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Abstract
Background: Atherosclerosis, which is the principal cause of heart attacks and
strokes, is the leading cause of death in the United States. Various biological
processes such as apoptosis and autophagy are involved in almost every stage of
atherosclerosis, which could lead to plaque instability causing stroke and death.
Fatty Acid Binding Protein 4 (FABP4) is an adipokine released by macrophages
and is involved in multiple disease conditions including stroke. However, the
association of FABP4 with macrophage apoptosis and autophagy in atherosclerosis has not been elucidated. We hypothesize that silencing FABP4 protein
could be a novel therapeutic approach to attenuate macrophage apoptosis and
autophagy thereby minimizing plaque instability in atherosclerosis. Methods:
RAW264 mouse macrophage cells were transfected with siRNA control liposome quantum dots (QD), siFABP4 liposome QD at the concentration of 150
µg/ml total lipids, or TNF-α at 100 ng/ml. Western blot and reverse phase protein array (RPPA) analysis were completed. Results: Inhibiting the translation
of FABP4 blocked the apoptotic pathway as evidenced from the increased expression of anti-apoptotic BCL-xL and BCL-2 along with reduced expression of
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BAX and activated Caspase 3 levels. Beclin-1 and LC3-II levels were also reduced with knocking down FABP4 indicating the attenuation of autophagy.
Conclusion: Targeting FABP4 protects against macrophage processes associated with the progression of atherosclerosis.
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1. Introduction
Atherosclerosis is one of the leading causes of death in the world [1] which is
characterized by lipid accumulation and inflammation. These two processes differentiate atherosclerosis from other chronic inflammatory disorders. Atherosclerosis is an asymptomatic disease process until the progression of plaque leads
to flow reduction accelerating clinical manifestations like myocardial infarction
or stroke [2] [3]. Plaque instability is a possible source of major cardiovascular
events in atherosclerotic patients. Macrophage apoptosis plays an important role
in plaque instability [4]. Therefore, attenuating macrophage apoptosis could be a
therapeutic approach to protect from plaque instability in atherosclerotic patients.
Autophagy is another important biological process whose hallmark is the packaging of damaged cytoplasmic proteins or organelles into double-membrane autophagosomes. These packages then fuse with a lysosome to form an autolysosome that then degrades the contents and recycles into the cytosol. This is an
evolutionarily conserved process and maintains cellular homeostasis [5]. Previous studies have demonstrated the role of autophagy in various pathological
conditions and the association with apoptosis [6].
Circulating biomarkers such as fatty acid binding protein 4 (FABP4) have long
been postulated to predict cardiovascular risk, but never definitively proven.
These cytoplasmic fatty acid binding proteins (FABPs) are lipid chaperons that
facilitate the transport of lipids to specific cellular compartments. FABP4, also
known as aP2, is an important contributor to the metabolism, inflammatory,
atherosclerosis and cardiomyopathy pathways [7]. Plasma levels of FABP4 have
been associated with increased cardiovascular disease mortality in type 2 diabetes
mellitus men [8] and independently associated with coronary artery disease [9].
FABP4 is increasingly recognized as an important biomarker whose elevated levels are related to increased risk for cancer, cardiomyopathies, atherosclerosis and
insulin resistance [7]. It is produced and released from adipocytes, macrophages
and endothelial cells [10]. Previous animal studies have shown the protective effect of FABP4 inhibition from early and advanced atherosclerosis [11] [12] [13].
We developed a lipid nanoparticle delivery system to inhibit FABP4 with a
goal of targeting atherosclerosis as well as other diseases such as diabetes and
obesity. RNA interference (RNAi) is a molecular approach that has been used to
treat cancers and possibly other diseases [14]. RNAi delivers small segments of
DOI: 10.4236/jbm.2019.77008
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RNA known as short-interfering RNA (siRNA) which helps in silencing the targeted genes in turn downregulating the target protein. We have developed a
biocompatible system with low toxicity for the delivery of gene-specific RNAi to
achieve gene silencing at atherosclerotic plaques with low toxicity by using nano-liposomes. Liposomes consist of a phospholipid bilayer and are spherical
molecules with an aqueous core. Liposomes have been approved by US Food and
Drug Administration as drug delivery systems for several cancer drugs and antifungals [15]. However, liposomal siRNA has not been extensively utilized in
atherosclerosis research because of the immunoreactivity of cationic formulations [16] and the inability to achieve high tissue concentrations. Atherosclerosis
being one of the major causes of deaths in USA and all over the world, needs
treatment options other than using stents to rupture the plaque and opening the
valves. FABP4 is one of the important proteins which is considered as a biomarker in various diseases including atherosclerosis. There is no clear research
on how FABP4 is associated with plaque formation and atherosclerosis. In our
research we are focusing to explore the various pathways associated with FABP4
and atherosclerosis.We hypothesize that the injection of liposomal FABP4 siRNA treatment will silence local FABP4 expression in RAW264 mouse macrophage cells and downregulate apoptosis.

