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Abstract

Background and aims: The transition of macrophage to foam cells is a major hallmark of early
stage atherosclerotic lesions. This process is characterized by the accumulation of large
cytoplasmic lipid droplets containing large quantities of cholesterol esters (CE), triacylglycerol
(TAG) and phospholipid (PL). Although cholesterol and CE metabolism during foam cell
formation has been broadly studied, little is known about the role of the glycerolipids (TAG and
PL) in this context. Here we studied the contribution of glycerolipid synthesis to lipid
accumulation, focusing specifically on the first and rate-limiting enzyme of the pathway:
glycerol-3-phosphate acyltransferase (GPAT).

Methods: We used RAW 264.7 cells and bone marrow derived macrophages (BMDM) treated
with oxidized LDL (oxLDL)

Results: We showed that TAG synthesis is induced during the macrophage to foam cell
transition. The expression and activity of GPAT3 and GPAT4 also increased during this process,
and these two isoforms were required for the accumulation of cell TAG and PL. Compared to cells
from wildtype mice after macrophage to foam cell transition, Gpat4~~ BMDM released more pro-
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inflammatory cytokines and chemokines, suggesting that the activity of GPAT4 could be
associated with a decrease in the inflammatory response, probably by sequestering signaling
precursors into lipid droplets.

Conclusions: Our results provide evidence that TAG synthesis directed by GPAT3 and GPAT4 is
required for lipid droplet formation and the modulation of the inflammatory response during the
macrophage-foam cell transition.
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1. Introduction

Atherosclerosis is a leading cause of vascular disease worldwide [1]. It is a chronic disease
characterized by the deposition of excessive lipids in the arterial intima. Early stage
atherosclerotic lesions are characterized by a massive transition of macrophage to foam cells
[2]. The generation of these cells has been associated with the uncontrolled incorporation of
oxidized low density lipoproteins (oxLDL), lipoproteins with a high content of cholesterol
esters (CE), an increase in cholesterol esterification, and impaired cholesterol efflux. These
features result in the accumulation of large cytoplasmic lipid droplets (LD) consisting of a
core of triacylglycerol (TAG) and CE surrounded by a monolayer of phospholipids (PL),
free cholesterol (Chol), and LD-associated proteins [3-5]. Although for many years LDs had
been considered to be inert organelles that stored neutral lipids, more recently they have
attracted great interest as dynamic structures at the hub of lipid and energy metabolism,
playing a central role in the development of multiple disorders [6]. In this context, LDs
serve, in part, to buffer the cells against toxicity from excessive amounts of unesterified
sterols. When macrophages are overwhelmed by excessive amounts of lipids, they undergo
apoptotic and necrotic cell death, contributing to lesion instability and, ultimately, to stroke
and heart attack [7].

Chol and CE metabolism during foam cell formation has been broadly studied [8-13], but
little is known about the role of TAG and PL in this context. The de novo synthesis of these
glycerolipids in mammalian cells begins with the acylation of glycerol-3-phosphate,
catalyzed by glycerol-3-phosphate acyltransferase (GPAT, EC 2.3.1.15). This step is believed
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to be rate limiting [14]. As occurs in many other lipid metabolic reactions, this activity is
catalyzed by several GPAT isoforms. Four different genes encode GPAT isoforms 1-4,
which differ in tissue expression pattern, subcellular localization, fatty acyl-CoA substrate
preference, and sensitivity to sulfhydryl reagents such as A-ethylmaleimide (NEM) [15].
GPAT1 (the product of the Gpam gene) and GPAT2 are mitochondrial isoforms, whereas
GPAT3 (also known as AGPAT9/10) and GPAT4 (also known as AGPAT6) are located
primarily in the ER [16]. Specific GPAT isoforms are thought to be responsible for
glycerolipid synthesis in different cells; GPAT1 and GPAT4 are predominant in hepatocytes
[16], and GPAT3 is the major isoform in differentiated adipocytes [17]. It is unknown which
GPAT isoform accounts for the increase in TAG and PL content during macrophage to foam
cell transition.

The aim of the present study was to determine the contribution of glycerolipid synthesis to
the increased lipid content during the macrophage to foam cell transition. In order to
elucidate the relevance of the ER isoforms for the cytokine and chemokine release profile
observed during foam cell formation, we focused on the role of the GPAT isoforms.

