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FIGURE 1. Human lipin-la localizes to intracellular membranes. Hu-
man macrophages transfected with lipin-1a—EGFP (A), HA-lipin-la (B),
lipin-1a—D678E-EGFP (C), or with lipin-1a—EGFP and afterwards treated
with 10 ng/ml leptomycin B for 24 h (D) were stained with DAPI (blue)
and analyzed by confocal microscopy as described in Materials and
Methods. Inserts in C and D are magnifications of selected regions of the
cells. The cells shown in the pictures are representative of many analyzed.
Scale bars, 10 wm.

structures, suggesting that lipin-1la is associated with the surface
of LDs. This finding can be appreciated with detail in a tri-
dimensional reconstruction of a macrophage cell fluorescence
from a series of Z-stacks (Fig. 2B). In contrast, we failed to detect
significant colocalization between lipin-1a—EGFP and markers of

FIGURE 2. Human lipin-la associates with LDs. A, Human macro-
phages transfected with lipin-1a—EGFP (green) were stained with 100 ng/
ml Nile Red (red) and analyzed by confocal microscopy as described in
Materials and Methods. B, Z-stack fluorescence series from the bottom to
the upper part of a cell (1-7). Nuclei are stained with DAPI (blue). The
image in the lower right panel is a tridimensional image generated from 15
Z-stacks using the confocal software (8). Cells shown are representative of
many cells analyzed. Original magnification X600.
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endoplasmic reticulum, Golgi, mitochondria, or lysosomes, in-
dicating that the enzyme does not significantly interact with any of
these structures (results not shown).

In our laboratory we have generated a rabbit polyclonal Ab
against lipin-la.. This Ab recognizes by immunoblot a 130-kDa
protein present in homogenates of human macrophages and hu-
man U937 cells, which is the expected molecular mass of lipin-
la. Additionally, the Ab recognizes a 160-kDa protein in homo-
genates from lipin-1a—EGFP—expressing HEK cells, a band that is
also recognized by anti-GFP Abs (Fig. 3A). Unfortunately, the
anti-lipin-la. Ab generated by us also recognizes many other
bands, making it unsuitable for immunomicroscopy experiments.
Because commercial Abs against lipin-1a from different sources
were found to be unsuitable as well, the association of endogenous
lipin-1ae with LDs was studied by immunoblot analyses of sub-
cellular fractions obtained by ultracentrifugation. As shown in Fig.
3B, the LD marker ADRP only appears in the fraction containing
LDs and in the total homogenate. The anti-lipin-loc Ab recog-
nized a wide band in the total homogenate fraction and also
reacted with material from the LD-enriched and cytosolic frac-
tions, but not from the total membrane fraction (Fig. 3B). Note
that the molecular mass of the cytosolic band is slightly higher
than that of the LD-enriched fraction (Fig. 3B). Because the
peptide used to generate the antiserum is present in both lipin-1a
and lipin-1B, and lipin-1B has a slightly higher molecular mass
than lipin-1a (12), we speculate that the protein that appears in the
cytosolic fraction is lipin-1[, and that the protein appearing in the
LD fraction is lipin-la. mRNA for both lipin forms was readily
detectable by RT-PCR (Fig. 3C)

To confirm the presence of lipin-1B in the cytosol, a lipin-1p—
EGFP construct was transfected into the macrophages, and its
subcellular localization was examined by confocal microscopy.
Fig. 4 clearly suggests that lipin-1@ localizes in the cytosol and
does not colocalize with the structures stained with Nile Red or
ADRP, implying that lipin-1 is not associated with LDs.

