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Abstract
Lipid burden in macrophages driven by oxidized LDL (oxLDL) accelerates the foam cell formation and the
activation of sterile in�ammatory responses aggravating the atherosclerosis. However, there is limited
information on the mediators and the pathways involved in the possible survival responses, especially at
the initial phase, by lipid-burden in macrophage cells on encountering oxLDL. Hence, the present study
was designed to assess the expression status of major mediators involved in the NLRP3 in�ammasome
pathway of sterile in�ammation and the cellular responses in oxLDL-challenged cultured RAW 264.7
macrophage cells. The ox-LDL-treated RAW 264.7 macrophage cells displayed a decreased expression of
the key sterile in�ammatory mediators, TLR4, TLR2, ASC, NLRP3 and IL-18 at the protein and transcript
level; however, displayed increased level of IL-1β, RAGE and TREM1 at the protein level. The biological
responses including lipid uptake, lipid peroxidation, superoxide production and mitochondrial membrane
potential were signi�cantly decreased in oxLDL-treated macrophages. Moreover, cellular hypertrophy and
mitochondrial density were signi�cantly decreased in the oxLDL-treated macrophages compared to the
control. Overall, the �ndings revealed that the expression status of key sterile mediators and the
macrophage response during the initial phase of oxLDL exposure tend toward the prevention of
in�ammation. Further understanding would open novel translational opportunities in the management of
atherosclerosis.

Introduction
Lipid burden in macrophages driven by low-density lipoprotein (LDL) and oxidized LDL (oxLDL)
accelerate the foam cell formation in aggravated atherosclerosis. The oxLDL act as potential damage‐
associated molecular patterns (DAMP) triggering the sterile in�ammatory responses leading to the
release and activation of the pro-in�ammatory cytokines IL-1β and IL-18 via nucleotide–binding domain
and leucine‐rich repeat (NLR)–containing family and pyrin domain (PYD)–containing 3 (NLRP3)
in�ammasome activation [1] [2]. Despite the anti-in�ammatory phenotypes, the macrophages are usually
polarized towards in�ammatory phenotypes in the pro-atheromatous milieu created by oxLDL
contributing substantially to vascular in�ammation and atherosclerosis pathology [3]. Importantly,
unresolving in�ammation persists in atherosclerosis resulting in defective efferocytosis promoting the
formation of the necrotic core; however, the underlying molecular mechanisms are currently unknown [1].
Moreover, the sterile in�ammatory cytokines, IL-1β and IL-18, are proteolytically activated by NLRP3
in�ammasome which is composed of the adaptor protein apoptosis‐associated speck‐like protein
containing a CARD (ASC) and the downstream effector caspase‐1 [4].

The sterile in�ammatory episodes triggered by oxLDL activate the downstream in�ammatory signaling
predominantly through the activation of the cell surface receptors TLR4 and TLR2 [5]; however, signaling
via triggering receptors expressed on myeloid cells (TREM1) and receptors for advanced glycation end
products (RAGE) have been involved in the activation of in�ammasome in multiple cell types [5] [6].
Research on atherosclerosis, a chronic in�ammatory disease, has been focused on the long-term impact
of LDL and oxLDL in the progression of pathology using translationally-relevant experimental models.



Page 3/22

However, the literature regarding the possible survival responses, especially at the initial phase, by the
lipid-burdened macrophage cells on encountering LDL/oxLDL is currently unavailable. Interestingly, a
recent seminal study reported that LDL strongly reduced the proin�ammatory responses by inhibiting the
NLRP3 in�ammasome in human macrophages whereas oxLDL displayed superior anti-in�ammatory
effects suggesting the possible alternative mechanisms [2]. Hence, it is reasonable that the macrophages
elicit multiple survival responses during the acute phase of LDL/oxLDL burden. On this background, the
present study was designed to assess the expression status of major mediators involved in the NLRP3
in�ammasome pathway of sterile in�ammation and the cellular responses in LDL/oxLDL-challenged
cultured RAW 264.7 macrophage cells.

Methodology

Culture, maintenance, and treatment of RAW 264.7 cells
Mouse macrophage cell line RAW 264.7 was procured from American Type Cell Culture (ATCC-TIB-71)
and maintained in high glucose DMEM with 10% fetal bovine serum (FBS) (Cat# 30-2020, ATCC),
standard culture conditions (5% CO2, 37oC, and antibiotics). Upon 70-80% con�uency the cells were split
using cell scraper by retaining one-third culture media and replenishing two-third fresh media. LDL was
isolated from hyperlipidemic swine plasma and minimally ox-LDL was prepared by controlled oxidation
using 5μM CuSO4 following the previously reported protocol [7] [8]. The level of oxidation was con�rmed
by the level of TBARS as determined by ELISA kit (CAYMAN CHEMICAL, Cat#: 10009055). The cells were
treated with 200 μg/ml oxLDL and 400 μg/ml LDL in serum-free media for the investigation, and the cells
treated with 100 μg/ml lipopolyscaccharide (LPS from E. coli (L3024, Sigma) and the untreated cells were
used as treatment and comparison controls, respectively.  

