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ÖZET 

Yüksek Yoğunluklu Lipoproteinin (HDL) Monositik Hücre Hattında Otofaji ve 

Mitokondriyal İşlevler Üzerine Etkisi 

Ateroskleroz gibi metabolik hastalıklarda otofaji mekanizmasının, mitokondriyal işlev 

bozukluklarının ve reaktif oksijen türleri (ROS) üretiminin önemli olduğu 

bilinmektedir. Ateroskleroz gelişiminde kritik role sahip monositlerin enerji 

metabolizmasına göre işlevinin değiştiği, bu değişikliğin sonucu olarak pro-

inflamatuvar ya da anti-inflamatuvar fenotipe polarize olduğu bildirilmiştir.  Yüksek 

Yoğunluklu Lipoprotein (HDL) anti-aterojenik işlev görerek ateroskleroz riskini 

azaltır. HDL'nin mitokondriyal hasarı azaltan antioksidan özelliklere sahip olduğu ve 

otofaji ile ilişkisi gösterilmiş olsa da, çalışma mekanizması bilinmemektedir. Bu 

çalışmada, HDL'nin U937 monositik hücre hattında otofaji, otofajik akı, mitokondriyal 

dinamikler ve ayrıca monositlerin farklılaşması üzerindeki etkisinin araştırılması 

amaçlandı. Bu amaç doğrultusunda, U937 hücreleri HDL ile muamele edildikten sonra 

otofajik akı, otofaji belirteçleri LC3B ve p62 protein seviyelerinin western blot 

yöntemiyle analizi sonucu incelendi. Mitokondriyal dinamikler, akış sitometrisi ve 

konfokal görüntüleme ile değerlendirildi. Oksijen tüketim hızı (OCR), Seahorse XFp 

Cell Mito Stress Kit ile ölçüldü. Makrofaj polarizasyon belirteçleri, PMA ile makrofaja 

farklılaştırılan U937 hücrelerinde HDL varlığında ve yokluğunda analiz edildi. 

Sonuçlar, HDL ile muamele edilmiş U937 hücrelerinde LC3B protein seviyelerinde 

artış ortaya çıkardı. HDL muamelesi mitokondriyal kütle ve mitokondriyal membran 

potansiyelinde azalmaya neden oldu. HDL ile muamele edilen hücrelerde 

mitokondriyal solunum azaldı. Ek olarak, M2 fenotip belirteçleri olan CD163 ve 

CD206, farklılaşmış hücrelerde HDL muamelesi ile arttı. Bu çalışma, HDL'nin 

monositlerde otofaji ve makrofaj polarizasyonu üzerindeki etkisini gösteren ilk 

çalışmadır. Bulgular HDL’nin aterosklerozdaki koruyucu rolünü bu mekanizmaların 

düzenlenmesi ile gerçekleştirebileceğini işaret etmektedir. 

Anahtar Sözcükler: HDL, otofaji, mitokondriyal dinamikler, makrofaj 

polarizasyonu, doğal bağışıklık. 
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ABSTRACT 

The Effect of High Density Lipoprotein (HDL) on Autophagy and Mitochondrial 
Dynamics in a Monocytic Cell Line 

Autophagy mechanism, mitochondrial dysfunction and reactive oxygen species (ROS) 

production are key factors in metabolic diseases, including atherosclerosis. 

Monocytes, which are essential for the development of atherosclerosis, alter their 

function in response to energy metabolism. Thereby, they become polarized into pro-

inflammatory or anti-inflammatory phenotypes. High Density Lipoprotein (HDL) 

serves as an anti-atherogenic agent and reduces the risk of atherosclerosis. Although 

HDL has been shown to have anti-oxidant properties that reduce mitochondrial 

damage, its working mechanism is unclear. This study aims to investigate the effect of 

HDL on autophagy, autophagic flux, mitochondrial dynamics and also on the 

differentiation of monocytes in the U937 monocytic cell line. For this purpose, protein 

levels of autophagy markers, LC3B and p62, were analyzed by western blotting in 

HDL treated U937 cells to determine autophagic flux. Mitochondrial dynamics were 

evaluated by flow cytometry and confocal imaging. Oxygen consumption rate (OCR) 

was measured by Seahorse XFP Cell Mito Stress Kit. Macrophage polarization 

markers were analyzed in PMA-differentiated U937 cells in the presence and absence 

of HDL. An increase in LC3B levels and a decrease in mitochondrial mass, 

mitochondrial membrane potential and mitochondrial respiration were observed in 

HDL treated cells.  Furthermore, M2 phenotype markers CD163 and CD206 were 

increased upon HDL treatment in differentiated cells. This is the first study to 

demonstrate the effect of HDL on autophagy and macrophage polarization in 

monocytes. Our data indicate that HDL can achieve its protective role in 

atherosclerosis via regulation of these mechanisms. 

Keywords: HDL, autophagy, mitochondrial dynamics, macrophage polarization, 

innate immunity. 
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1 INTRODUCTION AND AIM 

The pivotal function of High Density Lipoprotein (HDL), is to take place in 

reverse cholesterol transport (RCT). HDL transports free cholesterol from 

macrophages in peripheral tissues to the liver for disposal (1). Apart from RCT, HDL 

also functions as a protective mechanism for the cell in innate immunity. HDL exhibits 

anti-atherosclerotic effects, including endothelial inflammation (2) and leukocyte 

activation reduction which are involved in atherosclerotic plaque development and 

progression (3). The increased HDL cholesterol (HDL-C) levels in the serum directly 

affects the macrophages formed in the lesion and contributes to atherosclerotic lesion 

regression (4). 

Autophagy acts as a survival mechanism for organisms under stress by destroying 

damaged organelles, toxic protein aggregates and intracellular pathogens for the 

proper functioning of the immune system, providing protection against metabolic 

stress induced diseases, such as atherosclerosis (5). Selective lysosomal degradation 

of lipids provides free cholesterol to macrophages for cholesterol efflux. This shows 

the importance of autophagy for RCT, and indicates that the cell protective 

mechanisms of HDL and autophagy may intersect. 

Mitochondria are essential for the energy production in the cell, but they also play 

an important role in the regulation of various cellular functions such as cell metabolism 

and response to oxidative stress. According to the physiological or pathological 

changes in the energy requirement of the cell, they can change their shape, oxidative 

phosphorylation capacity and function. Elimination of damaged mitochondria is 

crucial for cell survival. If damaged mitochondria are not eliminated properly, they 

can have harmful effects on cells. Damaged and dysfunctional mitochondria can cause 

cellular degeneration, leading to neurodegenerative, metabolic and cardiovascular 

diseases (6). Proper functioning of mitochondria plays an important role in the 

production of immune cells, their activity and the preservation of their phenotypic 

characteristics (7). Recent studies also indicate that immune cells may have different 

phenotypes depending on the change in mitochondrial function. 
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In this study, we aimed to examine the effects of HDL on autophagy in monocytes. 

Aside from this, we investigated the effect of HDL on mitochondrial dynamics in 

normal physiology and differentiated monocytes. For this purpose, U937 cells, a 

monocytic cell line, were treated in the presence and absence of HDL, and autophagy 

activation and autophagic flux were investigated by western blot. Surface antigens, 

which are differentiation markers, were analyzed by flow cytometry. In addition, 

mitochondrial membrane potential, mitochondrial SOX and mitochondrial mass were 

measured using mitochondria-specific dyes and mitochondrial respiration was 

examined by Seahorse XFp Analyzer. 

It is well known that HDL serves a prominent anti-atherogenic function and 

reduces the risk of atherosclerosis. It is possible that the anti-atherogenic function may 

be due to autophagy activation and HDL may result in differentiation of monocytes 

into different macrophage phenotypes. This may lead to changes in mitochondrial 

dynamics during differentiation or polarization. Although it has been shown that HDL 

has anti-oxidant properties that reduce mitochondrial damage, the working mechanism 

on autophagy and mitochondrial dynamics is unknown. 
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2 BACKGROUND 

2.1 High Density Lipoprotein 

High Density Lipoprotein (HDL) acts a key anti-atherogenic factor by arbitrating 

reverse cholesterol transport (RCT). RCT is initiated by the binding of Apolipoprotein 

AI (apoA-I) in HDL particles, which are poor in lipid content with the ATP-binding 

cassette transporter A1 (ABCA1) on target cells such as macrophages. This grants 

HDL particles to operate as an acceptor for cholesterol. These poor in lipid content 

HDL can finally be converted to a mature HDL particle by lecithin-cholesterol 

acyltransferase (LCAT) activity. LCAT activation transforms HDL from an incipient 

disc shape to a matured spherical structure and hence increases the particle’s capacity 

to carry cholesterol. Mature HDL is perceived to be mediating cholesterol efflux by 

interacting with the ABCG1 transporter (8,9). The continuous binding of HDL 

containing apoA-I to the scavenger receptor B1 (SR-B1) on hepatocytes allows 

cholesterol unloading which is then secreted as bile at the end of the cycle (10). By 

this mechanism, HDL decreases inflammation and reduces atheroma formation (11). 

