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A B S T R A C T   

Hypercholesterolemia induces intracellular accumulation of cholesterol in macrophages and other immune cells, 
causing immunological dysfunctions. On cellular levels, cholesterol enrichment might lead to mitochondrial 
metabolic reprogramming and change macrophage functions. Additionally, as cholesterol is permeable to the 
plasma membrane and might integrate into the membranous organelles, such as endoplasmic reticulum or 
mitochondria, cholesterol enrichment might change the functions or properties of these organelles, and ulti
mately alters the cellular functions. In this study, we investigate the mitochondrial alterations and intracellular 
oxidative stress induced by accumulation of cholesterol in the macrophages, and the possible immunological 
impacts caused by these alterations. Macrophage cells RAW264.7 were treated with cholesterol to induce 
intracellular accumulation of cholesterol, which further triggered the reduced production of reactive oxygen/ 
nitrogen species, as well as decrease of oxidative phosphorylation. Basal respiration rate, ATP production and 
non-mitochondrial oxygen consumption are all suppressed. In contrast, glycolysis remained unaltered in this 
cholesterol-enriched condition. Previous studies demonstrated that metabolic profiles are associated with 
macrophage polarization. We further verified whether this metabolic reprogramming influences the macrophage 
responses to pro-inflammatory or anti-inflammatory stimuli. Our results showed the changes of transcriptional 
regulations in both pro-inflammatory and anti-inflammatory genes, but not specific toward M1 or M2 polari
zation. Collectively, the accumulation of cholesterol induced mitochondrial metabolic reprogramming and 
suppressed the production of oxidative stress, and induced the alterations of macrophage functions.   

1. Introduction 

In recent years, cellular metabolism has been identified as a key 
regulator of macrophage function by influencing signal transduction and 
gene regulation [1,2]. Metabolic reprogramming of mitochondria in 
myeloid cells is associated with both inflammatory and 
anti-inflammatory responses [3,4]. For example, upregulation of 
glycolysis facilitates the macrophage activation and cytokine production 
(M1 state), while oxidative phosphorylation induces alternative acti
vation of macrophages (M2 state) [5]. Unbalanced lipid metabolism also 
leads to a series of cellular alterations in macrophage and is associated 
with various pathological events [6]. Most of the studies related to this 
topic have been focused on the role of cholesterol-laden macrophages in 
atherosclerosis. Hypercholesterolemia leads to the accumulation of free 

cholesterol in macrophage and alterations of macrophage properties [7, 
8]. In atherosclerotic artery, increased levels of oxidized low-density 
lipoprotein (LDL) triggers macrophage mediated scavenging. Modified 
LDL functions as a ligand for macrophage pattern recognition receptors, 
including Toll-like receptors (TLRs), and can directly activate 
pro-inflammatory signaling pathways. In addition, LDL engulfed by 
macrophages, caused intracellular cholesterol accumulation, which also 
amplifies TLR signaling, and in turn increased production of cytokines 
and chemokines with amplification of the downstream inflammatory 
process [9,10]. Accumulation of cholesterol stimulates intracellular 
formation of cholesterol crystals, which interacts biochemically with the 
inflammasome component NLRP3 to influence inflammasome activity 
and IL-1β production [11,12]. In addition to the upregulation on in
flammatory signaling and the production of inflammatory mediators, 
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other impacts of cholesterol accumulation on macrophage properties 
and functions have not been fully characterized. 