Immuno�uorescence
The cells were cultured in 8-well chamber slides and the expression of protein biomarkers was determined
using immunostaining following our previous protocols [9]. Primary antibodies (1:400 dilution) against
TLR2 (ab213676), TLR4 (ab13556), HMGB1 (ab11354), RAGE (ab37647), ASC (ab175449), NLRP3
(ab214185), Caspase-1 (ab74279), IL-1β (ab156791), TREM1 (ab200729), NF-κB (ab86299) and IL-
18 (ab106939) were used for staining and respective �uorochrome conjugated secondary antibodies
(1:400) were used for detection. Nuclei were counterstained with 4′,6-diamidino-2-phenylindole (DAPI) and
imaged using a �uorescent slide scanner microscope (Leica Thunder, Germany). The experiments were
performed with a negative control for �xing the exposure time and to minimize the background. The
mean �uorescence intensity (MFI) normalized with the number of nuclei was used to calculate the log2

fold-change (FC) following our previously reported protocol [10].  

Lipid droplets staining
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Intracellular lipid droplets were stained using LipidSpot™ 488 dye (Cat# 70065, Biotium) in the RAW 264.7
cells cultured in 8-well chamber slides following the manufacturer’s instructions. Post-treatment cells
were incubated with the dye for 30 min at 370C and the live cell imaging was performed using a
�uorescent microscope (Leica Thunder) under blue �lter. The MFI was quanti�ed, and the results were
represented as log2 FC as mentioned above.  

Lipid Peroxidation Assay
Lipid peroxidation following the treatment with LDL and oxLDL on RAW 264.7 macrophages grown in
chamber slides was assessed using Image-iT Lipid Peroxidation kit (C10445, Life technologies)
according to the manufacturer’s instructions. Following the treatment, the cells were washed with serum-
free DMEM and incubated with 200µl of Image-iT® Lipid Peroxidation Sensor (10mM in DMSO) for 30
minutes at 37oC, washed with serum-free DMEM, and imaged under �uorescence slide scanner (Leica
Thunder) at 590 nm and 510 nm. The cells treated with LPS (100μM) were used as treatment control and
the untreated cells were used as controls. The ratio of the emission �uorescence intensities at 590nm to
510nm re�ects the extent of lipid peroxidation. RAW 264.7 cells treated with cumene hydroperoxide (CuP)
at a �nal concentration of 100µM for 2 hours at 37°C in each group served as the positive control.  

Mitochondrial density
The mitochondrial density in the post-treatment RAW 264.7 cells cultured in 8-well chamber slides were
determined using MitoView™ Green (Cat# 70054, Biotium) following the manufacturer’s instructions. The
cells were incubated with the 100 nM dye for 15 min at 370C and the live cell imaging was performed
using a �uorescent microscope (Leica Thunder) under blue �lter. The MFI proportionate with the
mitochondrial content and the results were represented as log2 FC.  

Mitochondrial superoxide
The status of ROS in the RAW 264.7 cells was examined by determining mitochondrial superoxide using
MitoSOX Red (M36008, Invitrogen) following our published protocol [11]. The RAW 264.7 cells under
treatment were cultured in 8-well chamber slides and were treated with 5µM MitoSOX Red reagent for 10
min and the live cell imaging was performed using a �uorescent microscope (Leica Thunder) mounting in
DMEM (serum free). The untreated cells served as the control. MFI values were quanti�ed, and the results
were represented as Log2 FC. 

Mitochondrial pore transition 
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The mitochondrial pore integrity was assessed in the RAW 264.7 cells in various treatment groups using
Image-iT LIVE mitochondrial transition pore assay kit (I35103, Invitrogen) following our previously
reported protocol [11]. The cells were incubated in 200µl labeling solution containing 1µl each of 1mM
calcein AM, 200µM MitoTracker Red, 1mM Hoechst 33342, and 1mM CoCl2 in serum free DMEM at 37oC
for 15 min, washed with serum-free DMEM and immediately imaged under �uorescence slide scanner
(Leica Thunder). The untreated cells were used as control and the results are presented as Log2 FC with
respect to the control. 