Other than RCT, HDL operates in innate immunity and longevity as a protective 

mechanism for the cell (12,13). HDL appears to implement anti-atherosclerotic effects 

by reducing endothelial inflammation and leukocyte activation, which are involved in 

the development and progression of atherosclerotic plaque (2,3). Increasing plasma 

levels of HDL cholesterol also appears to directly impact macrophages in the lesion 

and could contribute to atherosclerotic lesion regression (4). Proteomic studies have 

revealed the presence of more than 100 proteins associated with HDL in addition to 

apoA-I and apoA-II (14). Furthermore, HDL subsets containing different numbers and 

compositions of lipids suggest that HDL may serve specific biological roles. Although 

some of the HDL related proteins are specifically related to lipid transport, a large 

percentage has been shown to be related to protease inhibition, complement regulation, 

and acute phase response (15). These studies show that the function of HDL is too 

broad to be limited to lipid transport. 
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HDL's functions include providing an innate immune response, protecting 

vascular tone, limiting inflammation, regulating glucose metabolism, and having 

antiapoptotic effects (16). Prevention of lipoapoptosis in the artery wall, reduction of 

oxidative stress in plasma and cellular compartments, stimulation of cell proliferation 

in vitro by inhibiting the mitochondrial pathway of apoptosis are also among the 

effects of HDL (17) (Figure 1). Unraveling the functions of HDL in the near future 

reveals that HDL may be a potential tool as a therapeutic agent against cardiovascular 

diseases (1). 

 

Figure 1. Various functions of HDL (13). 

2.1.1 Relation between HDL-C levels and function 

HDL cholesterol is the level of HDL in milligrams per deciliter of blood. 

According to The Adult Treatment Panel (ATP III) guidelines, when HDL cholesterol 

levels are <40mg/dl in men and <50m/dl in women, it is considered low and defined 

as a cardiovascular risk factor (18). Both genetic and environmental factors play a role 

in interpersonal differences in HDL-C levels. Environmental factors include smoking, 

lack of physical activity and diet with high triglyceride content. Increasing physical 

activity and weight loss increase HDL-C levels. 
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High HDL-C levels are known to be protective against atherosclerosis. It is 

traditionally known that each 1mg/dl decrease in HDL-C levels will increase the risk 

of coronary artery disease (CAD) by 2-3% (19). In recent years, this has been replaced 

by the view that the functionality of HDL is more important than HDL-C levels. The 

reason for this is that the relation between the effect of increased HDL-C levels. This 

is due to the fact that the relationship between the effect of increased HDL-C levels in 

CAD cannot always be studied in recent research on molecules that contribute to the 

maturation of HDL and take part in RCT. Additionally, some research indicates that 

there is no connection between atherosclerosis and low HDL levels in blood. ApoA-1 

Milano is a very rare mutation that results in no cardiovascular risk even though the 

HDL-C levels are low. Furthermore, even the protective effect of this mutation against 

atherosclerosis has been reported in clinical studies (20). Studies in mice revealed that 

although the increase in SR-B1 decreases HDL-C levels, it increases the transport of 

cholesterol to the liver. This leads us to think that increased SR-B1 levels may be 

important in the treatment of atherosclerosis (21). Recent publications also point to a 

condition that’s predisposed to dysfunction and systemic inflammation in men when 

HDL-C levels are too high (22). In addition, high HDL-C levels in patients with Type 

1 diabetes do not protect the patient from CAD and indicates that HDL loses its 

protective properties on the vessel wall (23). There is a growing amount of publications 

examining the relationship between HDL-C levels and function. Since, the most 

critical step in which HDL functionality is decisive is macrophages, where RCT first 

begins, the literature claims that treatment strategies can be associated with  

macrophages (15,24). 

2.2 Autophagy 

Autophagy, like apoptosis, is one of the regulatory mechanisms that determine 

cell fate in disease and health. Autophagy is a process that recycles damaged organelles 

and cells in order to ensure cell survival. It plays a role in the degradation of misfolded 

or aggregated proteins, clearance of damaged organelles and elimination of 

intracellular pathogens (25). It is known that autophagy is involved in the selective 

destruction of large macromolecules such as protein and lipid clusters, and in the lysis 
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of damaged cell organelles. It is also related to various processes such as cell survival 

and inflammation. Under stress conditions, autophagy acts as a survival mechanism 

for the organism by destroying damaged organelles, toxic protein aggregates and 

intracellular pathogens for the proper functioning of the immune system. Moreover, it 

acts as a protector in metabolic stress-induced diseases (26). However, it has been 

revealed that autophagy is not only related to cell homeostasis in the last decade. 

Autophagy has also been shown to be effective in the regulation of metabolism, 

morphogenesis, cell differentiation, aging, cell death, and elimination of intracellular 

pathogens as part of the immune system (27). In addition, anomalies in autophagy may 

also be the cause of many multisystem diseases. It was observed that downregulating 

the expression of Atg5, Atg7, and Beclin1 also suppressed cell death (28,29). 

A complex network of more than thirty genes and proteins control the autophagic 

mechanism (Figure 2). These are known as autophagy-related genes (Atgs) and 

autophagy-related proteins (ATGs). ATGs regulate the autophagy process by being 

responsible for the activation of autophagy, the formation and elongation of the 

autophagosome membrane, the orientation of the contents to the lysosome, and the 

fusion of the autophagosome and the lysosome membrane (30). 

 

Figure 2. Core molecular mechanism of autophagy (5). 
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As a result of a stimulating signal in the autophagic mechanism, ATG1-13-17 

protein kinase complex activates the phosphatidylinositol-3-phosphate (PI3P) kinase-

BECN1 complex and initiates nucleation. The elongation and the vesiculation of the 

autophagosome membrane after nucleation, is controlled by two ubiquitin-like 

reactions. One of these is the binding of ATG5-ATG12 complex with ATG16 to the 

isolation membrane. This complex then triggers the assembly of ATG8/LC3 to 

phosphatidylethanolamine (PE) (5). Microtubule-associated protein 1 light chain 3 

(MAP1LC3) is the human counterpart of yeast ATG8, and the formation of the 

autophagosome is dependent on the production of MAP1LC3-II (31). Thus, lysosomal 

assembly and degradation of the contents in the lysosome are completed (32). Building 

blocks such as amino acids and fatty acids that emerge after destruction by lysosomal 

enzymes are brought back into the cell for reuse (33). 

2.3 Autophagy, Lipid Metabolism and HDL 

Autophagosomes have the ability to selectively cleave lipid particles for delivery 

to lysosomes for lipolysis in fibroblasts and hepatocytes. This process has been named 

'lipophagy' and the presence of lipophagy has been demonstrated in neurons, 

macrophages and adipocytes (34). Later studies emphasized that lipophagy is 

important not only for triglyceride metabolism, but also for cholesterol catabolism and 

efflux in macrophages (35,36). Lipophagy regulation overlaps with neutral lipolysis 

and autophagy regulation. The role of autophagy in lipid metabolism is not only 

limited to lipophagy, but also includes interaction with cytosolic lipolysis pathways, 

lipid droplets and lipoprotein transport. One of the known relationships of autophagy 

with lipoproteins; it is to ensure the degradation of Apolipoprotein B (ApoB) 

aggregates to vastly limit the secretion of dysfunctional LDL (37). 

Lipids are the target of autophagic degradation. Autophagic activity is increased 

in insulin resistant obese patients (38). This shows us that autophagic differentiation 

is necessary during development, but also for the maintenance of adipose tissue 

volume and lipid storage in adulthood. In addition, free fatty acids stimulate 
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autophagy, indicating that autophagy acts as a defense mechanism to prevent 

intracellular lipid accumulation. 

Cholesterol as a lipid molecule is a key constituent of the cell membrane, steroids 

and signaling molecules. Although all lipids are physiologically important, 

triglycerides and cholesterol usually contribute to the development of coronary artery 

disease. Lipoproteins maintain the transport of these endogenous triglycerides and 

cholesterol. LDL circulates constantly in the blood until its cholesterol is absorbed by 

the tissues in the periphery, which causes a deposit of cholesterol. HDL ensures the 

excretion by the liver while carrying cholesterol from peripheral tissues. Defects in 

lipoprotein synthesis, processing and clearance pathways may lead to the accumulation 

of atherogenic lipids in plasma and endothelium. Factors that trigger hepatic 

lipoprotein synthesis usually lead to elevated plasma cholesterol levels (39). The 

elevation patterns in lipids and lipoproteins may create and imbalance which results in 

dyslipidemia. Dyslipidemia is the increase of total plasma cholesterol or lower HDL-

C levels which ensues atherosclerosis development. The causes may be genetic or 

lifestyle choices such as alcohol overuse and also other diseases such as chronic kidney 

disease and hypothyroidism. Dyslipidemia by itself alone often causes no symptoms 

but it can lead to coronary artery disease, stroke and peripheral arterial disease (40). 

Cellular cholesterol modifications are also important in autophagy regulation. 

Current research indicates a very immediate and intricate relationship between 

autophagy and dyslipidemia. The difference in intracellular lipid content affects the 

autophagy levels in cells. Short-term lipid stimulation can significantly promote 

autophagy, while long-term or specific types of lipid stimulation can inhibit autophagy 

levels (41). Decreased cholesterol stimulates autophagy in many cell types by 

inhibiting mTOR complex involved in cell growth and metabolic processes. An 

increase in the number of LC3 molecules bound with PE which indicates active 

autophagy and an increase in the number of autophagosomes were observed in various 

cell types with reduced cholesterol in the medium. Conversely, hypercholesterolemia 

suppresses autophagy by activating mTOR signaling. Cholesterol is carried in the 

blood by apolipoproteins (LDL, HDL). Oxidized-LDL increases autophagy by 
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increasing endoplasmic reticulum (ER) stress in macrophages and this process is 

inhibited by the presence of HDL (42). Intracellular Ca2+ increases and cell death 

occurs. Inhibition of autophagy promotes ER stress, mitochondrial dysfunction and 

lipid accumulation (43–45). On the contrary, activation of autophagy can reduce 

metabolic syndrome-associated diseases. 