The accumulation of intracellular cholesterol also leads to the 
change of the properties and functions of membranous organelles, and in 
turn affect macrophage functions [13,14]. Cholesterol is one of the 
major structural constituents of the plasma membrane and membranous 
organelles, functioning to maintain the integrity and fluidity [15]. 
Although cholesterol levels in mitochondria are lower than in the 
plasma membrane, and in the endoplasmic reticulum (ER), the low 
levels of cholesterol might make mitochondrial membranes highly 
sensitive to even small changes in their absolute cholesterol content. 
Loading with cholesterol results in mitochondrial alterations in a variety 
of cell types. In hepatocytes, enrichment of cholesterol impairs oxidative 
phosphorylation and disrupts the assembly of respiratory complex [16]. 
The effects of cholesterol enrichment on oxidative stress might be cell 
type-dependent. The decrease of oxidative phosphorylation reduces the 
production of oxidative stress. On the other hand, compromised mem
brane fluidity by cholesterol integration decreases 2-oxoglutarate car
rier activity [17], which leads to reduced α-ketoglutarate transport and 
impaired glutathione (GSH) import into mitochondria, possibly causing 
the elevation of oxidative stress. Increase of cholesterol contents also 
leads to the alterations of membrane permeability and ultimately 
influencing cell viability. In macrophages, accumulation of intracellular 
cholesterol results in the concentration-dependent diversification in cell 
viability [18]. This apoptotic event has been linked to the formation of 
foam cell and pathogenesis of atherosclerosis [10]. Mitochondrial dys
functions in the cholesterol-enriched conditions have been reported in 
several pathophysiological conditions, such as several types of cancers, 
myocardial ischemia and hepatosteatosis [19]. However, the mito
chondrial functions, as well as the properties and functions of 
non-apoptotic macrophages in hypercholesterolemia have not been 
determined. Mitochondria play pivotal roles in various macrophage 
functions, including activation, polarization, and the formation of 
NLRP3 inflammasome [20]. Thus, the mitochondrial functions might be 
altered in cholesterol-laden macrophage and consequently influence the 
immunological functions. 

Here we investigated the impacts of accumulated free cholesterol on 
mitochondrial functions in non-apoptotic macrophages. ROS/RNS levels 
and oxidative phosphorylation in the macrophage treated with excessive 
cholesterol were examined. Also, macrophage functions, including 
activation and polarization with M1 or M2 stimulation, were also 
elucidated. We reported that mitochondria functions and production of 
oxidative stress both decreased in cholesterol-loaded macrophages. 
Additionally, accumulation of cholesterol appeared to alter the macro
phage responses to pro-inflammatory and anti-inflammatory stimuli in a 
gene-dependent manner, possibly due to the change he membrane 
fluidity alters various signaling pathways. The changes are not specific 
to either M1 or M2 polarization. 

2. Materials and methods 

Cells and materials. The murine macrophage cell line RAW264.7 
subclone 2 was obtained from ATCC (ATCC® TIB-71™). Cells were 
grown in DMEM (Gibco; Thermo Fisher Scientific, Inc.) supplemented 
with 10% (v/v) FBS, 1% (v/v) penicillin-streptomycin solution, and 
incubated at 37 ◦C in 5% CO2 humidified air. Water-soluble cholesterol 
(cholesterol-methyl-β-cyclodextrin) was purchased from Sigma-Aldrich 
(C4951). The hydrophobic cholesterol is conjugated with hydrophilic 
methyl-β-cyclodextrin, which makes the cholesterol molecules aggre
gates in the core when dissolved in aqueous conditions such as in culture 
medium, and is commonly used for the loading of the cholesterol in the 
cultured cells [18,21]. In the study, RAW264.7 cells were incubated 
with or without water-soluble cholesterol at a final concentration of 20 
μg/ml cholesterol-methyl-β-cyclodextrin. 

Filipin staining and immunocytochemistry. RAW264.7 cells were 
fixed for 15min with 4% paraformaldehyde and permeabilized with 

0.1% Triton X-100 in 1xPBS for 10min, and then blocked with 2% 
bovine serum albumin (BSA). Anti-Prohibitin (GeneTex, GTX101105: 
1:200) primary antibody was incubated overnight, followed by a sec
ondary antibody for 1 h. After the incubation of secondary antibody, 
Filipin III (Cayman 70440) was added at 0.05 mg/ml and incubated for 
2 h. Stained samples were mounted with ProLong Gold Antifade 
Mountant (ThermoFisher P10144). The images were pictured with a 
Zeiss AxioImager A1 microscope. 

Flow Cytometry. The raw cells were cultured in a six-well plate at 
an appropriate condition. The cells were treated with cholesterol for 24 
h after the cells grew to an appropriate density. The raw cells were 
collected and then analyzed with a CytoFLEX flow cytometer (Beckman 
Coulter, Inc., Brea, California, USA). Data were analyzed using the 
CytExpert Software. 