In the next series of studies we examined the orientation of
lipin-1a with respect to the LD phospholipid monolayer, that is,

FIGURE 3. Analysis of the association of endogenous lipin-la ex-
pression with LDs. A, Cell homogenates from U937 cells (lane 1) or HEK-
293 untransfected (lane 2) or transfected (lanes 3 and 4) with lipin-lo—
EGFP were analyzed by immunoblot using an Ab against lipin-1 (lanes 1—
3) or an Ab against EGFP (lane 4). The arrowhead points to the endoge-
nous protein and the arrow points to the construct lipin-1a—EGFP. B,
Equivalent amounts of total cellular proteins (H) or from the cytosol (C),
membrane (M), or LD-enriched fraction were analyzed by immunoblot
using the antiserum against lipin-1 or against ADRP, as indicated. C, PCR
analysis of mRNA expression of lipin-la and lipin-13 in human macro-
phages.
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FIGURE 4. Human lipin-1p is not associated with LDs. Human mac-
rophages transfected with lipin-13—EGFP (green) were immunostained
with Abs against ADRP (red) (A) or stained with Nile Red (red) (B) and
analyzed by confocal microscopy as described in Materials and Methods.
Lower images are magnifications of selected areas. Cells shown are rep-
resentative of many cells analyzed. Original magnification X600.

whether the enzyme is facing the cytosol or the lumen of the or-
ganelle. For this purpose we carried out a fluorescence protease
protection assay (51). This technique is performed in live,
digitonin-permeabilized cells and measures, in real time, the
proteolysis of a GFP-tagged protein after trypsin incubation (51).
Only those proteins that are in the luminal face of organelles
would be protected from proteolysis. Also, fluorescent signals that
resist cell permeabilization indicate that the protein of interest is
actually bound to the organelle under study (51). As shown in Fig.
5, fluorescence from lipin-10—EGFP resisted digitonin perme-
abilization for 80 s. In some occasions we observed lipin-la—
EGFP fluorescence signals even after 6 min of permeabilization.
After trypsin was added to the cell cultures, the fluorescence
disappeared in <2 s, implying that lipin-lo interacts with the
cytosolic face of LDs.

Lipin-1la colocalizes with ADRP and TIP47 in the membranes
of LDs and does not change its localization after macrophage
stimulation

To characterize in depth the lipin-1a—containing LDs, a compar-
ative study of colocalization with the LD markers ADRP and
perilipin 3/TIP47 were carried out. Fig. 6 confirms that both lipin-
la and ADRP were present in LDs. The colocalization index of
lipin-1oe and ADRP, calculated with the LaserPix confocal image
software (Bio-Rad), was 0.5 for both fluorescences. Perilipin 3/
TIP47 is well described to be recruited to nascent LDs after
stimulation of the cells (26, 60). Interestingly, lipin-1oc—EGFP
colocalized with perilipin 2/TIP47 on the surface of the LDs after
a long-term treatment of the cells with oleic acid (Fig. 6B).
Previous results have demonstrated that in cells of murine
origin, the subcellular localization of lipin-1 can be modified upon
stimulation by insulin or oleic acid (38). To assess whether in
human macrophages the localization of lipin-loe also changes
upon cellular stimulation, the lipin-1a—EGFP—transfected cells
were treated with the calcium ionophore ionomycin and PMA,
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FIGURE 5. Human lipin-1a associates with the cytoplasmic side of LDs
membranes. Live human macrophages transfected with lipin-1a—EGFP
were analyzed under the confocal microscope. Fluorescence was recorder
before (0 s) and after permeabilization with 20 uM digitonin (80 s) and
after 4 wM trypsin treatment for 2 s, as indicated. Images in the left column
show green fluorescence while images in the right column show light
transmission. Original magnification X600.

two stimuli that induce strong macrophage activation (61). We
also tested bacterial LPS, a well-known inducer of innate immune
responses, and oleic acid complexed to albumin to induce LD
formation. As shown in Fig. 6C, lipin-la remained associated
with the surface of LDs under all of these situations. Thus, in
human macrophages, the subcellular localization of lipin-1a does
not appear to depend on the activation state of the cell.