2. Materials and methods

RAW 264.7 cells and BMDM were incubated with 100 pg/ml oxLDL and the accumulation
of lipid droplets and different lipid species was analyzed. Metabolic radiolabeling assays
were performed to analyze the de novo lipid synthesis after treatment. The expression and
enzymatic activity of GPAT isoforms were assessed using gPCR and radiolabeling assays,
respectively. Stable RAW264.7 cell lines in which Gpat3was silenced (shGpat3), or BMDM
obtained from knock out mice for Gpat3 or Gpat4 were subjected to similar lipid synthesis
and composition analysis after oxLDL treatment. Finally, we analyzed the effect of these
depletions in GPAT enzymatic activity and cytokines and chemokines release after oxLDL
treatment.

Animal protocols were approved by the University of North Carolina at Chapel Hill
Institutional Animal Care and Use Committee.

Additional details of experimental procedures are included in Supplementary Materials.

3. Results

3.1. Lipid content, triacylglycerol synthesis and GPAT activity increase during
macrophage to foam cell transition.

To study the glycerolipid dynamics during the macrophage to foam cell transition, we used
two macrophage models treated with oxLDL: the murine RAW 264.7 cell line and mouse
bone-marrow-derived macrophages (BMDM). LD growth was clearly observed after 24h
oxLDL treatment in both cell types (Fig. 1A and B). RAW 264.7 cells showed a 25-fold
increase in LD area while BMDM exhibited a 2.5-fold increment during their transition to
foam cells (Fig. 1C and D left panel). We also analyzed changes in lipid content. As
expected, CE and PL content increased during this process, consistent with the increase in
LDs (Supplementary Fig. 3). In addition, TAG content also increased 2-fold and 11-fold
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after 24h oxLDL treatment of RAW 264.7 cells and BMDM, respectively (Fig. 1C and D
right panel). These results show that the increment of LD in foam cells correlates with an
increase, not only of CE and PL, but also of TAG.

The greater glycerolipid content observed after foam cell formation could be the
consequence of either an increase in lipid uptake, a decrease in catabolism, and/or the
triggering of pathways of de novo synthesis. The increase in TAG was 50% of the CE
increase in RAW cells and 37% in BMDM. Considering that the average of LDL TAG/CE
content is only 10%, it seemed unlikely that the higher TAG content had occurred
exclusively from a greater uptake of lipid, so we considered the possibility that TAG
synthesis was up-regulated. We analyzed the incorporation of [14Clacetate and [1*C]Joleate
into total lipids. The incorporation of [14CJacetate represents the use of de novo synthetized
FA whereas the incorporation of [14CJoleate represents the use of exogenous pre-formed FA.
Incorporation of both substrates into total lipids was either lower or did not change after
foam cell development (Supplementary Fig. 4). However, when analyzing the distribution of
radioactivity in different lipid fractions in both cell types, we observed that the incorporation
of both substrates was diminished by about 50% in PL (Supplementary Fig. 4), whereas
[14C]Joleate incorporation into TAG increased 6-fold and 13-fold and [*4C]acetate
incorporation into TAG increased 5-fold and 3-fold during foam cell formation in RAW
264.7 cells and BMDM, respectively. These results indicate that TAG synthesis is induced
during the macrophage to foam cell transition.

We then hypothesized that GPAT, the first and committed step in the de novo TAG synthesis
pathway, would be up-regulated after foam cell transition. NEM-resistant activity (GPAT1)
did not change (Supplementary Fig. 4), however after 8 h, NEM-sensitive GPAT activity (i.e.
GPAT3 plus GPAT4) increased ~2-fold in both RAW 264.7 and BMDM (Fig. 1G and H). To
determine which GPAT isoforms were responsible for the induction of TAG synthesis, we
analyzed mRNA expression. In both RAW 264.7 cells and BMDM, GpatI and Gpat4
expression did not change after oxLDL treatment (Supplementary Fig. 5), and Gpat2
expression was very low and did not increase (data not shown). In contrast, Gpat3was up-
regulated in both cellular models. After the 8 h-oxLDL treatment, RAW 264.7 cell Gpat3
MRNA increased 35 fold and after 24h-oxLDL treatment, BMDM Gpat3 mRNA increased
10 fold (Supplementary Fig. 5). These results suggested that GPAT3 might be the GPAT
isoform that contributes to the initiation of TAG synthesis during macrophage to foam cell
transition.