In vitro ROS/RNS detection. OxiSelectTM In vitro ROS/RNS assay 
kit (green fluorescence) (Cell Biolabs, cat. STA-347) was used to mea
sure ROS and RNS in macrophage cell line RAW264.7. Cells were ho
mogenized and centrifuged at 10,000 g for 5 min to remove insoluble 
particles. 50 μl of supernatant was mixed with 50 μl catalyst (provided in 
the kit) to accelerate the oxidative reaction. Following 5 min incubation 
at room temperature, 100 μl DCFH-DiOxyQ probe solution was added to 
the mixture to measure the total free radical population. The DCFH 
probe can react with free radical molecules that are representative of 
both ROS and RNS. The samples were incubated at room temperature for 
30 min and read with a fluorescence plate reader at excitation/emission 
= 480/530 nm. The standard curve of H2O2 was used to quantify the free 
radical content in the cell lysates. 

Seahorse Oxygen Consumption Rate (OCR) And Mitochondrial 
Stress Test. The raw cells were plated at 2.5 × 104 cells per well in 24- 
well Seahorse V7 culture plates (Agilent Seahorse catalog # 100777- 
004) in the appropriate medium. Cells were treated with cholesterol 
for 24 h, subsequently, measured OCR on a Seahorse XFe24 as described 
by the manufacturer (Agilent Technologies), with some modifications. 
After the treatment, cells were changed into DMEM with no additional 
exogenous substrates, and additions were made through the injection 
ports: for the mitochondrial stress test, respectively, the following con
centrations of the inhibitors were used: 1 μM oligomycin, 0.5 μM FCCP 
and 0.5 μM each of antimycin A and rotenone. Wave software was used 
to determine oxygen consumption. 

Reverse transcription quantitative PCR (RT-qPCR) assay. Total 
RNA was extracted using RNAzol® reagent (Mrcgene; Molecular 
research center, Inc.), according to the manufacturer’s protocol. cDNA 
was synthesized using a IQ2 MMLV RT-Script kit (Bio-Genesis Tech
nologies Inc.) according to manufacturer’s protocol. qPCR was per
formed using SYBR-Green (Applied Biosystems, Thermo Fisher 
Scientific, Inc.), and data collection was conducted using an ABI 7300 
(Applied Biosystems; Thermo Fisher Scientific, Inc.). The PCR cycling 
conditions were as follows: 95 ◦C for 2 min, followed by 40 cycles at 
95 ◦C for 20 s, 56 ◦C or 53 ◦C for 20 s and 72 ◦C for 40 s, a final extension 
step of 95 ◦C for 15 s, 60 ◦C for 1 min, 95 ◦C for 15 s and 60 ◦C for 15 s. 
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as an 
internal control for normalization. Gene expression was calculated using 
the delta-delta Ct method. Primer sequences were as follow: 

GAPDH: 
Forward: GCACAGTCAAGGCCGAGAAT 
Reverse: GCCTTCTCCATGGTGGTGAA; 
Bad: 
Forward: CTCCGAAGGATGAGCGATGAG 
Reverse: TTGTCGCATCTGTGTTGCAGT; 
Bax: 
Forward: TGAAGACAGGGGCCTTTTTG 
Reverse: AATTCGCCGGAGACACTCG; 
UCP1: 
Forward: AGGCTTCCAGTACCATTAGGT 
Reverse: CTGAGTGAGGCAAAGCTGATTT; 
TNF-α: 
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Forward: CCCTCACACTCAGATCATCTTCT 
Reverse: GCTACGACGTGGGCTACAG; 
NOS2: 
Forward: CTTTGCCACGGACGAGAC 
Reverse: TCATTGTACTCTGAGGGCTGA; 
Arg1: 
Forward: GAATCTGCATGGGCAACC 
Reverse: GAATCCTGGTACATCTGGGAAC; 
Ym1: 
Forward: AAGAACACTGAGCTAAAAACTCTCCT 
Reverse: GAGACCATGGCACYGAACG. 
MitoTracker green stain and image analysis. MitoTracker Green 

FM (Invitrogen, USA, Cat No. M7514) was used to visualize mitochon
dria. After incubation with MitoTracker (40 nM diluted in culture me
dium, 30 min, 37 ◦C), the cells were washed three times with culture 
medium. Live cell imaging was monitored by DeltaVision imaging sys
tem (PersonalDV; GE Healthcare) using an inverted epifluorescence 
microscope (IX-71; Olympus) with a charge-coupled device camera 
(CoolSNAP ES2; Photometrics). Photographs were taken independently 
by using constant camera exposure settings. The level of cellular fluo
rescence from fluorescence microscope images and the length of the 
mitochondria were determined by ImageJ (This method was contributed 
by Luke Hammond, QBI, The University of Queensland, Australia). 
Please see the website (https://theolb.readthedocs.io/en/latest/imag 
ing/measuring-cell-fluorescence-using-imagej.html) for the details. 
The formula to calculate the corrected total cell fluorescence (CTCF) is 
CTCF = Integrated Density – (Area of selected cell X Mean fluorescence 
of background readings). 