Microtubule staining and cell spreading 
The microtubule integrity was assessed in the RAW 264.7 cells using ViaFluor 488 Live Cell Microtubule
Stain kit (70062-T, bioitum) following the manufacturer’s instructions. Following the treatment, the cells
were washed with serum-free DMEM, incubated in 200µl probe-containing medium (1µl/ml) at 37oC for
30 min, washed with serum-free DMEM and immediately imaged under �uorescence slide scanner (Leica
Thunder). The untreated cells were used as control and the experiments were run in triplicate. Individual
cells from the images were randomly assessed for the area (n=30) and perimeter (n=30) to examine the
cell spreading using ImageJ software.  The results are expressed as Log2 FC with respect to control. 

Gene expression
The RAW 264.7 cells were treated as mentioned above, total cellular RNA was isolated using the trizol
method, and cDNA was synthesized using 1μg RNA from each group using cDNA synthesis kit (Promega)
following the manufacturer’s protocol. The mRNA transcripts for the genes TLR2, TLR4, IL-18, IL-1β, ASC,
and NLRP3 were ampli�ed by real-time PCR (Applied Biosystems, CA, U.S.A.) using SYBR Green chemistry
employing appropriate forward and reverse primers (Table 1) following the program detailed in our
previous protocol [12]. The GAPDH was used as a housekeeping reference gene. The mRNA expression
was quanti�ed by 2^-ΔΔCT method with respect to GAPDH and the results are presented as Log2 FC with
respect to normal control. 

Table 1

List of primers used in qRT-PCR
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Primers Sequence (3’-5’)

ASC (F)  TGCCAGGGTCACAGAAGTGG

ASC (R)  CTTCAAGGCCTGGAGGAGGG

IL-1B (F)  GCCACCTTTTGACAGTGATGAGA

IL-1B (R) TGCCTGCCTGAAGCTCTTGT

IL-18 (F)  ACTGGCTGTTCCCACAACGA

IL-18 (R) CAGCACACCACAGGGGAGAA

NLRP3 (F)  GACACGAGTCCTGGTGACTTT

NLRP3 (R) TCATCTTCAGCAGCAGCCCTT

TLR4 (F)  ATGCTACAGCTCACCTGGGG

TLR4 (R) CTTCTGCCCGGTAAGGTCCA

TLR2 (F)  TGGTGCCCAGATGGCTAGTG

TLR2 (R) AGGAAACAGTCCGCACCTCC

GAPDH (F)  GGAAAGCTGTGGCGTGATGG

GAPDH (R) TACTTGGCAGGTTTCTCCAGG

 

Statistical analysis
The results of immuno�uorescence (n=3), staining (n=3) and the PCR (n=4) experiments are expressed as
mean ± SEM. For the staining experiments, the nuclei were counted using ImageJ software with ‘Analyze
particle’  mode and the average MFI of 2-4 images randomly acquired from different �elds of the
experimental set were used to calculate the log2 FC [13]. The images that displayed background
�uorescence were exempted from the analysis. Similarly, the PCR results were expresses as log2 FC with
respect to the control. The statistical signi�cance was assessed by one-way ANOVA following two-stage
linear step-up procedure of Benjamini, Krieger and Yekutieli using GraphPad Prism software. The
p<0.05 values were used to determine the signi�cant difference between the experimental groups.  