It is indicated that the most critical cells in cholesterol reflux are the macrophages. 

Lipid mobilization in macrophages is regulated by autophagy. Since macrophages are 

the key players in the formation of atherosclerosis, understanding how autophagy is 

regulated in these cells during lipid mobilization can shed light on the pathogenesis of 

atherosclerosis. Although accelerating autophagy in macrophages is considered as a 

new method to prevent atherosclerosis, autophagy may also begin as an inflammatory 

response in the vessel wall. Autophagy and HDL are thought to serve the same purpose 

in reducing oxidative stress (46). This means autophagy and HDL have a parallel 

action in cell protection. However, how HDL levels affect autophagy remains 

unknown. 

2.4 Mitochondrial Dynamics and HDL 

The mitochondrion is an energy producing organelle that produces ROS and heat 

as byproducts of oxidative phosphorylation. They also play an important role in the 

regulation of various cellular functions, including metabolism, response to oxidative 

stress, and steroid metabolism. Moreover, mitochondria are highly dynamic 

organelles. They tend to move along the cytoskeletal tracks and show varying 

morphology depending on the cell environment. These specific characteristics of 

mitochondria define mitochondrial dynamics which refer to mitochondrial biogenesis, 

fission and fusion events (47). 

Mitochondrial fission and fusion are essential for maintaining their functioning 

state when cells are under metabolic or environmental stress. Mitochondrial fission 

ensures the correct division of mitochondria during mitosis to supply equal number of 

mitochondria to newly formed cells. It also involves the fragmentation of the critically 
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damaged mitochondria into small spherical organelles which are then eliminated by 

mitophagy. On the other hand, mitochondrial fusion defines the union of both inner 

and outer membranes of two nearby mitochondria in order to repair damaged parts of 

the organelle (48). Under healthy conditions, mitochondria tend to elongate by fusion 

to secure mitochondrial integrity and function which protects mitochondrial DNA 

from damage. During fusion, both mitochondria's proteins, lipids, and DNA are 

combined. This provides to clear the accumulation of mutations and mitochondrial 

ROS. Any hindrance in the fusion event can result in mitochondrial membrane 

potential loss, which damages mitochondria fitness (49). Studies elucidate the essential 

role of mitochondrial dynamics in the development of atherosclerosis. Recent data 

suggest that fission inhibition or fusion stimulation may offer a new therapeutic 

approach to reduce atherosclerosis progression (50). 

The mitochondria are exposed to a lot of ROS because of their function in energy 

synthesis. It has been shown that under normal physiological conditions some 

electrons may escape from the electron transport chain during oxidative 

phosphorylation and react with oxygen to form superoxide anion. Complexes I and III 

are the principal sources of ROS during oxidative phosphorylation (51). At low 

production levels, ROS can act as signaling molecules. However, when produced in 

excess, ROS induce peroxidation of cellular lipids and proteins, damage mitochondrial 

and nuclear DNA and impair cell division. As a result, mitochondrial oxidative 

phosphorylation is significantly impaired. In addition, excessive ROS production 

causes mutations in mitochondrial DNA and protein misfolding and then leads to 

mitochondrial damage. Elimination of damaged mitochondria is crucial for cell 

survival. If damaged mitochondria cannot be removed properly, it can cause harmful 

effects on cells. Damaged and dysfunctional mitochondria can result in cellular 

degeneration, leading to serious disorders such as neurodegenerative, metabolic and 

cardiovascular diseases (6) (Figure 3). 
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Figure 3. Mitochondrial ROS production (52). 

Studies have shown that the increase in serum cholesterol and triglyceride levels 

is effective in mitochondrial dysfunction. In healthy cells and isolated mitochondria, 

lysophosphatidylcholine (lysoPC), a pro-inflammatory lipid associated with oxidized 

LDL, generates mitochondrial ROS production and enhances membrane permeability 

(53). Thus, the increase in oxidant formation damages the structure of the 

mitochondria. It impairs respiration by reducing oxidative phosphorylation and ATP 

production (54). Irreversible damage develops upon disruption of the mitochondrial 

membrane potential and opening of the mitochondrial permeability transition pore 

(mPTP). 
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Mitochondrial dysfunction in endothelial cells is induced by mitochondrial ROS 

generation, which is linked to increase of ox-LDL. LDL and its oxidized forms are a 

well-known risk factor for atherosclerosis. LDL first infiltrates the subendothelial 

space and becomes oxidized and then triggers an inflammatory reaction of the 

endothelium allowing the recruitment of monocytes within the arterial wall.  Monocyte 

adhesion is typically thought to be the first step in the formation of atherosclerotic 

plaque. Differentiation of monocytes into macrophages allows these cells to internalize 

and accumulate oxidized LDL and become foam cells. Foam cells also synthesize pro-

inflammatory mediators and growth factors that induce the smooth muscle cell 

proliferation (55). Furthermore, monocytes differentiated into macrophages migrate 

from the media to the intima of the artery wall and in return begin to secrete cytokines 

and growth factors. Some of the foam cells are loaded with cholesterol and contribute 

to the formation of the lipid core of the plate. Others proliferate and secrete 

extracellular matrix proteins around the foam cells to develop the fibrous cap of the 

plate (56,57). All these events combined lead to atherosclerosis and may cause plaque 

rupture (54) (Figure 4). The atherogenesis is also altered by the protective role of HDL. 

HDL has anti-inflammatory and antioxidant properties that protect mitochondria from 

damage, but its mechanism of action is unknown. 

 

Figure 4. Role of mitochondrial ROS in atherosclerosis (54). 
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2.5 Immunity and HDL 

The immune system can be thought of as a complex network in which many 

different cells and tissues work in harmony against pathogens. The regulation of this 

system takes place in many stages, and classically it occurs by sending the signal 

received from the receptors on the cell surface to the cell nucleus. Many recent studies 

have revealed that energy metabolism in the cell plays a role in the regulation of the 

immune system. Proper functioning of mitochondria is essential for the production of 

immune cells, the preservation of their phenotypic characteristics and their activities 

(7). If mitochondrial damage  is eliminated by mitophagy, it causes hyperactivation of 

the inflammation pathway and then resulting in the development of chronic 

inflammation and inflammatory disorders (58). 

Monocytes and their tissue counterpart macrophages, have a key role in the 

formation of pro-inflammatory and anti-inflammatory responses. Following 

recognition of pathogens by innate immunity receptors, inflammatory cytokines are 

released. Among these cytokines, IFN-γ leads to polarization of macrophages to 

inflammatory type called M1 macrophages. Macrophages stimulated by cytokines 

such as IL-4 and IL-13 are polarized to anti-inflammatory M2 macrophages. The 

different phenotypes of these cells result from a stable coordination of glycolysis, 

pentose phosphate pathway, fatty acid oxidation, mitochondrial oxidative 

phosphorylation, and TCA cycle (Figure 5). 
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Figure 5. Metabolic makeup of M1 and M2 polarization (58). 

Mitochondrial ROS (mtROS) which is a product of mitochondrial metabolism is 

involved in innate immunity feedback and macrophage activity. MtROS production 

has been observed to moderate inflammatory cytokine release (59). Correspondingly, 

various studies show that high mtROS levels are required for the bactericidal activity 

of macrophages to be effective (60). Again, recent studies reveal the importance of 

mitophagy in the regulation of the inflammatory response. 

All these observations suggest that increasing HDL concentrations in serum and 

functional properties of HDL may be an important therapeutic agent to minimize 

mitochondrial damage. Recent studies with HDL have shown that HDL reduces the 

expression of M1 phenotype-specific cell surface markers CD64 and CD192 in 

macrophages. Also, the expression of M1 phenotype inflammatory genes TNF-α, IL-

6 and MCP-1 have been reduced. Thereby, macrophage polarization to the M1 
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phenotype was inhibited by reducing ROS production (61). In another study, HDL 

treated mouse primary macrophages exhibited increased gene expression for the M2 

phenotype markers Arginase-1 and Fizz-1, induced by IL-4. HDL also suppressed the 

expression of inflammation related genes in response to IFN-γ (62). These results 

made us think that HDL may be effective in M1/M2 macrophage differentiation. 