2. Materials and Methods
2.1. Liposomal siRNA Preparation
Both siRNA Control and On Target siFABP4 Smart Pool, containing 4 target
sequences, were purchased from Dharmacon (La Fayette, CO). Liposomes were
prepared with DMPC (1,2-dimyristoyl-sn-glycero-3-phosphocholine) and
DMPG (1,2-dimyristoyl-sn-glycero-3-phosphoglycerol) in a 7:3 molar ratio.
siRNA, lipids, and quantum dots (QD) will be mixed in the presence of excess
tertiary butanol at a ratio of 1:10:40 (weight [w/w/w] siRNA/lipid/quantum
dots). The mixture will be vortexed, frozen in an acetone/dry ice bath, lyophilized, and stored at –20oC until use as previously described [17]. QDs exhibit red
fluorescence with a maximum emission wavelength of 665 nm. QD are unique in
their characteristics of exhibiting a narrow excitation/emission wavelength, as
well as increased fluorescence and photostability, which makes them an ideal
tool for many biomedical applications such as therapeutics and diagnostics.

2.2. Cell Cultures
RAW264 cells (ATCC), mouse macrophage cells were sub-cultured for serial
passage in 25 cm2 flasks with 5 ml DMEM medium (ATCC) containing 5% fetal
bovine serum (FBS), 5.6 mmol/l glucose, 2 mmol/l L-glutamine, 100 U/ml penicillin and 100 µg/ml streptomycin.

2.3. siRNA Transfection
Cells were seeded in 6-well-plates and transfection was performed with liposomDOI: 10.4236/jbm.2019.77008
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al siRNA control or liposomal siFABP4 at a final concentration of 150 µg/ml total lipids in serum-free incubation medium. In the tumor necrosis factor-α
(TNF-α) treatment experiment, the cells were incubated with TNF-α (R & D
System, 100 ng/ml (Minneapolis, MN)) for 3 hours and, then washed and incubated with liposomes. The protein lysates were prepared and western blot, RPPA
analyses were performed.

2.4. Reverse Phase Protein Array (RPPA) Analysis
Expression of FABP4-regulated proteins involved in atherosclerosis-related signaling networks was examined by conducting the RPPA analysis in RPPA Core
Facility at University of Texas M.D. Anderson Cancer Center. This technique is
used to perform protein assays on thousands of samples simultaneously. It helps
to measure protein expression and protein modifications. Protein lysates were
prepared and probed with 172 RPPA-platform-validated antibodies. Primary antibodies will be visualized by DAB colorimetric reaction and images produced
via flatbed scanner. The density of protein expression will be quantified by Array-Pro analyzer. To confirm the RPPA data, we performed Western blotting
analysis.

2.5. Western Blot Analysis
Protein samples were extracted from the cell lysates of RAW264 cells following
control siRNA or FABP4 siRNA treatment. Protein concentration was determined and samples were separated by SDS-PAGE. PVDF membrane was used to
transfer the proteins and blocked with 5% nonfat dry milk. The membranes were
incubated with respective primary antibodies (BCL-xL BCL-2, FABP4, Beclin-1,
LC3-I, LC3-II, β-actin, GAPDH) overnight at 4˚C followed by washes with
TBST and incubated with appropriate secondary antibody at room temperature
for 2 hours.