Results

Immunopositivity of protein mediators
The protein expression of proin�ammatory receptor TLR2 was increased in the LDL (P=0.0478) and LPS
treatment (P=0.1800) compared to the control; however, the increase was statistically not signi�cant in
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the LPS group. The level of TLR2 was signi�cantly decreased in oxLDL group compared to LDL
(P=0.0055) and LPS (P=0.0143) treatment groups; however, the decrease in oxLDL group was statistically
not signi�cant (P=0.1241) (Figures 1A and 1H). The protein expression of the proin�ammatory TLR4 was
decreased in LDL (P=0.4836), oxLDL (P=0.4986) and LPS (P=0.0868) groups compared to the control
where the oxLDL group displayed decreased expression compared to LDL (P=0.2585) and LPS
(P=0.2494) groups; however, the decrease was statistically not signi�cant (Figures 1A and 1I). The protein
expression of the DAMP HMGB1 was decreased in LDL (P=0.5391), oxLDL (P=0.2313) and LPS
(P=0.5844) groups compared to the control and oxLDL group displayed decreased expression compared
to LDL (P=0.4873) and LPS (P=0.4513) groups; however, the decrease was statistically not signi�cant
(Figures 1B and 1J). The protein level of proin�ammatory receptor RAGE was increased in LDL
(P=0.4041), oxLDL (P=0.5651) and LPS (P=0.3200) groups compared to the control and oxLDL group
displayed increased expression compared to LDL (P=0.8544) and LPS (P=0.7341) groups; however, the
increase was statistically not signi�cant (Figures 1B and 1K). The protein expression of sterile
in�ammatory mediator ASC was decreased in LDL (P=0.5345) and increased in oxLDL (P=0.2433) and
LPS (P=0.8038) groups compared to the control where the oxLDL group displayed increased expression
compared to LDL (P=0.0850) and LPS (P=0.1649) groups; however, the alterations in the expression were
statistically not signi�cant (Figures 1C and 1L). The protein expression of sterile in�ammatory mediator
NLRP3 was signi�cantly decreased in LDL (P=0.0020) and oxLDL (P=0.0020); however, the decrease in
LPS (P=0.0709) was statistically not signi�cant. Also, similar level of expression was observed between
oxLDL (P=0.9966) and LPS (P=0.0672) group compared to the LDL group (Figures 1C and 1M). The
protein expression of sterile in�ammatory protease caspase 1 was decreased in LDL (P=0.6606), oxLDL
(P=0.2879) and increased in LPS (P=0.8855) groups compared to the control and oxLDL group displayed
decreased expression compared to LDL (P=0.5141) and LPS (P=0.2340) groups; however, were not
statistically signi�cant (Figures 1D and 1N). The level of in�ammatory cytokine IL-1β was signi�cantly
decreased in LDL (P=0.0252) and increased in oxLDL (P=0.1139) and LPS (P=0.1226) groups compared
to the control; however, the increase was statistically not signi�cant.  Moreover, the oxLDL (P=0.0019)
and LPS (P=0.0021) groups displayed signi�cantly higher expression compared to LDL (P=0.0850)
(Figures 1D and 1O). The protein level of in�ammatory receptor TREM1 was signi�cantly increased in
LDL (P=0.0415), oxLDL (P=0.0198) and LPS (P=0.0063) groups compared to the control and oxLDL
group displayed similar expression compared to LDL (P=0.6466) and LPS (P=0.4626) groups (Figures 1E
and 1P). The level of NF-κB was decreased in LDL (P=0.0988) and increased in oxLDL (P=0.1465) and
LPS (P=0.0631) groups compared to the control; however, the increase was statistically not signi�cant.  In
addition, the oxLDL (P=0.0084) and LPS (P=0.0038) groups displayed signi�cantly higher expression
compared to LDL (Figures 1F and 1Q). The level of in�ammatory cytokine IL-18 was decreased in LDL
(P=0.6951), oxLDL (P=0.2699) and LPS (P=0.6263) groups compared to the control and oxLDL group
displayed decreased expression compared to LDL (P=0.4325) and LPS (P=0.9226) groups; however, the
decrease was statistically not signi�cant (Figures 1G and 1R). 

Lipid intake
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The lipid uptake and intracellular lipid droplets were increased in LDL (P=0.0953) and oxLDL (P=0.0044)
treatment groups; however, the increase in LDL was statistically not signi�cant. OxLDL group displayed
increase in lipid uptake compared to LDL (P=0.0765) and LPS (P=0.0024) groups; however, the increase
was statistically not signi�cant in LDL group (Figures 2A and 2B). 

Lipid peroxidation
Lipid peroxidation was more in the normal groups compared to the CuP treated controls (Figures 2C-2F).
Lipid peroxidation was signi�cantly higher in LDL (P=0.0111) and LPS (P=0.0377) groups compared to
the respective CuP treatment groups; however, the increased level of lipid peroxidation is statistically not
signi�cant in oxLDL group (P=0.4529) compared to the corresponding CuP group. Also, similar level of
peroxidation was observed in the control cells (P=0.7728) compared to the CuP control. Moreover, the
level of lipid peroxidation in LDL group was higher than the oxLDL (P=0.6442) and LPS group
(P=0.0153), however, the increase was statistically not signi�cant in the oxLDL group. Also, the CuP-
treated LPS group displayed decreased peroxidation compared to oxLDL group (P=0.0496). Interestingly,
increased lipid peroxidation was observed in the LDL (P=0.1190), oxLDL (P=0.2727) and LPS (P=0.2253)
groups; however, the increase was statistically not signi�cant. Increased level of lipid peroxidation was
displayed by CuP treated oxLDL group compared to the control CuP group; however, was statistically not
signi�cant. Additionally, similar level of peroxidation was observed in CuP treated LDL (P=0.4884) and
LPS (P=0.5637) groups compared to the control CuP group. 

Mitochondrial content
The mitochondrial content was signi�cantly increased in oxLDL (P=0.0055) and LPS (P=0.0259) groups
and was decreased in LDL group compared to the control; however, the decrease in mitochondrial density
was statistically not signi�cant in LDL (P=0.0704). Also, the LDL group displayed signi�cant decrease in
mitochondrial content when compared to oxLDL (P=0.0004) and LPS (P=0.0013) groups (Figures 3A and
3B).  