Statistical analysis. All data are presented as the means ± standard 
error and are representative of experiments conducted in triplicate. 
Statistical analyses were performed using GraphPad Prism 9 software 
(GraphPad Software, Inc., La Jolla, CA, USA). Student t-test was used to 
compare data from the control and treatment groups. Symbols were 
considered to indicate a statistically significant difference (* where p <
0.05, ** where p < 0.002, *** where p < 0.0002, **** where p <
0.0001). 

3. Results 

Incubation with free cholesterol caused structural alterations in 
macrophages. Immortalized mouse macrophage cells RAW246.7 
exhibited similar phenotype and responses to microbial ligands that 
bind to either Toll-like receptors 2, 3, and 4 to that of primary bone 
marrow-derived macrophages [22], thus utilized in this study to 
examine the macrophage properties and functions. Previous studies re
ported that cell viability and inflammatory phenotypes triggered by the 
cholesterol enriched environment were concentration-dependent and 
time-dependent in macrophages [18]. We first setup a treatment con
dition to generate viable cholesterol-loaded macrophage. Several 
different concentration and incubation time were tested. After 
comparing the cell viability and structural changes, 20 μg/ml free 
cholesterol incubation for 24 h was selected. High concentration and 
long-term exposure of cholesterol triggers the transcriptional upregu
lation of pro-apoptotic genes, such as Bax and Bad, and lead to apoptosis 
of the macrophages [23]. We further examined the expression of Bad 
and Bax to assure that the treatment does not trigger apoptosis. The 
pro-apoptotic genes were not transcriptionally upregulated after the 
exposure to cholesterol (Fig. 1A). Also, no obvious cell death can be 
detected in the culture. The cell size and intracellular contents were 
determined by flow cytometry. The signals detected from forward 
scatter and side scatter channels represent the cell size and the intra
cellular structures, such as density of intracellular granules, respec
tively. As shown in Fig. 1B, the side scatter signals of cholesterol-loaded 
macrophage upshifted, showing that the incubation with cholesterol had 
led to structural changes in macrophage. We further examined the 
integration of cholesterol into mitochondria by labeling the cholesterol 

and mitochondria with filipin and prohibitin, respectively (Fig. 1C). 
Filipin staining demonstrated that the uptaken cholesterol accumulated 
and scattered throughout the cytoplasm, not only located on mito
chondria. The filipin signals were overlapped with prohibitin staining, 
indicating the accumulation of cholesterol in the mitochondria. Whether 
mitochondria were altered after cholesterol exposure was determined by 
staining the cells with MitoTracker. Mitochondrial mass, which is rep
resented by corrected total cell fluorescence (CTCF), and morphology 
were evaluated by Image J software. Mitochondrial mass of each cell 
was increased, while mitochondria also more aggregated (Fig. 1D and 
E). No significant changes of the length of the cholesterol-loaded mito
chondrial could be detected (Fig. 1F). 

Accumulation of cholesterol triggered mitochondrial metabolic 
reprogramming in the macrophages. Mitochondrial functions of 
cholesterol loaded macrophages were evaluated with the mitochondrial 
stress test by Seahorse XFe24 Analyzer. Fig. 2 illustrated the results from 
cholesterol-loaded macrophage and non-treated control. 24-hour expo
sure to free cholesterol compromised basal oxygen consumption rate 
(OCR) (p = 0.0169), but not extracellular acidification (ECAR) of mac
rophages, (Fig. 2A and B), meaning that mitochondrial respiration was 
suppressed, whereas glycolysis remained unaltered. The ratio of ECAR/ 
OCR were decreased, suggesting that cholesterol accumulation induces 
metabolic reprogramming. The application of electron transport chain 
drugs revealed significantly impaired mitochondrial respiration, 
including basal respiration (p = 0.0369), ATP production (p = 0.0269) 
in cholesterol enriched macrophages (Fig. 2C). Other mitochondrial 
features, including the maximum respiration, spare respiratory capacity 
and coupling efficiency all maintained at a constant level, indicating the 
mitochondrial structure, flexibility and function were kept undisrupted 
(Fig. 2C). The unchanged proton leak also suggested that no major 
damages were made to mitochondrial membranes after the exposure of 
cholesterol. In summary, accumulation of cholesterol did not generate 
major damages on mitochondria, but triggered metabolic reprogram
ming by inhibiting mitochondrial respiration and oxidative 
phosphorylation. 