Recent studies also demonstrate that immune system cells may have different 

phenotypes depending on the changes in mitochondrial function. 
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3 MATERIALS AND METHODS 

3.1 Materials

Table 1. List of reagents and suppliers 

Antibodies  
Alexa Fluor 488-conjugated goat anti-rabbit IgG (H+L) ThermoFisher Scientific 
APC anti-human CD86 Sony Biotechnology 
APC Mouse IgG1, κ Isotype Ctrl (FC) Sony Biotechnology 
FITC anti-human CD11c Sony Biotechnology 
FITC anti-human CD206 (MMR) Sony Biotechnology 
FITC Mouse IgG1, κ Isotype Ctrl (FC) Sony Biotechnology 
Mouse monoclonal anti-B-Actin Antibody (AC-74) Sigma Aldrich 
PE anti-human CD163 Sony Biotechnology 
PE anti-human CD64 Sony Biotechnology 
PE Mouse IgG1, κ Isotype Ctrl (FC) Sony Biotechnology 
Rabbit polyclonal anti-LC3B Sigma Aldrich 
Rabbit polyclonal anti-p62/SQSTM1 Novus Biologicals 
Peroxidase affinipure goat anti-mouse IgG (H+L) Jackson ImmunoResearch 
Peroxidase affinipure goat anti-rabbit IgG (H+L) Jackson ImmunoResearch 
Dyes  
MitoSOX Red Mitochondrial Superoxide Indicator ThermoFisher Scientific 
MitoTracker Green FM ThermoFisher Scientific 
MitoTracker Red CMXRos ThermoFisher Scientific 
NucBlue Reagent (Hoechst 33342) ThermoFisher Scientific 
Kits  
µ-Slide 8 Well Ibidi 
µ-Slide VI 0.4 Ibidi 
Cell Proliferation Kit I (MTT) Roche 
Seahorse XFp Cell Mito Stress Kit Agilent Technologies 
Chemicals  
0% Fat skim milk Régilait 
2-mercaptoethanol Sigma Aldrich 
30% Acrylamide/Bis-acrylamide Serva 
Acetic acid Sigma Aldrich 
Amersham Hybond P 0.2 PVDF membrane GE Healthcare 
Amersham Protran 0.2 NC membrane GE Healthcare 
Ammonium persulphate Sigma Aldrich 
Bafilomycin A1 Enzo 
Beta-Mercaptoethanol BioRad 
Bovine Serum Albumin (BSA) Fraction V Roche 
Bradford Reagent 5X Serva 
Bromophenol Blue Sigma Aldrich 
Complete EDTA-free protease inhibitor cocktail Roche 
Dimethyl sulphoxide (DMSO) Hybri-Max Sigma Aldrich 
DTT Applichem 
Ethanol Sigma Aldrich 
Ethylenediaminetetraacedic acid (EDTA) Sigma Aldrich 
Glycerol Sigma Aldrich 
Glycine Merck 
Glucose monohydrate Sigma Aldrich 
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Table 1. List of reagents and suppliers (continued) 

HI Fetal Bovine Serum (FBS) Gibco 
High Density Lipoprotein (HDL) Lee Biosolutions 
Hydrochloric acid Sigma Aldrich 
Igepal CA-630 Sigma Aldrich 
Lipopolysaccharides from Escherichia coli Sigma Aldrich 
Methanol Sigma Aldrich 
PageRuler Plus Prestained Protein Ladder, 10 to 250 kDa ThermoFisher Scientific 
Paraformaldehyde Sigma Aldrich 
Penicilin-Streptomycin Gibco 
Phenylmethanesulfonyl (PMSF) Applichem 
Phorbol-12-myristate-13-acetate (PMA) Sigma Aldrich 
Phosphate Buffer Saline (PBS) (1X) Gibco 
Ponceau S Sigma Aldrich 
Potassium chloride Sigma Aldrich 
Potassium dihydrogen phosphate Sigma Aldrich 
RPMI 1640 Medium Gibco 
Sodium dodecyl sulfate Sigma Aldrich 
Sodium azide Sigma Aldrich 
Sodium chloride Sigma Aldrich 
Sodium fluoride Sigma Aldrich 
Sodium hydroxide Merck 
Sodium orthovanadate Sigma Aldrich 
Sodium phosphate dibasic dodecahydrate Sigma Aldrich 
Sodium Pyruvate 100mM (100X) Gibco 
SuperSignal West Pico Chemiluminescent Substrate ThermoFisher Scientific 
TEMED Sigma Aldrich 
Torin 1 SelleckChem 
Triton X-100 Sigma Aldrich 
Trizma Base Sigma Aldrich 
Trypan Blue Solution Sigma Aldrich 
Tween-20 Sigma Aldrich 
Western blotting filter paper extra thick paper ThermoFisher Scientific 
Equipement  
+4°C fridge Kirsch 
-20°C freezer Kirsch 
-80°C freezer Haier 
Biosafety cabinet ThermoFisher Scientific 
Cell culture incubator Esco 
ChemiDoc MP Imaging System BioRad 
Confocal microscope Zeiss LSM 700 
Flow cytometer BD FACSVerse 
Inverted microscope Zeiss 
Micro centrifuge ThermoFisher Scientific 
Mini centrifuge Biosan 
Nitrogen tank ThermoFisher Scientific 
Plate reader BioTek 
Rocker shaker Witeg 
Seahorse XFp Analyzer Agilent Technologies 
Trans-blot Turbo Transfer System BioRad 
Varioskan Flash ThermoFisher Scientific 
Ventilated micro centrifuge ThermoFisher Scientific 
Water bath Nüve 
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3.1.1 Preparation of chemicals for cell culture 

High Density Lipoprotein (HDL) (100mg) 

30µl aliquots of 100mg HDL were prepared and stored in -80°C. Working stock 

was freshly prepared with RPMI medium for 20, 50 and 100µg/ml treatment 

conditions. Treatments were followed for 4, 16 and 24 hours at 37°C. 

Bafilomycin A1 (160µM) 

100µg vial was dissolved in 1,0035ml DMSO to prepare 160µM stocks. Main 

stock was filtered by a 0,22µm filter and 20µl aliquots were stored in -80°C. 10µM 

working stock was freshly prepared with RPMI medium and 25nM treatment was 

carried for 2 hours at 37°C. 

Torin 1 (1mM) 

2,2mg Torin 1 was dissolved in 3,6244ml DMSO in order to obtain 1mM stocks. 

The stock solution was filter sterilized with a 0,22µm filter. 10µl aliquots were taken 

and stored in -80°C. 10µM working stock was freshly prepared with RPMI medium 

and 100nM treatment was carried for 2 hours at 37°C. 

PMA (160µM) 

The vial is dissolved in DMSO in order to obtain 1mg/ml main stock. 10µl aliquots 

were taken and stored in -20°C. 16,21µM working stock was freshly prepared with 

RPMI medium and 40nM treatment was carried for 48 hours at 37°C. 

LPS (1mg/ml) 

1mg LPS was dissolved in 1ml sterile ddH2O to obtain the main stock which was 

stored in -20°C. 100ng/ml treatment was carried for 24 hours at 37°C. 
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3.1.2 Gels, buffers and solutions 

Table 2. 15% Polyacrylamide separating gel (5ml) 

30% Acrylamide/Bis-acrylamide 2,5ml 
1,5M Tris (pH: 8,8) 1,25ml 
50% Glycerol 375µl 
ddH2O 875µl 
10% APS 50µl 
TEMED 5µl 

Table 3. 12% Polyacrylamide separating gel (5ml) 

30% Acrylamide/Bis-acrylamide 2ml 
1,5M Tris (pH: 8,8) 1,25ml 
50% Glycerol 375µl 
ddH2O 1,375ml 
10% APS 50µl 
TEMED 5µl 

Table 4. 4% Polyacrylamide stacking gel (2,5ml) 

30% Acrylamide/Bis-acrylamide 325µl 
1M Tris (pH:6.8) 625µl 
20% SDS 12,5µl 
ddH2O 1,512ml 
10% APS 12,5µl 
TEMED 5µl 

10X Tris-Glycine Running Buffer (pH 7,4 – 8,5) 

• 0,25M Tris 

• 1,92M Glycine 

• 1% SDS 

• 10X running buffer is diluted to 1X with ddH2O 

10X Bjerrum Schafer-Nielsen Transfer Buffer (pH 9,2) 

• 48mM Tris 
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• 39mM Glycine 

• 20% methanol 

• 10X transfer buffer is diluted to 1X with ddH2O and 20% methanol 

10X PBS (pH 7,4) 

• 1,37M NaCl 

• 30mM KCl 

• 35mM KH2PO4 

• 0,1M Na2HPO4.12H2O 

• 10X PBS is diluted to 1X with ddH2O 

1X PBST 

• 1X PBS 

• %0,5 Tween-20 

1X RIPA Lysis Buffer 

• 50mM Tris-HCl (pH 7,4) 

• 150mM NaCl 

• 1mM EDTA 

• 1mM NaF 

• 1mM Na3VO4 

• 0,5% Igepal CA-630 

• 0,5% Triton X-100 

• 0,5mM PMSF in ethanol 

• 1mM DTT 

5X Laemmli Loading Buffer 

• 250mM Tris-HCl (pH 6,8) 

• 50% Glycerol 

• 5% SDS 

• 1% Bromophenol Blue 
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• 5% Beta-Mercaptoethanol 

1% Bromophenol Blue 

• 100mg Bromophenol Blue 

• 10ml methanol 

• Vortexed and then filtered 

Ponceau S 

• 0,1% (w/v) Ponceau S 

• 5% Acetic acid 

5% Skimmed Milk 

• 5% (w/v) skimmed milk prepared in 1X PBST 

5% BSA for primary antibodies 

• 5% (w/v) Fraction V BSA 

• 0,02% Sodium azide 

25X Protease Inhibitor 

1 tablet of Roche cOmplete EDTA-free protease inhibitor cocktail was dissolved 

in 2ml sterile ddH2O to obtain 25X stock. 50μl aliquots were taken and stored at -20°C. 