3.2. GPAT3 and GPAT4 contribute to the increase in lipid droplet and TAG during foam
cell formation.

Based on GPAT activity and expression results, and to determine the contribution of GPAT3
activity to the increase in LDs, TAG, and PL after foam cell formation, we silenced Gpat3in
RAW 264.7 cells (shGpat3cell line) (Supplementary Fig. 1) and isolated BMDM from
Gpat3~ and Gpat4™~ mice [18]. Scrambled (SCR) RAW 264.7 cells and wt BMDM were
used as controls. The increase in LD area observed in control cells after foam cell formation
(Fig. 1A and B) was diminished by ~70%, ~40% and ~50% in shGpat3 cells, Gpat3™~
macrophages, and Gpat4~~ macrophages, respectively (Fig. 2). ShGpat3 cells accumulated
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40% less TAG after their transition to foam cells compared to SCR controls, whereas in
Gpat3”~ and Gpat4”~ BMDM, the increment in TAG content was 25% and 50% lower than
in wt cells, respectively (Fig 2 C and D). PL accumulation was also diminished in the three
models after 24h-oxLDL treatment, but no significant changes were observed in the amount
of CE (Supplementary Fig. 6). These results demonstrate that not only GPAT3, but also
GPAT4 is required for the observed increases in LDs, TAG, and PL during the macrophage
to foam cell transition.

GPAT3 and GPAT4 are required for enhanced glycerolipid synthesis during macrophage to
foam cell transition

To determine the contribution of GPAT3 versus GPAT4 to NEM-sensitive GPAT activity,
specific activity was measured in shGpat3, and in Gpat3”~and Gpat4”~ BMDM. In both
shGpat3 RAW cells and in KO-BMDM treated for 8 h with oxLDL, NEM-sensitive GPAT
activity did not increase (Fig. 3A and B), abrogating the peak in activity observed in wt and
SCR cells (Fig. 1G). Interestingly, in Gpat47~ BMDM, activity was ~50% lower than in wt
even under basal conditions, without exposure to oxLDL, and remained stable throughout
foam cell formation, suggesting that GPAT3 is involved in the changes observed in GPAT
activity at 8 h. Nevertheless, LDs and TAG were lower also in Gpat47~ BMDM (Fig. 2D).

To establish the roles of GPAT3 and GPAT4 in the increase in TAG observed during the
macrophage to foam cell transition, we next assessed glycerolipid synthesis after incubating
shGpat3, and Gpat3”~ and Gpat4~'~ macrophages with oxLDL and [14C]acetate or
[14C]oleate. After foam cell transition, the amount of incorporated radioactivity from both
radioactive precursors into total lipids decreased in the three types of GPAT-deficient cells
compared to their controls (Supplementary Fig. 7). The reductions were primarily due to a
decrease in incorporation into TAG (Fig. 3C and D). Supplementary Fig. 7 shows the
radiolabeled substrate incorporation into the different lipid fractions. These results indicate
that deficiency of either GPAT3 or GPAT4 in macrophages results in decreased GPAT
activity and reduced TAG synthesis during macrophage to foam cell transition.

3.3. The lack of GPAT4 increases pro-inflammatory cytokine and chemokine release
during macrophage to foam cell transition.

An increase in the release of pro-inflammatory cytokines and chemokines occurs during
macrophage to foam cell transition during the formation of the arteriosclerotic plaque
[19,20]. It has been proposed that cytokines are stored in LDs and that some phospholipids
such as phosphatidylcholine might be essential for cytokine release [18,21-23]. Thus, we
studied the effect of the absence of GPAT3 or GPAT4 on cytokine and chemokine release
during the macrophage to foam cell transition. The absence of GPAT3 did not consistently
modify the cytokine and chemokine release profile; in Gpat3”~ BMDM, TNF-a secretion
increased significantly and MCP-1 release decreased, while IL-1, IL-6 and IL-10 showed no
significant changes with respect to wt cells (Fig. 4). On the other hand, with respect to wt
BMDM treated with oxLDL, Gpat4”~ BMDM increased their secretion of all the cytokines
and chemokines analyzed. These results suggest that the activity of GPAT4 has an effect on
the release of pro-inflammatory signaling molecules during the macrophage to foam cell
transition.

Atherosclerosis. Author manuscript; available in PMC 2022 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Quiroga et al.