ROS/RNS levels were decreased in cholesterol-loaded macro
phage. ROS/RNS levels in macrophage mainly come from oxidative 
phosphorylation, the actions of several oxidative enzymes in the cytosol, 
such as NADPH oxidase. The enzyme activities of those enzyme could be 
calculated by mitochondrial stress test as non-mitochondrial oxidative 
consumptions. As shown in Fig. 2, oxidative phosphorylation was sup
pressed by the accumulation of cholesterol. This phenomenon also 
supported the observation that the oxidative stress in the cholesterol 
loaded macrophage will be decreased (Fig. 3A). We further determined 
the intracellular levels of ROS/RNS in control and cholesterol loaded 
macrophages by a specific ROS/RNS fluorogenic probe (dichlorodihy
drofluorescin DiOxyQ (DCFH-DiOxyQ)), which can detect hydrogen 
peroxide (H2O2), peroxyl radical (ROO− ), nitric oxide (NO) and perox
ynitrite anion (ONOO− ) with high sensitivity. ROS and RNS species can 
react with DCFH, which is rapidly oxidized to the highly fluorescent 2′, 
7′-dichlorodihydrofluorescein (DCF). The levels of DCF are representa
tive of the summation of ROS and RNS. Fig. 3B demonstrated that 
intracellular DCF from cholesterol-loaded macrophages were signifi
cantly increased. 

Mitochondrial uncoupling is another important mitochondrial event 
negatively regulating oxidative phosphorylation and ROS production 
[24]. Since mitochondrial uncoupling is mainly regulated at transcrip
tional levels [25], we further examined the expression levels of uncou
pling genes UCP1. Transcriptional levels of UCP1 was upregulated in 
cholesterol enriched macrophages (Fig. 3C), indicating that most of the 
oxidative stress generating routes and oxidative consumption were 
downregulated by cholesterol accumulation. 

Accumulation of cholesterol altered the response to M1 and M2 
stimulus. The metabolic profiles of macrophage have been known as 
important regulators of macrophage phonotypes, such as activation and 
polarization. Previous studies demonstrated that accumulation of 
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Fig. 1. Free cholesterol induced structural al
terations in macrophages. (A) Represents the 
expression of apoptotic genes Bad and Bax in mac
rophages after cholesterol treatment. (B) Represents 
the cell size and intracellular contents of macro
phages after the exposure to cholesterol by using 
the flow cytometry. (C) Indicates the loading of 
cholesterol on mitochondria. (D) Demonstrates the 
mitochondrial morphology by staining with Mito
Tracker. The white scale bar represents the 10 μm in 
both C and D. Results represented the mitochon
drial mass/area (E) and length (F) were evaluated 
and analyzed with Image J software. Each column 
represents the mean ± SEM of at least three inde
pendent experiments. Symbols indicate significance 
difference between treatment and non-treatment 
raw cells (* where p < 0.05, *** where p < 0.0002).   
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Fig. 2. Accumulation of cholesterol altered mitochondrial functions. (A) and (B) represents the OCR and ECAR in the macrophages separately after the exposure 
to cholesterol. The “Measurements” indicates the number of measurements made by Seahorse XFe24. Both the OCR and the ECAR values were automatically 
measured by the machine every 5.5 min. (C) The Seahorse XFe24 analyzer was employed to determine the mitochondrial function of macrophages exported to 
cholesterol for 24 h. Each column represents the mean ± standard error of the mean of at least three independent experiments. Symbols indicate significance 
difference between control group and cholesterol treated group (* where p < 0.05). 
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Fig. 3. ROS/RNS levels were decreased in 
cholesterol-loaded macrophages. (A) Represents 
the non-mitochondrial oxidative consumptions in 
the cholesterol loaded macrophages. (B) Quantita
tive levels of reactive oxygen species and reactive 
nitrogen species measured in macrophages after 
exposure to cholesterol for 24 h. (C) Quantitative 
levels of uncoupling genes UCP1 expression were 
measured by qPCR in macrophages after exposure 
to cholesterol for 24 h. Each column represents the 
mean ± SEM of at least three independent experi
ments. Symbols indicate significance difference be
tween control group and treated group (* where p 
< 0.05, ** where p < 0.002).   