1X dilution was freshly prepared with RIPA lysis buffer before preparing cell lysates. 

4% PFA for immunofluorescence 

20g paraformaldehyde was dissolved in 500ml 1X PBS. pH of the solution was 

set to 7,2 with NaOH. Solution was filter sterilized using 0,22μm filter. 10ml aliquots 

were taken and stored at -80°C. 
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Permeabilization Buffer 

0,2% Triton X-100 in dPBS was filter sterilized using 0,2μm filter. 

Blocking and Antibody Dilution Buffer 

0,1% Triton X-100 and 2mg/ml BSA in dPBS was filter sterilized using 0,2μm 

filter. 

Washing Buffer 

0,1% Triton X-100 in dPBS was filter sterilized using 0,2μm filter. 

3.2 Methods 

3.2.1 Cell culture 

U937 monocyte cells (ATCC, CRL-1593.2) were cultured in RPMI 1640 medium 

supplemented with 1% penicillin-streptomycin and 10% heat inactivated sterile fetal 

bovine serum (FBS) in a humidified atmosphere of 5% CO2 at 37°C. The medium was 

changed every 2-3 days. Cells were passaged to 2x105 cells/ml when they reached 

1x106 cells/ml. In all experiments, cells were seeded in complete RPMI medium. 

3.2.2 Cell proliferation assay 

U937 cells were seeded at 1x104 density in a 96-well plate. Cells were incubated 

in triplicate with increasing concentrations of HDL (20, 50 and 100µg/ml) including a 

control group (only medium) for 4, 16 and 24 hours at 37°C. Cell viability was 

measured using the MTT Kit I (Roche) following manufacturer’s protocol. 

Absorbance was measured at 570nm using an ELISA reader with a reference serving 

as blank. Control cells were taken as 100% and HDL treated cells were analyzed 

according to control. 
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3.2.3 Protein isolation 

Prior to seeding, cell medium was changed the day before. U937 cells were seeded 

5x105/ml in a 12 well plate. The cells were treated with or without 100µg/ml HDL for 

16 hours. 100nM Torin 1 and 25nM bafilomycin treatments were followed for 2 hours. 

Cell pellets were collected from each sample and washed once with dPBS. Then, the 

pellets were lysed with 1X RIPA lysis buffer. For this purpose, pellets were dissolved 

in 50µl RIPA buffer and incubated on ice for 10 min. After pipetting gently, another 

incubation on ice for 10 min was followed. Later, cells were centrifuged at 14000 rpm 

at 4°C for 10 min. Supernatants were transferred into new tubes and protein samples 

were stored at -80°C. 

3.2.4 Protein concentration determination 

Protein concentrations were determined by Bradford Assay using BSA as a 

standard. For this purpose, 1, 0,5, 0,25, 0,125, and 0,0625µg/µl BSA standards were 

prepared by serial dilution to create a standard curve. Each protein was diluted in 

sterile dH2O at 1:10 ratio. 10μl of each sample and BSA standard were put into a 96-

well plate in triplicates. Sterile dH2O was used as blank. 190μl of 1X Bradford reagent 

was added into each well and samples were incubated at dark for 5 min at room 

temperature. After 5 min, plate is read at 595nm. Mean values of each sample and BSA 

standards were calculated. Protein concentrations were calculated according to the 

equation obtained from BSA standard curve. 

3.2.5 SDS-PAGE and western blotting 

5X Laemmli loading buffer was diluted to 1X with 50μg protein sample and 

heated at 95°C for 5 min. Samples were loaded to 12-15% polyacrylamide gels and 

run at 80V for 45 min then, at 100V until the samples reached the bottom of the gel. 

The 12% gel was transferred to nitrocellulose membrane for 45 min and the 15% gel 

was transferred to 0,2µm PVDF membrane for 30 min by BioRad trans-blot semi dry 

blotting system. After transfer, Ponceau S dye was used to stain the nitrocellulose 
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membrane to check whether proteins were transferred successfully. The membrane 

was blocked with %5 skimmed milk solution for 1 hour at room temperature. 

Afterwards, membranes were probed with rabbit anti-LC3B (1:5000), rabbit anti-p62 

(1:2000) and mouse anti-β-actin (1:10000) primary antibodies overnight at 4°C. The 

following day, membranes were washed three times with PBST for 7 min at room 

temperature. Later, membranes were probed with peroxidase- conjugated anti-rabbit 

(1:10000) or anti-mouse (1:10000) secondary antibodies for 1 hour at room 

temperature. Membranes were then washed three times with PBST for 7 min and 

SuperSignal West Pico chemiluminescent solution was applied for 3 min onto 

membranes for imaging. The images were obtained by BioRad ChemiDoc instrument 

and analyzed using ImageLab software. 

3.2.6 Immunofluorescence staining 

Prior to seeding, cell medium was changed the day before. U937 cells were seeded 

5x105/ml in a 6 well plate. The cells were treated with or without 100µg/ml HDL for 

16 hours. Cells to be analyzed were pelleted by centrifugation at 500xg for 5 min. The 

growth medium supernatant was aspirated and replaced with dPBS at a concentration 

of ∼5x105cells/250µl and transferred to an ibidi µ-Slide 8 well plate. The ibidi µ-Slide 

plate was then left stationary for 30 min at room temperature to allow for sedimentation 

and adhesion of cells onto the well bottom. Adherent cells were then fixed for 20 min 

at room temperature with 4% PFA. Fixed cells were washed once with dPBS for 5 min 

before being permeabilized for 10 min. Permeabilized cells were washed once again 

with dPBS for 5 min and were then blocked with blocking buffer for 30 min at room 

temperature. The blocking solution was replaced with anti-rabbit LC3B (1:500) 

primary antibody diluted in antibody dilution buffer and left to incubate overnight at 

4°C. Cells were subsequently washed 3 times for 5 min and incubated with the AF 

488-conjugated anti-rabbit (1:1000) secondary antibody diluted in antibody dilution 

buffer for 1 h at room temperature, protected from light. Cells were again washed 3 

times with dPBS for 5 min. At this point, nuclei were counterstained with the NucBlue 

dye at a working dilution for 10 min and then washed twice with dPBS for 5 min to 
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remove excess dye. Images were taken with 40x objective using Zeiss LSM 700 

confocal microscope and images were analyzed by ImageJ software. 

3.2.7 Evaluation of mitochondrial dynamics by confocal microscopy 

The cells used in mitochondrial staining were incubated and prepared in the same 

manner as in immunofluorescence experiments. 5x105 cells from each group were 

stained with 50nM MitoTracker Red CMXRos, 5μM MitoSOX Red and 100nM 

MitoTracker Green FM for 20 min at 37°C. After 20 min, samples were washed with 

dPBS. Cells were then transferred into an ibidi μ-Slide VI 0.4 chamber. Images were 

taken with 40x objective using Zeiss LSM 700 confocal microscope and corrected total 

cell fluorescence (CTCF) of 50 cells were analyzed using ImageJ software. 

3.2.8 Evaluation of mitochondrial dynamics by flow cytometry 

Prior to seeding, cell medium was changed the day before. U937 cells were seeded 

5x105/ml in a 6 well plate. The cells were treated with 100µg/ml HDL for 4, 16, 24 

hours. After treatment, cells were harvested and centrifuged at 500xg for 5 min. Pellets 

were dissolved in 50µl dPBS and 3x105 cells from each group were stained with 

100nM MitoTracker Red CMXRos, 5μM MitoSOX Red and 100nM MitoTracker 

Green FM for 20 min at 37°C to determine mitochondrial membrane potential, 

mitochondrial superoxide formation and mitochondrial mass respectively. After 20 

min, samples were washed once with dPBS. Pellets were dissolved in 400µl dPBS and 

transferred to flow cytometry tubes. Samples were analyzed by BD FACSVerse 

instrument. A total of 1x104 events were acquired, gated and analyzed using the BD 

FACS Suite software. 

3.2.9 Evaluation of macrophage polarization by flow cytometry 

Prior to seeding, cell medium was changed the day before. U937 cells were seeded 

5x105/ml in 6cm petri dishes. Macrophage differentiation with PMA was initiated for 

48 hours. After differentiation, U937 cells were incubated for 24 hours in the presence 
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of 100ng/ml LPS, 100µg/ml HDL, and both LPS and HDL. After these treatments, 

cells were harvested and centrifuged at 500xg for 5 min. Pellets were dissolved in 50µl 

dPBS and 15x104 cells from each group were incubated with macrophage marker 

CD11c for positive control, CD64 and CD86 for M1 phenotype, and CD163 and 

CD206 surface marker antibodies for M2 phenotype for 20 min at 37°C. After 20 min, 

samples were washed once with dPBS. Pellets were dissolved in 400µl dPBS and 

transferred to flow cytometry tubes. Samples were analyzed by BD FACSVerse 

instrument. A total of 1x104 events were acquired, gated and analyzed using the BD 

FACS Suite software. 