Lipin-1 does not participate in TAG synthesis in human
macrophages

The Mg>*-dependent PAP activity of lipins is known to participate
in the de novo pathway of TAG biosynthesis by providing the
DAG moiety that is acylated with a free fatty acid (3, 6). Because
lipin-1a is present in LDs and these organelles are the main cel-
lular storage sites of TAG, it is logical to assume a role for this
particular form in regulating cellular TAG synthesis. To address
this possibility, fatty acid incorporation experiments into TAG
were performed in cells made deficient in lipin-1 by an siRNA
approach (Fig. 7). The silencing efficiency of the siRNA against
human lipin-1 used in these studies was very high, yielding the
quantitative disappearance of lipin-1 expression after a 48-h
treatment (Fig. 7A). Lipin-1—deficient macrophages were exposed
to concentrations of [3H]oleic acid in the low micromolar range
(1-10 wM) so as to minimally perturb cellular lipid metabolism,
and the rate of incorporation into TAG was measured and com-
pared with that of control untreated cells. As shown in Fig. 8, no
differences were detected in the incorporation of [*HJoleic acid
into TAG up to 90 min. The same experiment was repeated using
another fatty acid, namely arachidonic acid, but again no differ-
ences were detected between control and lipin-deficient cells un-
der any condition tested (not shown). To further substantiate this
unexpected finding, we repeated the experiments utilizing peri-
toneal macrophages from fld mice, which constitutively lack lipin-
1 due to a spontaneous mutation (7). Cells from fld mice not only
did not show decreased incorporation of [3H]oleic acid into TAG,
but the response was actually slightly increased (Fig. 7C), raising
the possibility of the existence of compensatory mechanisms for
the lack of lipin-1 in these cells, as discussed elsewhere by others
(14).
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FIGURE 6. Human lipin-la colocalizes with
ADRP, and TIP47 and does not change its localiza-
tion after cellular activation in LDs. Human macro-
phages transfected with lipin-1a—EGFP (green) were
immunostained with Abs against ADRP (red) (A), or
treated for 18 h with 200 wM oleic acid and immu-
nostained with Abs against TIP47 (Alexa 555, red)
(B), or treated with 1 wM ionomycin, 80 nM PMA,
100 ng/ml LPS, 200 uM oleic acid, or vehicle for 1 h
as indicated and stained with with 100 ng/ml Nile
Red (red) (C). Cells were then analyzed by confocal
microscopy. A colocalization mask was generated by
the confocal software (Bio-Rad) to show colocaliza-
tion pixels (A, B). The cells shown are representative
of many analyzed. Original magnification X600.

Lipin-1 regulates the number and size of LDs in macrophages

Given the above results indicating that the blockade of lipin-1
expression does not affect the rate of incorporation of fatty
acids into TAG, we speculated that lipin-1 could be implicated
instead in regulating the physical properties of the LDs. To study
this possibility, the lipin-1-deficient human macrophages were
acutely exposed to a high concentration of oleic acid (100 uM),
which induces rapid LD formation (34—-36). Inspection of the LDs
formed under these conditions revealed notable differences be-
tween lipin-1—depleted and control cells (Fig. 8). LDs in the lipin-
I—deficient cells were smaller and localized more dispersedly
throughout the cytoplasm than those produced by control cells
(Fig. 8A4). Quantitative measurements by flow cytometry con-
firmed a decreased production of LDs in lipin-1-deficient cells
versus control cells in response to oleic acid treatment (Fig. 8B).
Mean fluorescence from BODIPY493/503 doubled in control cells
after oleic acid treatment (from 241 = 10 to 454 = 41), whereas
the mean fluorescence from lipin-1-deficient cells increased
modestly (from 374 * 18 to 384 = 15) (Fig. 8B). In agreement
with all these findings, confocal microscopy analyses of LD in
peritoneal macrophages from heterozygous and fld mice upon
exposure to oleic acid revealed again that lipin-1 deficiency results
both in decreased size, number, and in atypical distribution of
cytoplasmic LDs (Fig. 8C-E).

In the next series of experiments, the effect of depleting lipin-1
on the fatty acid composition of TAG in LDs was studied. For these
experiments, the various lipid classes were separated by thin-layer
chromatography, and their fatty acid composition and mass were
analyzed by gas chromatography/mass spectrometry after con-
version to methyl esters. Fig. 9A shows the fatty acid distribution
within TAG in LDs in untreated versus lipin-1-deficient cells. A
small but significant increase (p < 0.05) in the levels of myristic
acid (14:0) and palmitic acid (16:0) was appreciated in the LDs
from lipin-1-deficient cells, which was counteracted by a decrease
in linoleic acid (18:2 n-6). Of note, the fatty acid distribution of
TAG in whole cells was essentially identical whether the cells
were deficient in lipin-1 or not (Fig. 9B). The precise biological
significance of these changes in the fatty acid composition of TAG
in LDs remain to be elucidated, but they clearly emphasize that
lipin-1 plays a role in regulating the TAG composition of LDs.