Mitochondrial superoxide
The mitochondrial superoxide content was signi�cantly decreased in LDL (P<0.0001), oxLDL (P<0.0001)
and LPS (P<0.0001) groups compared to the control. Also, the mitochondrial superoxide level was
signi�cantly increased in oxLDL (P=0.0123), and LDL (P<0.0001) groups compared to LPS group.
Moreover, the LDL group displayed signi�cant decrease in mitochondrial superoxide when compared to
oxLDL (P=0.0005) group (Figures 3C and 3D).  

Mitochondrial pore transition
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The calcein signal was signi�cantly increased in LDL (P<0.0001), oxLDL (P<0.0001) and LPS (P<0.0001)
groups compared to the control where oxLDL group displayed signi�cant increase in calcein level
compared to LDL (P<0.0001 which in turn was signi�cantly decreased compared to LPS (P=0.0172).
Also, the mitotracker signal was signi�cantly increased in LDL (P<0.0001), oxLDL (P<0.0001) and LPS
(P<0.0001) groups compared to the control where oxLDL group displayed signi�cant increase in
mitotracker signal compared to LDL (P<0.0001) which in turn was signi�cantly decreased compared to
LPS (P=0.0494) (Figures 4A and 4C). The increased level of calcein and mitotracker in oxLDL suggest the
compromised mitochondrial membrane integrity with a concomitant increase in mitochondrial density. 

Microtubule staining and cell spreading 
ViaFlour staining revealed signi�cant increase in the level of microtubules in the oxLDL (P=0.0202) group
and decreased levels in LDL (P=0.1539) and LPS (P=0.8209) groups compared to the control; however,
the decreased levels were statistically not signi�cant. The microtubules were signi�cantly increased in the
oxLDL group than LDL (P=0.0021) and LPS (P=0.0141) groups (Figures 4B and 4D). The cellular area
was signi�cantly decreased in LDL (P=0.0431) group and signi�cantly increased in oxLDL (P<0.0001)
and LPS (P<0.0001) groups. Also, the cellular area was signi�cantly increased in the oxLDL group than
LDL (P<0.0001) and LPS (P=0.0545) groups (Figures 4B and 4E). Similarly, the cellular perimeter was
signi�cantly decreased in LDL (P=0.0336) group and signi�cantly increased in oxLDL (P<0.0001) and
LPS (P<0.0001) groups. Moreover, the cellular perimeter was signi�cantly increased in the oxLDL group
than LDL (P<0.0001) and LPS (P=0.0218) groups (Figures 4B and 4E). 

mRNA transcription
The level of TLR4 mRNA transcript was signi�cantly decreased in LDL (P<0.0001) and oxLDL (P=0.0002)
groups and signi�cantly increased in the LPS (P<0.0001) group compared to the control. Also, the oxLDL
group displayed signi�cant increase in TLR4 transcripts than the LDL (P=0.0260) group and signi�cantly
decreased level compared to the LPS (P<0.0001) group (Figure 5A). TLR2 transcripts were decreased in
LDL (P=0.9894), oxLDL (P=0.0017) and LPS (P<0.0001) groups; however, the decreased expression in
LDL group was statistically not signi�cant. Moreover, the oxLDL group displayed signi�cant decrease in
TLR2 transcripts than the LDL (P=0.0018) group and signi�cantly increased level compared to the LPS
(P<0.0001) group (Figure 5B). The level of ASC transcript was signi�cantly decreased in LDL (P=0.0343)
and oxLDL (P=0.0329) groups and signi�cantly increased in LPS (P<0.0001) group compared to the
control. Also, the oxLDL group displayed similar level of expression compared to the LDL (P=0.9842)
group and signi�cantly decreased level compared to the LPS (P<0.0001) group (Figure 5C). NLRP3 was
decreased in LDL (P=0.9402), oxLDL (P<0.0001) and LPS (P=0.0239) groups; however, the decreased
expression in the LDL group was statistically not signi�cant. In addition, the oxLDL group displayed
signi�cant decrease in NLRP3 transcripts than the LDL (P<0.0001) and LPS groups (P=0.0003) (Figure
5D). The level of IL-1β transcript was decreased in LDL (P=0.3285) group compared to the control;
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however, was statistically not signi�cant. OxLDL (P<0.0001) and LPS (P<0.0001) groups displayed a
signi�cant increase in IL-1β compared to the control. Moreover, the oxLDL group showed increased
expression compared to the LDL (P<0.0001) and LPS (P<0.0001) groups (Figure 5E). The level of IL-18
mRNA transcript was decreased in LDL (P=0.0081) and oxLDL (P=0.5144) groups and signi�cantly
increased in the LPS (P<0.0001) group compared to the control; however, the decrease in oxLDL group
was statistically not signi�cant. Also, the oxLDL group displayed signi�cant increase in IL-18 transcripts
than the LDL (P=0.0328) group and signi�cantly decreased level compared to the LPS (P<0.0001) group
(Figure 5F).     