3.2.10 Measurement of mitochondrial respiration 

A day prior, a Seahorse XFp Sensor Cartridge was hydrated using Seahorse XF 

Calibrant overnight at 37°C in a non-CO2 incubator. The cells used in Seahorse XFp 

were treated in the same manner as in mitochondrial dynamics flow cytometry 

experiments. Harvested and centrifuged U937 cells were dissolved in XF Base 

Medium (pH 7,4), containing 1mM sodium pyruvate, 2mM L-glutamine, 10mM 

glucose. 2x105 cells in 50µl from each group were seeded into Seahorse XFp Cell 

Culture miniplates in triplicates. These plates contain 8 wells, therefore only two 

experimental groups can be analyzed in one assay since two wells are considered as 

blank according to the manufacturer’s protocol. Thus, control and 16 h HDL 

experimental groups were chosen. Plates were centrifuged at 400xg for 1 min at zero 

deceleration. Then, 150μl XF Base Medium was added into wells. Cells were 

incubated in non-CO2 incubator at 37°C for 45 min. During this incubation, the 

contents of Seahorse XFp Cell Mito Stress Kit, which are oligomycin (50μM), FCCP 

(50μM), rotenone/antimycin A (25μM), were prepared according to the 

manufacturer’s instructions. Afterwards, XFp Cell Mito Stress Kit was applied and the 

plates were analyzed using Agilent Seahorse XFp Analyzer. 
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3.2.11 Statistical analysis 

Western blot results were compared with each other using Kruskal-Wallis test and 

rest of the samples were compared with each other using two-tailed ratio or paired 

Student’s t-test. GraphPad Prism 8 software was used for statistical analysis and 

graphical representations. The results were represented as the mean ± SD of at least 3 

experimental repeats. P value < 0.05 was considered as statistically significant. 

 

Figure 6. Experimental design. 
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4 RESULTS 

4.1 The Effect of HDL on Cell Viability 

U937 human monocyte cell line which is frequently used in atherosclerosis and 

cholesterol metabolism studies was used in this study (63). In international guidelines, 

HDL-C levels <40mg/dl in men and <50mg/dl in women are considered low HDL and 

defined as a cardiovascular risk factor (18). However, in in vitro studies, HDL amounts 

differ from in vivo values and are used in the range of 20-100µg/ml (64). The reason 

for this is that HDL in tissues is perceived in low amounts from blood and forms 

aggregates when used in physiological amounts. In accordance with this, cells were 

exposed to 20, 50 and 100µg/ml HDL for 4, 16, and 24 hours, respectively. To 

determine the effect of HDL on cell viability and toxicity in this cell line, MTT assay 

was performed at the end of these time periods. It was determined that cell viability of 

HDL treated cells did not change compared to control cells (Figure 7). We continued 

using these HDL concentrations since they didn't have any cytotoxic effects on the 

cells. 
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Figure 7. Cytotoxic effect of HDL on U937 cells. 

(U937 cells were incubated with different concentrations of HDL from 20µg to 100µg 
for 4, 16 and 24 h. MTT assay was performed to measure the effect of HDL on cell 
viability. HDL treated cells were normalized to untreated control cells. The bar graph 
represents the mean ± SD values of three independent experiments (p > 0,05).) 

4.2 The Effect of HDL on Autophagy in U937 Cells 

4.2.1 Autophagy induction in U937 cells upon HDL treatment 

The levels of LC3B-II protein, which is one of the important key markers of 

autophagy induction (65), was analyzed by western blotting. Cells were incubated with 

20 to 100µg/ml of HDL for 4 to 24 hours. It was shown that the LC3B-II protein level 

was significantly increased in cells treated with 100μg/ml HDL for 16 hours (Figure 
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8). As a result, we used 100µg/ml HDL for 16 hours in the following experiments. In 

addition, the same dose was used in autophagic flux experiments in the presence of 

HDL. 

 

Figure 8. Effects of HDL on LC3B-II levels in U937 cells. 

(15% SDS-PAGE gel was used to separate cell lysates after treating cells (A) with 20, 
50, 100µg/ml HDL (B) for 4, 16, 24 hours. LC3B-II levels were analyzed by western 
blotting. Beta-actin is used as an internal control. Protein band density was measured 
using Image Lab software. Bar graphs show the average of (A) four, (B) five 
independent experiments. Statistical analysis was performed with the Kruskal-Wallis 
test. Error bars are given as mean ± SD values. (A) p<0,01, (B) p<0,05.) 

To further analyze the autophagy induction, p62 protein levels were also examined 

in the presence and the absence of HDL for 4, 16 and 24 h. p62/SQSTM1 acts by 

binding directly with LC3. p62/SQSTM1 levels were used as a second marker in 

addition to LC3B to monitor autophagic activity (66). However, HDL treatment did 

not significantly affect the p62 protein levels (Figure 9). 
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Figure 9. Effects of HDL on p62 levels in U937 cells. 

(Cell lysates obtained by treating cells with 100µg/ml HDL for 4, 16, 24 h were run in 
12% SDS-PAGE gel. p62 levels were analyzed by western blotting. Beta-actin is used 
as an internal control. Protein band density was measured using Image Lab software. 
Bar graphs show the average of three independent experiments. Statistical analysis was 
performed with the Kruskal-Wallis test. Error bars are given as mean ± SD values. 
p>0,05.) 

4.2.2 Autophagic flux in U937 cells upon HDL treatment 

Various autophagy activators and inhibitors are used in literature to assess 

autophagic flux. Autophagy is induced by inhibition of the mTOR pathway in the 

absence of nutrients in the cell. Torin 1 is a widely used autophagy inhibitor and it 

inhibits the mTOR complex which is in the initial step of autophagy (67). Bafilomycin 

as an autophagy inhibitor changes the lysosomal pH and prevents the lysosome from 

joining with the autophagosome. It leads to the accumulation of autophagic vesicles in 

the cytoplasm. As a result, an increase in LC3B-II level is observed after bafilomycin 

treatment. Therefore, bafilomycin is one of the most prominent inhibitors for the 

monitoring of autophagic flux. (68). 

In our study, we observed the highest LC3B-II protein levels at 100nM Torin 1 

for 2 h and 25nM bafilomycin for 2 h (data not shown). Therefore, these concentrations 

were used in further experiments with HDL. 

In order to see the effect of HDL on autophagic flux, cells were treated with HDL 

in the presence and absence of Torin 1 and bafilomycin. In comparison to the control, 

U937 cells treated with bafilomycin at a concentration of 25nM for two hours had 

statistically higher levels of LC3B-II. (Figure 10). Although LC3B-II protein levels 
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increased after HDL treatment, this increase was not significant when HDL treatment 

was combined with the autophagy modulators. 

 

Figure 10. Autophagic flux in U937 cells. 

((A) Cells were treated with Torin1 (100nM, 2 h) or bafilomycin (25nM, 2 h) in the 
presence of HDL (100µg/ml) for 16 h and LC3B-II levels was compared to control 
(Control 4h) by western blotting. Beta-actin is used as an internal control. Protein band 
density was measured using Image Lab software. (B) Bar graphs show the average of 
six independent experiments. Statistical analysis was performed with the Kruskal-
Wallis test. Error bars are given as mean ± SD values (p<0,05).) 

In addition to LC3B, p62/SQSTM1 levels were used as another marker to monitor 

autophagic flux upon treatment with autophagy modulators. p62 levels were 

unchanged by the combination of the autophagy activator Torin 1 and the autophagy 

inhibitor bafilomycin with HDL treatment (Figure 11). 
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Figure 11. p62 levels in autophagic flux. 

((A) Cells were treated with Torin1 (100nM, 2 h) or bafilomycin (25nM, 2 h) in the 
presence of HDL (100µg/ml) for 16 h and p62 levels was compared to control (Control 
4h) by western blotting. Beta-actin is used as an internal control. Protein band density 
was measured using Image Lab software. (B) Bar graphs show the average of two 
independent experiments. Statistical analysis was performed with the Kruskal-Wallis 
test. Error bars are given as mean ± SD values (p>0,05).) 

4.2.3 Expression of LC3B in HDL treated U937 cells by confocal microscopy 

In addition to western blot analysis, LC3B levels were also analyzed by 

immunofluorescence. LC3B puncta formation was observed under confocal 

microscopy. Cells were treated with 100µg/ml HDL for 16 hours. Since the nuclei of 

U937 are quite large, LC3B puncta formation couldn’t be adequately observed and 

puncta count couldn’t be performed successfully. However, consistent with our 

western blot results, an increase was observed in LC3B immunostaining after 16 h of 

HDL treatment compared to the control group (Figure 12). 
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Figure 12. LC3B immunostaining in HDL treated U937 cells. 

(The cells were incubated with 100µg/ml HDL for 16 h. Cells were fixed, probed with 
LC3B and stained with Alexa fluor-488 conjugated secondary antibody. NucBlue was 
used for nucleus staining. Images were taken with 40x objective using Zeiss LSM 700 
confocal microscope. Images are representatives of three independent experiments.) 

4.3 The Effect of HDL on Mitochondrial Dynamics in U937 Cells 

4.3.1 Cell size and granularity variation in HDL treated U937 cells 

Variations in cell diameter measured by forward scatter (FSC) and granularity 

measured by side scatter (SSC) were observed by flow cytometry in U937 cells 

incubated with HDL at different time periods. As a result, U937 cells incubated with 

100µg/ml HDL for 4, 16 and 24 hours showed a significant increase in SSC values 

from the fourth hour compared to the control, due to HDL treatment. The highest 

increase was observed at 16 h (Figure 13). SSC provides information about the 

granular contents and internal complexity of the cells. SSC is helpful in identifying 

cells with variable structures such as monocytes and granulocytes. 
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Figure 13. Size and granularity changes in HDL treated U937 cells. 