Given the above findings indicating that the silencing of lipin-1
alters the number, size, and TAG composition of LDs, but cellular
TAG synthesis is not impaired, the possibility arises that lipin-1o—
deficient cells may have a reduced capacity to incorporate TAG
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into LDs. To test this possibility, the accumulation of [*H]oleic
acid in isolated LDs was measured. In the otherwise untreated
cells, incubation with 0.5 pwCi/ml [3H]oleic acid resulted in the
accumulation of 27 = 1% of the total radiolabel in the LD fraction
after 24 h (mean = SEM, n = 3). In contrast, in the lipin-1-de-
ficient cells, the amount of [3H]oleic acid incorporated into LDs
under identical conditions as those described above was 19 + 2%
(mean * SEM, n = 3). These data suggest that lipin-1 may be
necessary for the proper incorporation of TAG into LDs.
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FIGURE 7. Depletion of lipin-1 does not decrease TAG synthesis in
human macrophages. A, Human macrophages were treated with a siRNA
negative control (20 nM, filled symbols) or with a siRNA against lipin-1
(20 nM, open symbols). After 48 h, the cells were treated with [*4CJoleate
(1 wM) for the indicated times, and radioactivity incorporated in TAG was
measured as described in Materials and Methods. B, Disappearance of
lipin-1 from cell homogenates after cell treatment with siRNA against
lipin. C, Peritoneal macrophages obtained from heterozygous (+/—, black
bar) or fld animals (gray bar) were treated with [**Cloleate (1 M) for 1 h,
and radioactivity incorporated in TAG was determined. The results are
shown as means * SEM of three independent determinations. Experiments
are representative of at least three different ones.
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FIGURE 8. Lipin-1 expression lev-
els influence LD size and number in
macrophages. Human macrophages
(A, B) treated with a negative control
siRNA or with a siRNA against lipin-1
for 48 h, or peritoneal macrophages
from heterozygous (+/—) or fld animals
(C-E) were treated with 100 uM oleic
acid for 18 h. Cells were then stained
with BODIPY493/503 and analyzed by
confocal microscopy (A, C). Fluores-
cence from human macrophages was
also analyzed by flow cytometry. Ori-
ginal magnification X600. Gray plots
are from cells without oleic acid
treatment and the open plots represent
the oleic acid-treated cells (B). The B
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Lipin-1 regulates AA mobilization in human macrophages

We have recently shown that cPLA,a regulates the biogenesis of
LDs in a model cell system (34-36). Interestingly, previous work
has demonstrated that, under certain conditions, cPLA,a activa-
tion may occur downstream of a Mg>*-dependent PAP enzyme via
DAG generation (16, 18). Putting these observations together with
the data presented in this study, we hypothesized that lipin-1 may
act to modulate the cPLA,a-mediated AA mobilization process.
In keeping with this possibility, Fig. 10A shows that macrophage
cells made deficient in lipin-1 by siRNA mobilized significantly
less AA than did control cells upon treatment with 100 wM oleic
acid, an inducer of LD formation, and with yeast-derived zymo-
san, an innate immunity stimulus. AA mobilization under these
conditions was abolished by treating the cells with the selective
inhibitor pyrrophenone (1 wM), confirming that cPLA,a is the
effector of the response (data not shown). Furthermore, cPLA,«
phosphorylation was found to be significantly reduced (p < 0.05)
in homogenates from cells deficient in lipin-1, as measured by
immunoblot using an Ab specific for the phosphorylated protein
(Fig. 10B). In keeping with these observations, measurements of
PGE, formation demonstrated that cells deficient in lipin-1 man-
ifest a marked defect in eicosanoid generation (Fig. 10C). Alto-
gether, these findings support the existence of a link between lipin-
1 and inflammation.

