P< 0.0001 versus all (Newman-Keuls as post hoc test).

and further increased at 24 h (Fig. 9g), recovering the
same pattern of unstimulated ones after 48 h (Fig. 9h).
These findings were confirmed by imaging analysis (Fig. 9i).
Nile red fluorescence (Fig. 9k, 1) was also increased in
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monocytes cocultured in presence of 48 h PHA-activated
lymphocytes, as further confirmed by analysis of the data
(Fig. 9m).

DISCUSSION

Infections lead to consistent changes in CE content
both in activated macrophages and in serum lipoproteins
of affected organisms. The former effect has been ascribed
to a decrease in the efficacy of proteins mediating choles-
terol efflux (ABCA1 and ABCG1) (19), and to an increase
of CEs in activated cells leading, in a similar way as athero-
sclerosis, to an overloading of lipid droplets in immune
cells. The observed lipoprotein changes include the find-
ing of low levels of HDL cholesterol, likely representing a
secondary effect elicited by cytokines produced from im-
mune cells (16). The extraordinary amount of epidemio-
logical data available describing the development or
worsening of atherosclerosis during infections (10-15) at-
tests to its importance as a major risk factor for the disease.
The data obtained here demonstrate that following micro-
bial stimulus, FC synthesis and content did not change sig-
nificantly, whereas CE synthesis, content, and storage in
lipid droplets were considerably higher. Moreover, the
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Fig. 7. TLR-4, NFkB, and SR-B1 protein expression in activated P388D1 cells with and without ACAT in-
hibitor. Experimental conditions were as described in Fig. 1. At the end of incubation, cells were harvested
and stored in RIPA buffer at —20°C until protein assay was performed. Western blotting analysis was per-
formed using specific antibodies for TLR-4, NFkB, and SR-B1 as described in Methods. The blots were visual-
ized using enhanced chemiluminescence reagents and autoradiography (A). The antibody quantitative
relative expression was calculated by comparison with B-actin (Image] software). Data for protein levels of
TRL-4 (B), NFkB (C), and SR-B1 (D) were expressed as mean + SD of three different experiments. *P< 0.05
versus all; #*P < 0.05 versus the respective £LLPS (Newman-Keuls as post hoc test).
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Fig. 8. Effect of ACAT inhibition and lipoprotein depletion on cytokine secretion. Experimental condi-
tions were as described in Fig. 1. At the end of incubations, cells were harvested and media collected and
processed as described in Methods. IL13 (A), TNF-a (C), and IL-6 (E) secretion from cells cultured in the
acute (ACS) and chronic (CRS) presence of Sz-58035. IL1B (B), TNF-a (D), and IL-6 (F) secretion from
cultured cells in LDBCS alone or plus HDLs or LDLs. Data were reported as mean + SD. *P < 0.001 versus
the respective control group; **P < 0.0001 versus all (Bonferroni as post hoc test).

data obtained in this study demonstrate how activated
macrophages increase CE levels by two means: ¢) higher
cholesterol esterification through enhanced binding of ac-
LDLs, and i) uptake of CEs via HDLs; this latter effect
being further supported by the increase of SR-B1 protein
expression. Because P388D1 macrophages synthesize ex-
tremely low levels of cholesterol, all esterified sterols must
necessarily originate from LDL hydrolysis. Interestingly,
the normal LDL-r pathway seems to be less efficient in our
activated cells, whereas the higher binding of ac-LDLs sug-
gests that a more functional scavenger receptor pathway
supplies intracellular FC. As this in vitro model is indepen-
dent of systemic perturbations leading to LDL oxidation
described in vivo (15, 54, 55), we suggest this increased
efficacy on removing modified lipoproteins to be a pecu-
liarity of microbial-activated macrophages. Accordingly,
the increase of neutral lipids and HDL uptake was found
in LPS-activated human monocyte-derived macrophages

as well. These data suggest that, also in humans, HDLs
contribute to neutral lipid enrichment in macrophages.
Indeed, we have previously demonstrated that LPS scarcely
affects cholesterol esterification in human primary mono-
cytes and macrophages (36, 38), suggesting the exogenous
source of CEs during infections.

Interestingly, we observed an increase of neutral lipids
even in human monocytes cocultured with lectin-activated
lymphocytes. It is well known that CEs, in specialized tissues
such as the adrenal cortex and liver (56), are taken up di-
rectly from HDLs (57) by a plasma-membrane scavenger
receptor protein (SR-B1) in rodents (49), and CLA-1 in
humans (58). Furthermore, a selective uptake of CE-HDLs
by SR-B1 has been described in rapidly proliferating tu-
mor cells (50, 58, 59).

The present results strongly suggest that a relevant part
of CEs in microbial-activated P388D1 cells derives from
the uptake of CE-HDLs via SR-B1. The increase of this
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Fig. 9. Neutral lipids and HDL uptake in 48 h LPS-activated human monocyte-derived macrophages and in monocytes cocultured with
PHA-stimulated lymphocytes. a—d: Show neutral lipids stained with 300 nM Nile red (yellow/green emission) in situ, in unstimulated cells
and LPS-stimulated cells for 6, 24, and 48 h, respectively. e-h: Show C-HDL uptake, visualized as Dil fluorescence, in unstimulated cells and
LPS-stimulated cells for 6, 24, and 48 h, respectively (for details see Methods). Images were obtained using an Olympus IX 71 inverted
microscope fitted with a 20x/0.7 plan apochromatic objective. Twelve-bit images were captured using a cooled CCD camera (for details see
Methods). Quantitative analysis of images was performed using the ImagePro Plus package. At least 400 cells were individually measured
for each experimental group. i: Nile red and Dil-HDL fluorescence quantitative analysis by imaging of human macrophages. j: Representa-
tive optical microscopic field of human monocyte-derived macrophages. The bottom of the figure shows Nile red fluorescence in mono-
cytes cocultured without (k) and with (1) 48 h PHA-stimulated lymphocytes and the relative quantitative analysis (m). Bars within the
images represent 30 wm. Data were reported as mean + SD. #P< 0.001 versus relative controls (Fisher’s LSD as post hoc test).