(The cells were incubated with 100µg/ml HDL for 4, 16, and 24 h. Side scatter (SSC) 
values were measured by flow cytometry and analyzed using BD FACS Suite 
software. Bar graphs show the average of six independent experiments. Statistical 
analysis was performed with Student’s t test. Error bars are given as mean ± SD values 
(p<0,001).) 

4.3.2 Changes in mitochondrial dynamics in HDL treated U937 cells 

Mitochondrial dynamics constitute as a crucial factor of mitochondria’s health, 

leading us to know more about cellular homeostasis and function. Mitochondrial 

dysfunction and ROS lead to the development of various disorders, including 

cardiovascular diseases (6). We monitored alterations in mitochondrial dynamics in 

U937 cells, since monocytes and macrophages play a crucial role in the early stages of 

atherosclerosis progression. 

In order to monitor the changes in mitochondrial functions, U937 cells were 

incubated with 100µg/ml HDL at for 4, 16, and 24 hours. The cells were stained with 

mitochondria specific fluorescent dyes. Mitochondrial membrane potential (MMP), 

mitochondrial superoxide and mitochondrial mass were measured by flow cytometry. 

As a result, a significant decrease was observed in MitoTracker Green FM 

(mitochondrial mass) and MitoTracker Red CMXRos (MMP) staining upon 16 h of 
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HDL treatment. HDL treatment did not significantly change MitoSOX levels (Figure 

14). 

 

Figure 14. The effect of HDL on mitochondrial dynamics by flow cytometry. 

(The cells were incubated with 100µg/ml HDL for 4, 16 and 24 h and stained with 
5µM MitoSOX, 100nM MitoTracker Red CMXRos and 100nM MitoTracker Green 
FM. Mean fluorescence intensity (MFI) was measured by flow cytometry and analyzed 
using BD FACS Suite software. Bar graphs show the average of four independent 
experiments. Results were normalized to control group. Statistical analysis was 
performed with Student’s t test. Error bars are given as mean ± SD values (p<0,05).) 

4.3.3 Changes in mitochondrial dynamics in HDL treated U937 cells by confocal 

microscopy 

Confocal microscopy imaging was performed to verify the results obtained from 

flow cytometry. To this extent, U937 cells were incubated with 100µg/ml HDL for 16 

h and were probed with 5µM MitoSOX, 50nM MitoTracker Red CMXRos and 100nM 

MitoTracker Green FM. Consistent with our flow cytometry results, a decrease was 

observed in MitoGreen and MitoRed levels when control and HDL treated samples 

were compared. We did not observe any changes in MitoSOX levels (Figure 15). 
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Figure 15. The effect of HDL on mitochondrial dynamics by confocal microscopy. 

(The cells were incubated with 100µg/ml HDL for 16 h and stained with (A) 100nM 
MitoTracker Green FM, (B) 5µM MitoSOX and (C) 50nM MitoTracker Red 
CMXRos. Images were taken with 40x objective using Zeiss LSM 700 confocal 
microscope. Corrected total cell fluorescence (CTCF) was measured using ImageJ 
software. (D) Bar graphs show the CTCF of 50 cells from each group. Statistical 
analysis was performed with Student’s t test. Error bars are given as mean ± SD values 
(p<0,05).) 
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Figure 15. The effect of HDL on mitochondrial dynamics by confocal microscopy 

(continued). 
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Figure 15. The effect of HDL on mitochondrial dynamics by confocal microscopy 

(continued). 
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4.3.4 Mitochondrial respiration analysis for HDL treated U937 cells 

In addition to flow cytometry and confocal microscopy analysis, we examined the 

mitochondrial respiration using XFp Cell Mito Stress Kit for Agilent Seahorse XFp 

analyzer. U937 cells were incubated with 100µg/ml HDL for 16 h. Samples were 

prepared according to the manufacturer’s protocol. Oligomycin, FCCP and 

rotenone/antimycin A mixture were used as ETC comlex V inhibitor, uncoupler and 

ETC complex I and III inhibitor respectively. According to these experiments, cells 

treated with 100µg/ml HDL had decreased mitochondrial respiration rates compared 

to the control group. Maximal respiration and ATP production rates of HDL treated 

group were also lower than the control group (Figure 16). 

 

Figure 16. Mitochondrial respiration and ATP production rates for HDL treated U937 

cells. 

(The cells were incubated with 100µg/ml HDL for 16 h. XFp Cell Mito Stress Kit was 
used for mitochondrial respiration analysis by Agilent Seahorse XFp Analyzer 
according to the manufacturer’s protocol. Bar graphs show the average of three 
independent experiments. Error bars are given as mean ± SD values obtained by three 
consecutive readings of each sample at each step.) 
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4.3.5 Determination of M1 and M2 macrophage differentiation (polarization) 

in HDL treated U937 cells 

The changes that we observed in cell granularity with SSC (Figure 13) lead us to 

think that HDL could be modulating monocytes’ internal complexity and may be 

causing them to differentiate. We further investigated the effect of HDL in U937 cells 

by performing cell surface marker analysis for macrophage polarization. We used 

CD64 and CD86 surface markers for M1 pro-inflammatory phenotype and CD163 and 

CD206 surface markers for M2 anti-inflammatory phenotype macrophages. As a 

result, U937 cells incubated with 100µg/ml HDL for 16 h showed a significant 

increase in CD86 surface marker and a significant decrease in CD163 surface marker 

compared to the control. No HDL related changes were observed in CD11c, CD64 and 

CD206 markers (Figure 17). 

 

Figure 17. The effect of HDL on M1 and M2 phenotype surface markers by flow 

cytometry. 

(The cells were incubated with 100µg/ml HDL for 16 h and the mean fluorescence 
intensity (MFI) was measured by flow cytometry and analyzed using BD FACS Suite 
software. Staining was performed with CD11c for macrophage phenotype, CD64 and 
CD86 for M1 phenotype, CD163 and CD206 for M2 phenotype. Bar graphs show the 
average of two independent experiments. Results were normalized to control group. 
Statistical analysis was performed with Student’s t test. Error bars are given as mean 
± SD values (CD 86 p<0,05, CD163 p<0,05).) 
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4.3.6 Determination of M1 and M2 macrophage differentiation (polarization) 

in PMA-differentiated U937 cells 

When U937 monocytic cells are treated with phorbol myristate acetate (PMA), 

they differentiate into macrophage cells (69). After HDL treatment, U937 cells with 

monocytic phenotype did not show the expected change in the expression of surface 

markers. Thus, for further investigation, we analyzed whether there was a change in 

these surface markers in differentiated cells. For this purpose, U937 cells were first 

differentiated into macrophage cells in the presence of PMA, and the effect of HDL 

was examined. Lipopolysaccharide (LPS) was used for M1 phenotype polarization. 

In order to determine the optimal dose and incubation time for PMA, U937 cells 

were incubated with 40nM and 100nM PMA for 24, 48 and 72 h. Upon differentiation, 

suspension U937 cells become adherent and start to attach to the bottom of the culture 

plate. They also acquire a macrophage-like phenotype. We determined that 40nM 

PMA for 48 h was efficient to differentiate U937 cells while not affecting cell viability 

(data not shown). 

First, U937 cells were differentiated into macrophages with 40nM PMA for 48 h. 

After 24 h treatment with 100µg/ml HDL in differentiated cells, we observed a 

significant increase for macrophage phenotype marker CD11c and M2 phenotype 

markers CD163 and CD206. M1 phenotype marker CD86 was found to be 

significantly increased in the presence of PMA + HDL and PMA + LPS + HDL 

compared to control. For the M2 phenotype marker CD163 and CD206, a significant 

decrease was observed in PMA + HDL + LPS compared to PMA + HDL. No 

difference was seen after PMA, LPS and HDL treatment for CD64 (Figure 18). 
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Figure 18. The effect of LPS and HDL on M1 and M2 phenotype surface markers in 

PMA-differentiated U937 cells by flow cytometry. 

(After the cells have differentiated into macrophages by 40nM PMA incubation for 48 
h, they were incubated for 24 h with 100ng/ml LPS and 100µg/ml HDL. Mean 
fluorescence intensity (MFI) was measured by flow cytometry and analyzed using BD 
FACS Suite software. Staining was performed with CD11c for macrophage 
phenotype, CD64 and CD86 for M1 phenotype, CD163 and CD206 for M2 phenotype. 
Bar graphs show the average of three independent experiments. Results were 
normalized to the PMA only control group. Statistical analysis was performed with 
Student’s t test. Error bars are given as mean ± SD values (* p<0,05; ** p<0,01; *** 
p<0,005; **** p<0,001).) 
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5 DISCUSSION  

High Density Lipoprotein (HDL) is primarily responsible for removing 

cholesterol from the blood and controlling RCT to the liver, but current findings have 

revealed that it also possesses anti-apoptotic, anti-inflammatory and cardiovascular 

protective properties (18). However, how HDL-C levels contribute to HDL’s function 

is still being studied. There are studies stating that there is a connection between HDL 

and autophagy, which plays an important role in cell homeostasis, and inherited 

metabolic diseases (16,70). One of these metabolic pathways is the link between lipid 

metabolism and autophagy. The connection between autophagy and cholesterol 

metabolism, especially HDL, is still unknown and open to research. In our study, the 

expression of proteins that play a key role in autophagy and autophagic flux were 

investigated at different time points in the presence and absence of HDL. At the same 

time, the effect of HDL on mitochondrial dynamics and the differentiation of 

monocytes were analyzed in the U937 monocytic cell line. Monocytic cell line was 

chosen because they play a key role in the development and progression of 

atherosclerosis, cholesterol transport and is a site of action for HDL (56). 