The distribution of AA among glycerophospholipids in untreated
versus lipin-1-deficient cells was studied by mass spectrometry
(Fig. 11). The results demonstrated that lipin-1 deficiency did not
significantly alter the distribution of AA among phospholipids,
thus suggesting that diminished cPLA, activation in the lipin-1-
deficient cells is unlikely due to altered availability of substrate.

Discussion

Lipins are well established to play important metabolic roles (3, 7).
Since the discovery that these proteins possess intrinsic enzymatic
activity as Mg?*-dependent PAP enzymes (9), much interest has
grown as to their participation in signal transduction events, par-
ticularly in those pathways where DAG and PA play defined roles.
In this regard, this work describes lipin-1 as a key regulator of
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LD formation in human monocyte-derived macrophages, likely
through the regulation of cPLA,a-derived AA mobilization. We
have also identified LDs as the cellular organelles where human
lipin-1a resides. These findings provide new insights into the cell
biology of lipin-1, particularly from an immunoinflammatory
viewpoint.

The idea that Mg>*-dependent PAP enzymes may participate in
the regulation of cellular free AA availability has been the subject
of active research over the years. More than a decade ago, we
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FIGURE 9. Fatty acid distribution of TAG in LDs (A) and whole
macrophages (B). Human macrophages were transfected with 20 nM
siRNA negative control (open bars) or 20 nM siRNA against lipin-1 (filled
bars) for 48 h. Afterwards, the analysis of TAG fatty acids from LDs (A) or
whole cells (B) was carried out by gas chromatography/mass spectrometry
after converting the fatty acid glyceryl esters into fatty acid methyl esters.
Data are expressed as means = range of a representative experiment with
duplicate determinations.
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FIGURE 10. Lipin-1 regulates AA mobilization in human macrophages.
A, Human macrophages transfected with 20 nM siRNA negative control
(open bars) or 20 nM siRNA against lipin-1 (gray bars) for 48 h were
labeled with [PHJAA and treated with 100 pM oleic acid, 1 mg/ml
opsonized zymosan, or vehicle (control) for 6 h, as indicated. Release of
[PH]AA was assayed as described in Materials and Methods. B, Trans-
fected macrophages were stimulated with 1 mg/ml opsonized zymosan for
the indicated periods of time, and cellular protein was analyzed by im-
munoblot using specific Abs for total cPLA,« or the Ser®*® phosphorylated
form, as indicated. Relative quantification of the phosphorylated cPLA,«
bands is shown in the lower panel, normalized with respect to the total
cPLA,a content. C, Transfected macrophages were stimulated with 1 mg/
ml opsonized zymosan for 18 h and cellular supernatants were assayed for
PGE, content by ELISA. Data are expressed relative to the response ob-
served in control untreated cells and are shown as means * SEM of three
independent determinations.

demonstrated that pharmacological inhibition of PAP1 with pro-
pranolol or bromoenol lactone reduced AA mobilization in stim-
ulated WISH cells (16). Similar results were reported more
recently in U937 promonocytic cells exposed to bacterial LPS
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FIGURE 11. Mass spectrometry analysis of AA-containing glycer-
ophospholipids in human macrophages. Human macrophages were trans-
fected with 20 nM siRNA negative control (open bars) or 20 nM siRNA
against lipin-1 (gray bars) for 48 h. Afterwards, the analysis of AA-con-
taining phospholipids was carried out by ion-trap mass spectrometry. Data
are expressed as means * range of a representative experiment with dupli-
cate determinations. Shorthand notation of glycerophospholipids (abscissa)
follows the guidelines proposed by Fahy et al. (62).

(18). At the time our experiments were performed, the PAP1 se-
quence was not known and, thus, no genetic experimental ap-
proaches could be undertaken. In the present work we have used
human macrophages treated with oleic acid to induce LD for-
mation, and we found that depleting the cells of lipin-1 by siRNA
not only affects LD size, number, and TAG composition, but it
also reduces the cPLA,x-dependent AA release, thus providing
genetic evidence for a regulatoy role of lipin-1 in these processes.