3. Results
3.1. Liposomal Uptake into the Macrophages
Mouse macrophage cell line-RAW264 cells when incubated with control and
FABP4 siRNA-QD; the siRNA was taken up into the cells (Figure 1(A)). This
was supported by the expression of FABP4 protein in control siRNA whereas it
is significantly downregulated in treated cells (Figure 1(B)).

3.2. Anti-Apoptotic Effect of FABP4siRNA Liposomes
Apoptosis is a major factor contributing to plaque instability and sudden coronary death. When apoptosis occurs in the thin fibrous cap of advanced lesions,
plaques are prone to rupture, which triggers thrombosis and myocardial infarction
[4]. We demonstrated that the downregulation of FABP4 induced a significant increase in the expression of anti-apoptotic related proteins, suggesting that reduced
apoptosis may be a mechanism underlying the benefits of FABP4 downregulation
DOI: 10.4236/jbm.2019.77008
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Figure 1. Uptake of liposomal siRNA-QD into RAW264 cells (A). Cells were seeded in
6-well plates, and transfection was performed with liposomal control siRNA-QD (a) or
liposomal FABP4 siRNA-QD (b) at a final concentration of 150 µg/ml total lipids in serum-free incubation medium for 1 hour. Confocal microscopy analysis (63 × magnification) showing liposomal siControl-QD were significantly taken up into the cells. (B)
siRNA-mediated knockdown of FABP4 in RAW264 cells (B). Western blot (WB) analysis
showed that expression of FABP4 was greatly reduced in siFABP4 treated cells. Western
blot analysis of anti-apoptotic proteins in control or FABP4 siRNA-treated RAW264 cells
is shown (B).

(Figure 1, Figure 2, and Figure 3). Anti-apoptotic proteins Bcl-xL and Bcl-2
were upregulated with FABP4 silencing which is evident from both western blot
(Figure 1(B)) and RPPA analysis (Figure 2) whereas expression of pro-apoptotic
BAX, which effects the outer membrane permeabilization of mitochondria and the
release of cytochrome c was significantly inhibited (Figure 2).

3.3. FABP4 siRNA Liposomes Attenuated Apoptosis
during TNF-α Stimulation
Cells were stimulated with TNF-α which is an inflammatory cytokine, to investigate its effect on apoptosis while simultaneously silencing FABP4. TNF-α stimulation increased FABP4 expression and apoptosis which is observed from
enhanced caspase 3 activation (Figure 3). However, knocking down FABP4 with
siRNA liposomes in these cells downregulated both FABP4 and apoptotic caspase 3 activity (Figure 3).

3.4. Effect of FABP4 Silencing on Autophagy
Autophagy plays an important role at every stage of atherosclerosis [18], hence
DOI: 10.4236/jbm.2019.77008
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Figure 2. Profile of the FABP4-regulated proteins: Protein lysates were prepared from the
RAW264 cells treated with FABP4 or control siRNA and probed with RPPA platform-validated antibodies. Proteins were visualized by using DAB. Assay was run in duplicate. A 16-bit TIFF image was generated, and the density of protein expression was
quantified by using an Array-Pro analyzer. The median value is shown.

Figure 3. FABP4 overexpression by TNF-α stimulation and reduction of activated caspase-3 expressions by liposomal FABP4 siRNA in RAW264 cells. RAW264 cells were
treated with TNF-α for 3 h. Expression of FABP4 was significantly up-regulated by
TNF-α and liposomal FABP4 siRNA treatment induced a significant reduction of FABP4
expression both in TNF-α treated and non-treated groups. Overexpression of FABP4 induced cleavage and activation of pro-caspase3 to its corresponding active forms. GAPDH
was used to as a loading control.

we looked at autophagy markers LC3-I, LC3-II and Beclin-1 to investigate the
association between FABP4 and autophagy. Attenuation of autophagic markers
was observed in cells silenced from FABP4 using liposomes (Figure 4). Reduced
expression of LC3-I, LC3-II and Beclin-1 indicates the effect of FABP4 silencing
at autophagosome formation and autolysosome formation which might result in
lower degradation of cells.
DOI: 10.4236/jbm.2019.77008
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Figure 4. Liposomal FABP4 siRNA inhibits the expressions of Autophagy-associated
genes, Beclin-1 and LC3-II in RAW264 cells. Cells were seeded in 6-well plates, and
transfection was performed with liposomal siControl or liposomal siFABP4 at a final
concentration of 150 µg/ml total lipids in serum-free incubation medium for 48 hours.
Western blot analysis showed that the downregulation of FABP4 significantly inhibited
the expressions of Autophagy-associated Beclin-1 and LC3-II genes along with FABP4.