protein can also account for the presence of CEs in cells
unable to synthesize it in up to 50 cell cycles. Esterifica-
tion does not occur in cells cultured in serum deprived of
endogenous cholesterol from LDLs. This indicates that
CEs from HDLs are neither hydrolyzed nor reesterified,
as instead often described (58, 59), but rather results in a
direct increase of the cellular pool of CEs as a preformed
molecule. CEs in ACAT-inhibited macrophages showed a

3166 Journal of Lipid Research Volume 54, 2013

higher content of CLA, a fatty acid present in CE lipopro-
teins from bovine serum of culture medium. The fact
that ACAT-inhibited cells were unable to synthesize CEs
endogenously, further supports the hypothesis that CE-
HDLs represent the source. Thus, we hypothesize that
the increased uptake of CEs from HDLs represents an
additional pathway, which leads to CE enrichment in
macrophages and, at least in part, underlies the reduction



of CE-HDL plasma levels often found in humans and ani-
mals during infections.

Accordingly, in all species investigated, during infec-
tions, HDL molecules are structurally different from
normal (17, 60), being mainly characterized by a lower
CE content; to date this common alteration has been
considered merely as an indicator of inefficient periph-
eral cholesterol removal. Yet, an earlier CE impoverish-
ment of HDLs has previously been described by Li et al.
(53) during infections.

The findings of the present study suggest that the mac-
rophage CE pool derives from both LDLs and HDLs, se-
lecting their use in line with the requirement for CEs and
availability. This is demonstrated by the fact that, in the
absence of HDLs, cholesterol esterification increases ap-
proximately 4-fold with respect to that detected when both
lipoproteins are present. A similar regulation has been de-
scribed in a leukemia cell line characterized by high CE
content (51).

To evaluate the role of endogenous and exogenous
sources of CEs for inflammatory response, cells were incu-
bated in lipoprotein-deprived serum, and in the presence
of HDLs and LDLs added separately. Moreover, the effect
of the inhibition of endogenously-produced CEs was eval-
uated by blocking ACAT activity. Interestingly, the effect of
Sz-58035 on Dil-ac-LDLs, Dil-HDL binding, and TLR-4 and
NFkB expression was more evident after acute inhibition
than that observed after chronic treatment. These results
could be explained by a reduction in cell sensibility to the
drug, although cholesterol esterification was still inhib-
ited. P388D1 cells require the presence of both lipopro-
teins for efficient production of cytokines, although
inhibition of cholesterol esterification did not prevent the
increase of TLR-4 protein expression induced by LPS.
However, the transcription factor NFkB, which increased
in CTR+LPS cells, was consistently high in all inhibited
cells, even in the absence of LPS. Moreover, ACAT inhibi-
tion differentially affected the secretion of cytokines un-
dergoing investigation. Indeed, TNF-a and IL-13 were
markedly decreased in the presence of the ACAT inhibi-
tor, as well as in all conditions of impaired CE esterifica-
tion or acquisition. Interestingly, an increase in IL-6 and
TNF-a has been described by Li et al. (53), when inhibited
cells were overloaded with ac-LDLs. They suggested that
increased cytokine secretion was due to a higher content
of FC in the above condition, particularly in view of the
fact that the sterol is an acknowledged pro-inflammatory
molecule (61). It is worthy of note that in activated cells
the FC/CE ratio was unchanged in LPS-activated cells,
whereas in ACAT-inhibited macrophages, a higher FC con-
tent, with a remarkable increase of FC/CE ratio, was ob-
served. Unlike TNF-a and IL-1(3, IL-6 secretion in acutely
inhibited cells was as efficient as in activated control cells,
even displaying an overproduction in chronically treated
cells. This finding may account for the manifestation of
acute vascular accidents in subjects treated with ACAT in-
hibitors as anti-atherosclerotic therapy (62), given that
IL-6 has been implicated in dyslipidemia and in cardiovas-
cular atherosclerotic risk (63, 64). Moreover, this cytokine

has been described as a potent inducer of hepatic C-reac-
tive protein, a molecule displaying increased levels in pa-
tients with severe atherosclerosis and following acute
clinical events (myocardial infarction and cerebral ictus)
(65). As previously demonstrated, an altered metabolic
milieu may influence production of IL-6 in LPS-activated
macrophages from polycystic ovary syndrome insulin-
resistant girls (38). The authors have thus suggested that
metabolic factors may elicit the over-production of IL-6
following microbial stimulus, concurring to determine a
condition of low-grade inflammation. However, the results
presented here suggest that the inflammatory response to
microbial stimulus may in turn induce metabolic modifi-
cations, i.e., higher macrophage CE and CE-HDL uptake
and low C-HDLs in the infected organism. Although we
found similar changes in human primary macrophages, it
cannot be ruled out that the alterations found in P388D1
cells may also be dependent on their high growth rate. On
the other hand, the degree of lymphocyte proliferation is
a very important part of an efficient immune response in
humans, and that, even human macrophages residing in
the atherosclerotic lesions proliferate (66).

The data obtained in this study lend further support to
the fact that lipid metabolism and anti-microbial activities
are closely linked, thereby accounting for their involve-
ment in atherosclerosis. However, more sophisticated in-
vestigations should be undertaken in an attempt to unravel
the underlying mechanisms, and provide a wider range of
molecular targets toward which to direct anti-atherogenic

therapy.Hl
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