Page 6

4. Discussion

Previous studies have shown that during foam cell formation, in addition to CE, TAG and PL
also accumulate in LDs [24-26]. The primary purpose of the present study was to elucidate
the contribution of glycerolipid synthesis to this lipid accumulation, to determine which of
the 4 GPAT isoforms is activated during the macrophage to foam cell transition, and to learn
whether this biosynthetic pathway influences macrophage function. Our data show that
glycerolipid synthesis is induced during macrophage to foam cell transition, that
macrophages incorporate both exogenous and de novo synthetized FAs, and that FA are
preferentially incorporated into the TAG fraction. Enhanced TAG synthesis is consistent
with the higher TAG content of the cores of the characteristic large droplets found in foam
cells. Our data show that during foam cell transition both Gpat3 mRNA and GPAT3/4
activity are induced, and that both of these isoforms are required to initiate glycerolipid
synthesis and the accumulation of TAG and PL in LDs. Our laboratory and others [18,27]
have previously shown that Gpat3and Gpat4 are also induced during the classical activation
of macrophage, and that these enzymes are required for the increment in LDs observed
during activation. Although the scenarios of classical activation and foam cell formation
differ in many aspects, both are linked to processes of inflammation, which play a
fundamental role in mediating all stages of atherosclerosis [28,29]. In this context, oxLDL
are recognized and incorporated by macrophage scavenger receptors such as CD36 and
scavenger receptor A (SRA) [29,30]. oxLDL are also ligands for TLR4 receptors that
recognize bacteria and initiate the macrophage inflammatory response [31]. Further study is
warranted to determine the relevance of signaling cascades activated after TLR4 or
CD36/SRA stimulation, the possible crosstalk between them, and the effect of each one on
lipid metabolism in the context of foam cell formation.

Foam cell formation involves an induction of lipid uptake, primarily CE, which is the main
lipid component of the incorporated oxLDLs [32]. Within cells, CE is hydrolyzed into free
FA and cholesterol. Subsequently, the induction of the acyl:cholesterol acyltransferase 1
(ACAT1) captures the newly released FAs and re-esterifies them into CE [33,34]. This
activity, together with the induction of GPATSs which also incorporate FAs into glycerolipids,
might function as a strategy to avoid an increase in potentially toxic intracellular FAs [35].

Previous results have suggested that a certain amount of TAG is required in order to
incorporate CE into the large LDs present in foam cells, because a reduction in droplet TAG
content has been linked to a change in the physical state of the CE and a consequent altered
structure of the TAG-depleted CE droplets [25]. The observed reduction in the total LD area
and multiple small LDs in Gpat3™~and Gpat4™" is consistent with this hypothesis.

We next analyzed the functional role of the glycerolipids that accumulate during

macrophage to foam cell transition. Since it is known that inflammation plays a central role
in atherosclerosis [32], we analyzed the impact of lipid composition changes on the release
of pro-inflammatory cytokines and chemokines. Even though in our model we use oxLDL
preparations that might contain some intrinsic pro-inflammatory lipids that could account for
part of the inflammatory response observed, the same oxLDL preparation was used in each
genotype, allowing us to study the specific effect of Gpat4 and Gpat3 during this
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inflammatory process. Our results demonstrate that after foam cell formation, the lack of
GPAT4, and the consequent reduction in stored TAG, results in an increased release of
several pro-inflammatory cytokines and chemokines. We had observed a similar pattern in
Gpat4™~ macrophages after classical activation [18]. These results suggest that GPAT4
might act by suppressing the inflammatory process not only during M1 macrophage
activation, but also the transition of macrophage to foam cells. Even though the importance
of lipid metabolism in macrophage funtion is clear, the molecular mechanisms linking
GPAT4 activity and cytokine/chemokine release remain unknown. As we previously
proposed [18], a possible mechanism by which GPAT4 could affect the release of pro-
inflammatory molecules may involve the capacity of macrophages to incorporate FAS into
TAG via GPAT4, and in that way, reduce the pool of specific FA precursors of pro-
inflammatory signals, such as ceramides, eicosanoids, diacylglycerol and lysophosphatidic
acid. Thus, sequestration of FA by GPAT4 activity could reduce inflammation. In agreement
with this idea, a similar mechanism has been proposed for diacylglycerol acyltransferase 1
(DGAT1), the terminal enzyme of the same pathway, which esterifies acyl-CoAs to
diacylglycerol to form TAG [36] and for Lipin 1, another enzyme upstream in the same
glycerolipid synthesis pathway [37,38]. In addition, further connections between the
glycerolipid synthesis pathway and the inflammatory process during atherogenesis have
been established. Phosphatidylcholine, another product of this pathway;, is essential for
proper Golgi remodeling and vesicle liberation, and is thus required for the release of TNF-
a and I1L-6 [23]. TAG accumulation in LDs triggers apoptosis in foam cells, a striking aspect
of atherogenesis [39], whereas phospholipase A2 regulates LD biogenesis [40] and
macrophage intracellular lipids (such as FA, acyl-CoAs, and glycerolipids, among others)
regulate a wide variety of signaling pathways [41-44]. Finally, mice lacking macrophage
acyl:cholesterol acyltransferase 1 (ACAT1), which also uses FA to synthesize CE, develop
increased atherosclerosis and exacerbated inflammation [45,46].