Fig. 4. Accumulation of cholesterol 
altered the response to M1 and M2 stim
ulus. Quantitative levels of transcriptional 
activation of M1 gene TNF-α (A) and another 
M1 marker nos2 (B) expression were 
measured by qPCR in macrophages after 
exposure to cholesterol. (C) and (D) repre
sents the expression level of anti- 
inflammatory status Arg1 and Ym1 genes 
in macrophages after cholesterol treatment. 
Each column represents the mean ± stan
dard error of at least three independent ex
periments. Symbols indicate a significant 
difference between control group and 
treated group (* where p < 0.05, ** where p 
< 0.002, *** where p < 0.0002, ****where 
P < 0.0001).   
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cholesterol activates inflammatory signaling, with increasing produc
tion of inflammatory mediators without inflammatory stimulation [9, 
10]. The cellular responses of cholesterol laden macrophage against 
pro-inflammatory or anti-inflammatory stimuli have not been examined. 
Based on our data, the metabolic status of cholesterol-enriched macro
phages suggested their immunological phenotypes to be more respon
sive to pro-inflammatory stimuli and more resistant to 
anti-inflammatory signals. The control and cholesterol-enriched mac
rophages were treated with TLR agonist lipopolysaccharides (LPS). The 
extent of transcriptional activation of M1 gene tumor necrosis factor-α 
(TNF-α) increase 2.5-fold in cholesterol-loaded macrophages, while the 
expression of another M1 marker nos2, which encodes inducible nitro
gen oxidase (iNOS), were downregulated (Fig. 4A and B). In parallel, the 
cells were also treated with M2 stimulus interleukin-4 (IL-4). Arginase1 
(Arg1) and Ym1 are commonly considered as marker of this alternative 
activation states. Similar to the responses to M1 stimuli, 
cholesterol-loaded macrophage also exhibited enhanced responses to 
IL-4 in Arg1 expression, but no change in Ym1 expression (Fig. 4C and 
D). The variation of cellular responses to M1and M2 stimuli suggested 
that cholesterol induced ubiquitous alterations in various signaling 
pathways, changing the landscape of gene expressions, and not specific 
limited to inflammatory or anti-inflammatory regulations. 

4. Discussion 

Intracellular accumulations of cholesterol could lead to a series of 
cellular alterations in different types of cells. In addition to the 
involvement in atherosclerosis, cholesterol accumulation in macrophage 
also alters their responses to infections and might change the innate 
immunity phenotypes. Cholesterol is a sterol synthesized by animal 
cells, and also comes from the diet. The biological function of cholesterol 
is to maintain the integrity and fluidity of cell membranes and to serve as 
a precursor for the synthesis of essential organic macromolecules such as 
steroid hormones, bile acids, and vitamin D [26]. Due to its hydrophobic 
properties, cholesterol is permeable to plasma membrane and could 
integrate to plasma membrane and membranous organelles. The accu
mulation induces the alterations of the properties and functions of the 
organelles. Previous studies demonstrated accumulation on mitochon
dria causes apoptosis in various cells. Xu et al. reported concentration 
dependent effects of free cholesterol treatment on macrophage viability 
[18]. In this study we aimed to investigate the influences of accumulated 
cholesterol on macrophage functions. At 20 μg/ml for 24 h of free 
cholesterol exposure, no obvious apoptosis can be detected. Mitochon
dria related apoptotic genes were not upregulated. To confirm the 
loading of cholesterol we used flow cytometry to verify the cell prop
erties of treated macrophage. Alterations on both cell size the cell 
composition can be detected. Consistent with the observations that 
accumulation of cholesterol in macrophage cause the increased 
compartmentation-like structure, the increase of cell granulation 
assured the accumulation of cholesterol. Thus, the treatment conditions 
were chosen to generated non-apoptotic cholesterol loaded 
macrophages. 