Discussion
Atherosclerosis is driven by chronic in�ammation sustained by the increased pool of proin�ammatory
cytokines and chemokines secreted by the macrophages at the site of the lesion. Furthermore, the key
pro-atherogenic cytokines IL-18 and IL-1β are regulated by NLRP3 in�ammasome [14]. However, the
inhibition of NLRP3 by LDL and oxLDL in human macrophages during the early atheroma has been
reported suggesting a counter mechanism of cell survival [2]. In our study, the RAW 264.7 macrophage
cells challenged with a sub-lethal concentration of oxLDL revealed the upregulation of RAGE, and TREM1
receptors and the pro-in�ammatory cytokine IL-1β. Surprisingly, the levels of DAMP molecule HMGB1,
sterile in�ammatory receptors TLR2 and TLR4, NLRP3 in�ammasome mediators including caspase 1,
and NLRP3 and the end-product cytokine IL-18 were decreased compared to untreated controls.
Interestingly, the level of expression of the mediators in LPS-challenged groups were superior to the
oxLDL group. Moreover, a similar trend was observed for the mediators at the transcript levels con�rming
the hypothesis. Hence, these results �ndings revealed the information on the mediators involved and the
possible underlying mechanisms for the prevention of in�ammation elicited by macrophages upon naïve
encounter with oxLDL.

Interestingly, the two pro-in�ammatory cytokines, IL-18 and IL-1β, derived from the same pathway
exhibited distinct expression pattern by the RAW 264.7 macrophages at the transcript and protein level on
encountering the oxLDL. Importantly, IL-18 has been reported to possess superior effects in triggering and
sustaining in�ammatory diseases including atherosclerosis compared to IL-1β [15] [16]. On the other
hand, IL-1β is a pleotropic cytokine that elicits acute in�ammatory response, procoagulant effects via the
induction of tissue factor, and endothelial permeability. These biological effects are prevalent in the early
phase of atherosclerosis signifying the upregulation [17]. However, the ratio of IL-18 and IL-1β may vary
depending on the cell types. For example, our previous investigations revealed the increased level of IL-18
than IL-1β in cultured arterial smooth muscle cells upon treatment with oxLDL (data not shown in this
article). Overall, the macrophages upregulate IL-1β with a concomitant down regulation of IL-18, NLRP3
mediators and TLRs suggesting the possible alternative mechanism IL-1β activation which warrants
further detailed investigation.

The foam cell formation by macrophages is a major hallmark of atherosclerotic lesions resulting from
the increased uptake of oxLDL and subsequent deposition in the cytoplasm coupled with the decreased



Page 11/22

e�ux of cholesterol [18]. Moreover, the increased expression of scavenging receptors (SR) including
CD36 (also called fatty acid translocase), SR-A1 and lectin‐like oxLDL receptor‐1 (LOX‐1) by the
macrophages has been intimately associated with foam cell formation in atherosclerosis [18] [19].
Substantially, the macrophages treated with oxLDL displayed increased intracellular lipids suggesting the
active operation of SR signaling which is beyond the focus of this study; however, warranting further
investigations. Additionally, the intracellular functions of oxLDL in triggering atheromatous lesions are
currently unknown requiring detailed future studies.

OxLDL is likely to alter the cellular biochemistry facilitating the increased peroxidation of free and
membrane bound lipids compromising the membrane integrity resulting in the lysis of cells/organelles
[20]. Apart from lipid peroxidation, oxLDL promotes cytotoxicity by iron-mediated free radical formation
further contributing to macrophage cytotoxicity [21]. Interestingly, several oxysterols including 7β-
hydroxyperoxycholesterol have been identi�ed as the cytotoxic components contained in oxLDL; however,
the implications of oxysterols in foam cell formation by macrophages in atherosclerosis are largely
unknown [22] [23]. As expected, the lipid peroxidation level was increased in the oxLDL treatment in RAW
264.7 macrophages suggesting the pro-atheromatous milieu. Importantly, a seminal report demonstrated
that the oxLDL promotes the formation of peroxides compromising the mitochondrial integrity; however,
suppresses the formation of superoxide [24]. Additionally, our data revealed that the decreased
mitochondrial membrane potential as evidenced by the increased calcein �uorescence suggesting that
the compromised mitochondrial membrane drives impaired calcium transit [25]. Surprisingly, the
mitochondrial density was increased upon the treatment with oxLDL suggesting the adaptive
mechanisms to nullify the pathological effects by substantially increasing the number of mitochondria
[26]. Interestingly, our �ndings revealed decreased level of reactive superoxide upon oxLDL treatment in
macrophages suggesting that the pathological effects of oxLDL in macrophages are mediated by lipid
peroxidation and mitochondrial dysfunction but not through reactive superoxide radicals.