Lipin-1 could regulate cPLA,a activation by two separate
mechanisms. The first one is by generating DAG that could favor
penetration of cPLA,a into biological membranes, as discussed
elsewhere (63, 64). cPLA,a activity is known to be enhanced by at
least 5-fold in in vitro assays when DAG is incorporated into the
substrate (58), and the accumulation of DAG in cell membranes
has been demonstrated to enable cPLA,« to penetrate into densely
packed membranes (64). Because cPLAo lacks a DAG docking
domain, the suggestion is that DAG acts as a spacer to spread their
polar headgroups apart, thus allowing cPLA,a to penetrate into
the membrane (64).

Another possibility is that lipin-1-derived DAG regulates
cPLA,a activity by activating kinases that influence, either di-
rectly or indirectly, the phosphorylation state of the enzyme, and
hence its activity. Our results suggesting that depletion of lipin-1
results in reduced phosphorylation of cPLA,a would be consistent
with this possibility. Additionally, other results by others support
this scenario. For example, during IgG-mediated phagocytosis by
human monocytes, activation of DAG-dependent forms of protein
kinase C precedes AA release (65). If protein kinase C or related
kinases mediate the DAG effect on cPLA,a, this would probably
be an indirect effect, for example, via the MAPK pathway (66—
68). In this regard, we have recently described the JNK-dependent
phosphorylation activation of cPLA,a in human monocyte-
derived macrophages (39). Importantly, in other series of experi-
ments we also found that JNK activation is required for LD pro-
duction in serum-activated cells (36). Whether JNK activation
provides a molecular link between cPLA,a activation and proper
LD formation under lipin-1 modulation is currently under active
investigation in our laboratory.

Increasing evidence suggests that LDs may constitute intra-
cellular sites for inflammatory eicosanoid biosynthesis (29). LDs
from leukocytes have been found to contain significant amounts of
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AA esterified in phospholipids, and some AA-metabolizing en-
zymes have been localized in part to LDs, including cyclooxy-
genase-2, 5- and 15-lipoxygenases, and PGE, synthase (29). Very
recently, translocation of cPLA,a to LDs has also been shown (35,
69). This work describes lipin-la as another lipid signaling en-
zyme associated to LD membranes. Given the regulatory link
between lipin-la,, LDs, and AA mobilization, it appears that the
latter enzyme may exert key, previously unrecognized roles in
regulating the inflammatory process.

With the exception of lipin-la, all of the enzymes potentially
implicated in the biosynthesis of TAG have been localized in the
endoplasmic reticulum (70). Such a finding makes it difficult to
envision a role for lipin-1a in homeostatic TAG biosynthesis, at
least in the endoplasmic reticulum. Moreover, cells made deficient
in lipin-1 by siRNA exhibit an incorporation of fatty acids into
TAG that is indistinguishable from that occurring in cells dis-
playing normal lipin-1 levels. Hence, another lipin may be in-
volved in TAG synthesis in human macrophages, or compensatory
mechanisms may occur to make up for the lack of lipin-1, that is,
increases in either lipin-2 or lipin-3, as recently shown to occur in
liver cells (14, 71). Collectively, our results would be compatible
with a scenario where the homeostatic levels of TAGs would be
governed by lipin-2/lipin-3, whereas the proper assembly of LDs
would be a much more complex process that requires a signaling
network where lipin-1, probably lipin-1a, has a unique role. The
latter would be reminiscent of the situation described in 3T3 adi-
pocytes undergoing differentiation (12, 14). In the preadipocyte
stage, lipin-2 is expressed and maintains PAP cellular basal levels.
However, when cells are induced to differentiate, lipin-2 dis-
appears and lipin-1 expression is induced, controlling an intricate
network of adipocyte differentiation together with TAG accumu-
lation (12, 14).

Certain metabolic conditions such as obesity, metabolic syn-
drome, and insulin resistance have an important immune com-
ponent. A good example of it is the recruitment of macrophages
to the adipose tissue that takes place during obesity and that, by
generating proinflammatory lipids and cytokines, is responsible for
a low-grade adipose inflammation (72). In this study, we have
shown that an obesity-related protein, lipin-1, also has important
repercussions in the biology of the macrophages. These findings
should add new information for the development of novel and
effective drugs in the treatment of the aforementioned conditions.
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