Unlike fatty acid, cholesterol generally is not utilized as an energy 
source. The excess of intracellular cholesterol does not necessarily 
trigger overloaded oxidative phosphorylation. The effects of cholesterol 
integration on mitochondria functions have only been examined in a few 
cell types. We evaluated the mitochondria functions by mitochondrial 
stress test. Although mitochondrial membranes are relatively 
cholesterol-poor, comparing to the other organelles, cholesterol is 
required for the biogenesis and membrane maintenance of mitochondria 
[27]. The alterations of membrane fluidity might cause the dysfunctions 
of electron transport chain. For example, Snca knockout mice exhibit 
increase of saturated fatty acid and decrease of polyunsaturated fatty 
acids which are associated with a reduction in linked complex I/III ac
tivity of the electron transport chain [28]. Additionally, cholesterol 
enrichment in liver mitochondria also results in the disruption of the 

assembly of respiratory supercomplexes [16]. Therefore, it is possible 
that the reduction of ATP production implied that the integration of 
cholesterol to mitochondrial membrane possibly disruption the forma
tion of electron transport complex and consequently inhibited the 
oxidative phosphorylation. Our results also suggested that the mito
chondrial membrane properties were not affected. In addition to mito
chondrial respiration, the non-mitochondria oxygen consumption was 
also inhibited, implying that influences of cholesterol on cellular 
metabolism are pleiotropic. Moreover, as the OCR was decreased, ECAR 
did not significantly changed. The ratio between OCR vs ECAR was 
decreased, meaning the metabolic stages switched toward more glyco
lytic by cholesterol loading in macrophages. The data suggested that 
accumulation of cholesterol induced metabolic reprogramming in 
macrophages, possibly leading to functional alterations. 

Increased mitochondrial cholesterol levels and decreased membrane 
fluidity ameliorated 2-oxoglutarate carrier activity [17], which leads to 
reduced α-ketoglutarate transport and impaired glutathione (GSH) 
import into mitochondria. As GSH is synthesized exclusively in the 
cytosol, the impaired GSH import into mitochondria leads to a depletion 
of mitochondrial GSH (mGSH) and greater sensitivity to oxidative 
stress-inducing agents, which is reflected in higher ROS generation by 
mitochondria with increased cholesterol [19]. Treatment with a 
membrane-permeable glutathione ethyl ester prevents cellular 
dysfunction and cell death in several cell models with increased mito
chondrial cholesterol levels [29,30], indicating that the depletion of 
mGSH is a key factor in the pathological consequences of mitochondrial 
cholesterol accumulation. Our data revealed an opposite feature. 
Exposure to cholesterol decreased the generation of intracellular 
ROS/RNS, indicating the cellular responses to excess cholesterol varies 
with cell types. In macrophages, accumulation of cholesterol suppressed 
the generation of ROS/RNS from the major sources: oxidative phos
phorylation and non-mitochondrial oxygen consumption, which mainly 
composed of enzyme activities such as NADPH oxidase and iNOS. The 
increase of uncoupling also assisted to reduce the intracellular ROS/RNS 
levels. In comparison, oxidized cholesterol induces increase of oxidative 
stress in human macrophage [31]. Our data also showed differential 
effects of oxidized cholesterol and free cholesterol. 

Numerous evidences have pointed out that metabolic status or 
oxidative phosphorylation has profound impacts on macrophage func
tions. As mentioned previously, the decrease of oxidative phosphoryla
tion or increase of glycolysis induces macrophage switching toward pro- 
inflammatory M1 status. On the other hand, it has been reported that the 
enhancement of oxidative stress suppresses the activity of a transcrip
tion repressor of pro-inflammatory gene expression under normoxic 
conditions [32]. Our data indicated that both oxidative phosphorylation 
and the generation of ROS/RNS were suppressed. Therefore, we 
furthered measured the macrophage responses to both 
pro-inflammatory and anti-inflammatory stimuli. The common feature 
of M1 genes is that they all responsible to TLR signaling and NF-kB 
activation. Also, both Arg1 and Ym1 genes are transcriptional regu
lated by IL-4. Our data showed the diverse effects on both M1 and M2 
stimuli. Combining all the results, the integration of cholesterol induces 
ubiquitous changes in macrophage, not limited to the mitochondrial 
metabolic reprogramming or macrophage polarization. The alterations 
on membrane fluidity and integrity affect multiple signaling pathways. 
That might explain the characteristics changes of macrophages in hy
percholesterolemia and other metabolic disease patients. 
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