The increased lipoprotein burden imparts the alterations in cellular morphology resulting in hypertrophy
[27] [28]. In macrophages, the cellular hypertrophy has been implicated to the lysosomal load of oxLDL
[29] and has been intimately associated with atherosclerosis [30] [31]. In addition, oxLDL has been
reported to induce uncontrolled and robust actin polymerization via 12/15-Lipoxygenase activity leading
to dramatic changes in the cytoskeletal organization in macrophages [32]. Interestingly, our study
revealed increased microtubules with a concomitant increase in the cellular area and perimeter of
macrophages on encountering oxLDL correlating the pathological drive for atherosclerosis; however, the
information regarding the underlying molecular implications is unavailable which warrants further
investigations.

The �ve major genes that were downregulated in RAW 264.7 macrophages on encountering oxLDL (TLR4,
TLR2, ASC, NLRP3 and IL18) are the central players of in�ammasome signaling and are involved in the
initiation and progression of atherosclerosis. These downregulated genes are associated with 120
pathways as correlated by ORA (Over Representation Analysis) based on human Gene Ontology:
Biological Processes (GO:BP) (Fig. 6A) (Supplementary Table 1). Volcano and funnel plots revealed that
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the predominant biological events associated with the downregulated genes are primarily involved in
immune and stress responses (Figs. 6B and 6D) (Supplementary Table 1). The artery-speci�c interactions
revealed the network associated with 120 pathways and 96 genes (Figs. 6C) (Supplementary Table 1).
The pathways and interconnected genes associated with TLR4, TLR2, ASC, NLRP3 and IL18 are mostly
involved in immune responses and stress homeostasis signifying the downregulation of these processes
suggesting the suppression of in�ammatory responses upon encountering oxLDL by macrophages.
Hence, the initial phase of oxLDL action is possibly driven through the suppression of sterile
in�ammatory responses in the macrophages warranting further detailed investigations.

The involvement of oxLDL in triggering sterile in�ammatory responses in the macrophages during the
progression of atherosclerosis has been established; however, our �ndings revealed that the expression
status of key sterile mediators and the macrophage response during the initial phase of oxLDL exposure
tend toward the prevention of in�ammation. Moreover, the literature regarding the anti-in�ammatory
responses elicited by oxLDL treatment is rare in the literature suggesting the possible survival response in
the macrophages. Even though the �ndings are novel, the study was not exempted from limitations
warranting further investigations. The potential pitfalls include (1) the study focused on the acute
responses of oxLDL whereas atherosclerosis pathology is driven by the chronic exposure of oxLDL with
vascular and immune cells, (2) the phenotype of macrophages used in this study was not de�ned, and (3)
the expression status of SRs was not established. Nonetheless, the present study unveils novel insights
into the survival responses of macrophages on encountering oxLDL and the further understanding of
which would open novel translational opportunities in the management of atherosclerosis.

Conclusion
The RAW 264.7 macrophage cells displayed a decreased expression of the key mediators (TLR4, TLR2,
ASC, NLRP3 and IL18) associated with NLRP3 in�ammasome at protein and transcript level upon
encountering oxLDL. The biological responses including lipid uptake, lipid peroxidation, superoxide
production and mitochondrial membrane potential were decreased whereas cellular hypertrophy, and
mitochondrial density were decreased in the oxLDL-treated macrophages compared to the control.
Overall, the �ndings revealed that the expression status of key sterile mediators and the macrophage
response during the initial phase of oxLDL exposure tend toward the prevention of in�ammation and the
further understanding of which would open novel translational opportunities in the management of
atherosclerosis.
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Figure 1

Representative images for the (A-D) immuno-double staining on the RAW264.7 macrophages for the
expression of TLR2 and TLR4, HMGB1 and RAGE, ASC and NLRP3, Caspase 1 and IL1β showing the
altered expression in the LDL, oxLDL and LPS treatment groups, (E-G) immunostaining on RAW264.7
macrophages for the expression of and TREM1, NF-κB, and IL-18 showing the altered expression in the
LDL and oxLDL treatment group vessels. Images in the left column of each panel show nuclear staining
with DAPI; the images in the middle column/s show expression of proteins while the images in the right
column show overlay staining with DAPI. Images were acquired at 20x magni�cation. (H-R) The
quanti�cation of gene expression expressed as Log2 FC where the graph represents mean values with
standard error. The statistical signi�cance based on one-way ANOVA test is represented in the �gure (*
P<0.05, ** P<0.01, and unlabeled are non-signi�cant).  