In summary, the present study demonstrates that TAG synthesis is induced during the
transition of macrophage to foam cells and that GPAT3 and GPAT4 are both required for the
increase in LDs, TAG and PL that occurs during this process. In addition, our results show
that the lack of GPAT4 increases the release of inflammatory molecules, providing evidence
that glycerolipid synthesis is critical for macrophage function during foam cell formation.

Although the present study has the limitation of being done /in vitro, it suggests that inducing
GPAT4 with the consequent sequestration of pro-inflammatory precursor molecules into
TAG might be a therapeutic approach to reduce inflammation associated with
atherosclerosis. Additional physiological assays using mouse models for atherosclerosis
combined with an overexpression of GPAT4 would be necessary to test this hypothesis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
. Lipid droplet triacylglycerol contents increase after macrophage to foam-cell
transition
. Triacylglycerol biosynthesis contributes to the increase in lipid droplets
. GPAT3 and 4 are key enzymes required for the development of the foam-cell
phenotype
. GPAT4 modulates cytokine release during foam-cell formation
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FIGURE 1.
TAG content and de novo synthesis during macrophage to foam cell transition.

(A and B) oxLDL treatment of RAW 264.7 cells (left panel) and BMDM (right panel). Cells
were treated for 24 h with oxLDL and fixed and stained with Qil red-O to visualize lipid
droplets. (C and D) LD area per cell (average of 100 cells per treatment) and increase in
TAG content in macrophages after 24 h oxLDL treatment compared to the control. (G-H)
Cells were treated for 24 h with oxLDL and 2.2 mM [*4C]Jacetate or 0.1 mM [14C]oleate
(OA). Lipids were extracted, and lipid classes were analyzed by TLC. Radiolabeled lipids
were quantified with a Bioscan scanner. (E and F) Cells were treated with oxLDL, and
GPAT activity was assayed in total membranes in the presence or absence of NEM. NEM-
sensitive GPAT activity (corresponding to GPAT3/4 activity) was calculated by subtracting
NEM-resistant GPAT activity from the total. NTC: non-oxLDL treated control. Data are
from three independent experiments. *** p<0.001, ** p<0.01, * p<0.05.
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Figure 2.

Effect of GPAT3 and GPAT4 silencing or knock-out on lipid accumulation after foam cell
formation.

(A and C) RAW 264.7 SCR and shGpat3 cells. (B and D) Wt, Gpat3™'~ and Gpat4™!~
BMDM. (A and B) Cells were treated for 24 h with oxLDL, fixed, and stained with Oil red-
O to visualize LDs. (C and D) LD and TAG content was analyzed colorimetrically after 24 h
oxLDL treatment. Data are from three independent experiments. *** p<0.001, ** p<0.01
with respect to controls. T p<0.001, T p<0.01 and T p<0.05 with respect to wt or SCR +
oxLDL.
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FIGURE 3.

Effect of GPAT3and GPAT4 silencing or knockout on GPAT activity and TAG synthesis
after oxLDL treatment.
(A and C) RAW 264.7 SCR and shGpat3cells. (B and D) wt, Gpat3”~and Gpatd™~
BMDM. (A and B) Cells were treated for the indicated times with oxLDL, and GPAT
activity was assayed in total membranes in the presence or absence of NEM. NEM-sensitive
GPAT activity (corresponding to GPAT3/4 activity) was calculated by subtracting NEM-
resistant GPAT activity from the total. (C and D) Cells were treated for 24 h with oxLDL
and 2.2 mM [14CJacetate or 0.1 mM [*4CJoleate. Lipids were extracted and separated by
TLC. Radiolabeled TAG were quantified with a Bioscan scanner. Data for all figures are
from three independent experiments. *** p<0.001, ** p<0.01, with respect to controls. T

p<0.001 with respect to wt or SCR + oxLDL.
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FIGURE 4.

Effect of the lack of GPAT3 or GPAT4 on cytokine and chemokine release during

macrophage to foam cell transition.
Wt, Gpat3!~, and Gpat4'~ BMDM were treated with oxLDL for 8h, and the media was
collected. Cytokine and chemokine concentrations were measured using LUMINEX
MAGPIX technology. Data represent the average = SD of 3 independent experiments. ***
p<0.001, **p<0.01, * p<0.05 with respect to the control. 1T p<0.001 and T p<0.01, with
respect to wt + oxLDL.
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