4. Discussion
Atherosclerosis is the leading cause of death in the world which involves various
cellular and molecular changes [19]. Macrophages are gaining attention in the
treatment of atherosclerosis for their contribution in necrotic core formation
and fibrous cap thinning [20] [21]. Macrophages produce a adipokine—FABP4
which is involved in various processes like lipid metabolism, glucose metabolism, and insulin resistance [10]. Serum levels of FABP4 were reported to be a
potential prognostic marker of mortality in patients with stroke [22]. The association between FABP4 and apoptosis was demonstrated earlier [23] [24].
Apoptosis of macrophages with lipid content promotes atherosclerotic plaque
instability, rupture and thrombosis due to inflammatory response and necrosis
[4]. Macrophages are also accumulated in vulnerable plaques where autophagy
plays prominent role to maintain homeostasis [21] [25].
We have previously demonstrated the uptake of anionic liposomes into the
atheromas of Watanabe heritable hyperlipidemic rabbits within lipid pools, suggesting that anionic liposome uptake is associated with areas of metabolically active plaque [17]. Recently, we have shown that the uptake of anionic liposomes
into plaques in the aortic tissue of ApoE-/- mice and that these liposomes colocalize with and accumulate in macrophages [26]. The current study demonstrated
that the uptake of liposomal siRNA QD into macrophage cells was significant
(Figure 1). We also observed that silencing FABP4 in mouse macrophages downDOI: 10.4236/jbm.2019.77008
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regulated apoptosis by stimulating anti-apoptotic BCL-2 and BCL-xL while reducing BAX (Figure 1, Figure 2) suggesting that reduced apoptosis may be a mechanism underlying the benefits of FABP4 downregulation. The role of FABP4 in
inflammatory conditions was observed by stimulating the mouse macrophage cells
with TNF-α which is an inflammatory cytokine. TNF-α stimulated cells have
elevated levels of apoptotic proteins (activated caspase-3) whereas cells treated
with FABP4siRNA liposomes has inhibited the apoptotic effect.
Previous study has reported that plaque necrosis in advanced atherosclerosis
might be due to the defects in clearing apoptotic macrophage cells which results
in atherosclerotic cardiovascular events [27]. Autophagy is another biologically
conservative process that plays an important role in maintaining lipid metabolism and apoptosis in obesity and atherosclerosis. Alteration of autophagy was
observed in atherosclerotic plaques [28]. In present study, we observed attenuation of autophagy when FABP4 is downregulated with siRNA liposomes in macrophages. This is evident from the reduced expression of LC3-II which is a
marker for the initiation of autophagy process. Reduction in Beclin-1 levels,
marker for activation of autophagosome indicates the decreased formation of
autophagosomes attenuating macrophage autophagy (Figure 4).
The fate of macrophage may lie between activating pro-survival mechanism of
autophagy and apoptosis as a cell death response [29] [30]. Elevated levels of
apoptosis were observed in mice with autophagy deficient macrophages [31].
However, detailed pathways indicating the involvement and association of
apoptosis and autophagy with FABP4 in atherosclerotic conditions needs to be
elucidated. Thus, targeting circulating inflammatory biomarkers may provide
valuable information about the progression of atherosclerosis and helps to avoid
adverse events in the near future.

5. Conclusion
Previous studies have investigated the small molecule inhibitors but no studies
have examined the inhibition of FABP4 using siRNA. In the current study we investigated the association of FABP4 with various biological processes like apoptosis and autophagy. We attenuated apoptosis and autophagy by silencing FABP4 in
macrophages which could be an effective therapeutic approach for the prevention
and treatment of atherosclerosis. This is the first time that the research on autophagy, apoptosis and atherosclerosis is interconnected in macrophage cell line.
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