Page 18/22

Figure 2

Representative images for the lipid droplet staining: (A) RAW 264.7 cells treated with LPS, LDL and oxLDL
control. Images in the �rst row represent the control group, second row represents LDL group, third row
represent the oxLDL treatment group and at the bottom row represent LDL treatment group. Images in the
�rst panel show nuclear staining with DAPI; the images in the middle panel lipid droplet staining and the
right panel shows overlay staining with DAPI. (B) The quanti�cation of lipid droplets where the graph
represents mean values with standard error. (C) and (D) Representative images for the lipid peroxidation
staining: (C) RAW 264.7 cells treated with LPS, LDL and oxLDL control and (D) RAW 264.7 cells treated
with LPS, LDL and oxLDL along with CuP. Images in the �rst row represent the control group, second row
represents LDL group, third row represent the oxLDL treatment group and at the bottom row represent
LDL treatment group. Images in the �rst panel show nuclear staining with DAPI; the images in the middle
panels show intensities at 590 and 510 and the right panel shows overlay staining with DAPI. Images
were acquired at 20x magni�cation. (E) The quanti�cation of lipid peroxidation based on 590/510 ratio
where the graph represents mean values with standard error. (F) Scatter plot showing the trend of lipid
peroxidation in normal and CuP treatment group. The statistical signi�cance based on one-way ANOVA
test is represented in the �gure (* P<0.05, and unlabeled are non-signi�cant).  
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Figure 3

(A) Representative images for the MitoView™ Green staining in RAW 264.7 cells treated with LPS, LDL and
oxLDL control. Images in the �rst row represent the control group, second row represents LDL group, third
row represent the oxLDL treatment group and at the bottom row represent LDL treatment group. Images
in the �rst panel show nuclear staining with DAPI; the images in the middle panel mitochondrial staining
and the right panel shows overlay staining with DAPI. Images were acquired at 20x magni�cation. (B)
The quanti�cation of mitochondrial contents where the graph represents mean values with standard
error. (C) Representative images for the Mitosox red staining in RAW 264.7 cells treated with LPS, LDL
and oxLDL control. Images in the �rst row represent the control group, second row represents LDL group,
third row represent the oxLDL treatment group and at the bottom row represent LDL treatment group.
Images in the �rst panel show nuclear staining with DAPI; the images in the middle panel mitosox
staining and the right panel shows overlay staining with DAPI. Images were acquired at 10x
magni�cation. (D) The quanti�cation of mitochondrial superoxide where the graph represents mean
values with standard error. The statistical signi�cance based on one-way ANOVA test is represented in the
�gure (* P<0.05, *** P<0.001, **** P<0.0001 and unlabeled are non-signi�cant).  
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Figure 4

(A) Representative images for the mitochondrial pore transition staining in RAW 264.7 cells treated with
LPS, LDL and oxLDL control. Images in the �rst row represent the control group, second row represents
LDL group, third row represent the oxLDL treatment group and at the bottom row represent LDL treatment
group. Images in the �rst panel show nuclear staining with DAPI; the images in the middle panels
represent calcein and MitoTracker staining, and the right panel shows overlay staining with DAPI. Images
were acquired at 20x magni�cation. (B) Representative images for the ViaFluor staining in RAW 264.7
cells treated with LPS, LDL and oxLDL control. Images in the �rst row represent the control group, second
row represents LDL group, third row represent the oxLDL treatment group and at the bottom row represent
LDL treatment group. Images in the �rst panel show nuclear staining with DAPI; the images in the middle
panel represents ViaFlour staining, and the right panel shows overlay staining with DAPI. Images were
acquired at 20x magni�cation. (C) and (D) The quanti�cation of mitochondrial pore transition and
microtubules respectively where the graph represents mean values with standard error. (E) The
quanti�cation of cellular area and perimeter where the graph represents mean values with standard error.
The statistical signi�cance based on one-way ANOVA test is represented in the �gure (* P<0.05, ***
P<0.001, **** P<0.0001 and unlabeled are non-signi�cant).  
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Figure 5

(A-F) qRT-PCR analysis for the mRNA expression of TLR4, TLR2, ASC, NLRP3, IL1β and IL18 cultured
under ISC and ISC/R with respect to control. The results were expressed as log2 FC of expression relative
to control. The statistical signi�cance based on one-way ANOVA test is represented in the �gure (* P<0.05,
*** P<0.001, **** P<0.0001 and unlabeled are non-signi�cant).  
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Figure 6

(A) ORA network visualization showing the interconnectivity of biological processes (GO: BP) based on
the 5 input genes. (B) Funnel diagram displaying the total interactions for each biological process
connected to the 5 input genes (P<0.05 for all hits). (C) 3D visualization based on the Force-directed map
showing the crosstalk between 96 genes associated with the 5 regenerative input genes. (D) Volcano plot
showing the key biological processes based on the -Log (FDR). 
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