Autophagy functions as a survival mechanism for the cell. Considering the anti-

inflammatory, cholesterol-scavenging and endothelial protective functions of HDL, it 

is very likely for HDL to intersect with autophagic pathways. In cholesterol transport, 

autophagy leads to the degradation of ApoB aggregates to greatly limit the secretion 

of dysfunctional LDL (37). Increasing autophagic activity to assist lipid breakdown in 

insulin-resistant obese individuals may contribute to increase HDL’s function as well 

(38). In addition, free fatty acids stimulate autophagy, indicating that autophagy acts 

as a defense mechanism to prevent intracellular lipid accumulation. 

There are several studies showing that cellular cholesterol modifications are 

important in autophagy regulation. Decreased cholesterol stimulates autophagy in 

many cell types by inhibiting mTOR complex, which is related to cell growth and 

metabolic processes (71). Conversely, hypercholesterolemia suppresses autophagy by 

activating mTOR signaling. The effect of the presence and different doses of HDL on 
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autophagy in monocytes were reported for the first time in this study. According to 

HDL values in the range of 20-100μg/ml used in in vitro studies, 100μg/ml used in our 

study corresponds to a physiologically high HDL level (HDL-C >60mg/dl) in humans 

(64,72). We found that 100μg/ml HDL increases autophagy in U937 cells. Although 

this can be interpreted as an increase in autophagic activity in parallel with the amount 

of HDL in individuals with high HDL-C levels, it needs to be confirmed in in vivo 

studies. In accordance with these results, Gerster and her colleagues demonstrated that 

in similar concentrations at 18 h, HDL induced an increase in conjugation of LC3-II 

during autophagy. Thus, NF-kappa B activation and induction of cytokine expression 

were prevented in T84 human intestinal epithelial cell line (73).  Together, these results 

provide an initial evidence that HDL may control inflammation through autophagy. 

Muller and his colleagues showed that in human microvascular endothelial cells, 

HDLs prevent the oxLDL-induced activation of the ER stress and inhibited autophagy. 

They used HDL for 8 h, and as a result, no increase in LC3-II levels was observed. 

Likewise, in U937 cells, cells were treated with HDL for only 1 hour, and no difference 

was observed in LC3-II levels compared to the control (42). Different from this article, 

we demonstrated the effect of HDL on autophagy at different doses and time periods, 

and reported the changes in autophagic flux. Autophagic flux refers to the rate at which 

cargo is transported through autophagy to the autophagosome and degraded in the 

lysosome. Measuring the autophagic flux is an indicator of whether the autophagy 

mechanism is working in the cell. To measure this, either autophagy inducing agents 

such as Torin 1 or lysosome inhibitors such as bafilomycin are used. When the effect 

of HDL in the presence of autophagy activators or inhibitors is examined in U937 

cells, we observed that HDL induces autophagic flux, but when compared to the 

groups where inhibitors and activators are used alone, the autophagic flux is high in 

these cells at basal level. 

It has been reported that the p62/SQSTM1 protein binds to the ubiquitinated cargo 

and LC3B in the cell during the autophagy process and plays a role in the transport of 

this structure to the autophagic vesicle. p62 is also thought to be a link between 

autophagy and ubiquitination, which is an effective process in clearing large protein 
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aggregates accumulated in the cell. This protein is degraded during autophagy. The 

reduced levels of p62 in western blot analysis is associated with autophagy. The 

p62/SQSTM1 protein is a multifunctional adapter protein and has been reported to be 

involved in cell differentiation and proliferation (66). Furthermore, it has been shown 

that the p62 protein also binds to Protein kinase C, which plays a role in signaling, cell 

proliferation and differentiation (74). In U937 cells, p62 levels increased as a result of 

differentiation into macrophages upon PMA treatment (75). In our study, we observed 

that 100μg HDL treatment in U937 cells did not significantly increase the p62 levels 

with HDL treatment for 16 h.  Although there was an increase in LC3B levels upon 

HDL treatment, this increase was not significant as Torin 1 and bafilomycin 

pretreatment. All of the aforementioned factors, along with the absence of p62 

degradation in U937 cells suggest that HDL-induced autophagy may be effective in a 

different autophagic pathway such as LC3 associated phagocytosis. 

Mitochondria are exposed to high amounts of reactive oxygen production due to 

their role in energy production. This causes mitochondrial DNA mutation and an 

increase in the number of damaged mitochondria. It is known that oxidized LDL 

causes mitochondrial ROS formation with pro-inflammatory lipids and increases 

mitochondrial membrane permeability (53). Although HDL is known to have anti-

oxidative properties, there are not enough studies on its role in protecting mitochondria 

from damage. On the other hand, considering the effect of LDL, HDL is expected to 

help maintain mitochondrial membrane potential by reducing oxidative stress. In 

accordance with our hypothesis, mitochondrial membrane potential was decreased in 

cells treated with HDL for 16 hours. We observed a slight although not significant 

decrease in mitochondrial superoxide levels in both flow cytometry and confocal 

microscopy. Along with MMP, mitochondrial mass was significantly decreased as 

well. Benischke and her colleagues concluded that activation of mitophagy leads to 

loss of mitochondrial mass in human corneal endothelial cells (76). The loss of MMP 

and a decrease in mitochondrial mass indicates that HDL may also lead to activation 

of mitophagy. Reduced mitochondrial respiration and ATP production after HDL 

treatment provide additional evidence of HDL's impact on the cell's bioenergetic state 

and induction of glycolysis pathways. It might also alter mitochondrial dynamics 
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through induction of mitophagy. HDL may prevent mitochondrial dysfunction by 

reducing ROS production. Thereby, HDL protects mitochondria from damage by 

reducing oxidant formation and regulating mitochondrial membrane potential and 

mitochondrial mass. 

In recent publications, the relationship between autophagy and serum amyloid A 

induced nitric oxide production upon HDL treatment in macrophages has been 

reported in a dose-dependent manner (77). Also, the link between autophagy and HDL-

induced macrophage apoptosis has been published, and a dose-dependent role of HDL 

has been shown (78). Lee at al. has shown that HDL inhibits the differentiation of 

macrophages into the M1 phenotype (61). Therefore, while HDL causes cell 

differentiation of monocytes into macrophages, it may cause autophagy activation in 

the process. This proves us that HDL has a role in innate immunity as well. 

The light reflected from the intracellular granules increases the intensity of the 

SSC measurement, enabling the differentiation of granulocytes and monocytes. We 

observed that SSC changed from the fourth hour upon HDL treatment. A significant 

change in the granularity of the cells as a result of the incubation of U937 cells with 

HDL suggests that HDL can change the internal structure of monocytes. This may be 

due to HDL being taken up into the cell or because it changes the cell’s phenotype. In 

addition to the literature mentioned above, our observation suggests that HDL may 

cause differentiation in monocytes.  

It is known that HDL, which functions as a protective mechanism for the cell in 

the development of atherosclerosis, RCT and innate immunity, has anti-inflammatory 

and anti-atherogenic effects. We predicted that HDL treated monocytes would cause a 

decrease in M1 and an increase in M2 phenotype surface markers. Although CD64 and 

CD206 markers did not change in cells treated with HDL for 16 hours, we observed 

an increase in CD86 for the M1 phenotype and a decrease in CD163 for the M2 

phenotype. Macrophages have more CD163 expression than monocytes (79). Since no 

change was observed in CD206, another key M2 marker, the decrease in CD163 

expression and the increase in CD86 surface suggest that HDL affect macrophage 
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differentiation. In addition, it may also initiate T cell activation and  play an active role 

in controlling inflammation (80). 

Afterwards, we checked the effect of HDL on PMA differentiated U937 cells. The 

fact that the surface marker CD11c increased significantly on PMA-differentiated cells 

confirms that macrophage differentiation was successful. 100µg/ml HDL treatment for 

24 h induced an increase in both M2 surface markers CD163 and CD206. This reveals 

that HDL promotes a M2 phenotype in macrophage differentiated monocytes. In 

addition, when M1 type polarization is induced by LPS, CD163 and CD206 levels 

significantly decreased in the PMA + HDL + LPS group compared to the PMA + HDL 

group alone. Sanson et al. showed that HDL increases the expression of anti-

inflammatory M2 phenotype genes in mouse primary macrophages upon IL-4 

stimulation, supporting our results that HDL works on macrophage polarization (62). 

Studies in the literature indicate that HDL increases M2 phenotype markers after 5-7 

days of HDL incubation in primary cell cultures (61). In our study, we used the U937 

monocytic cell line and limited HDL incubation to a maximum of 24 hours. In order 

to see the long-term effects of HDL, the incubation period can be extended and the 

expression of related genes in the M1/M2 phenotype polarization can be analyzed by 

RT-qPCR. HDL also has many subtypes (81). The HDL that we used from Lee 

Bisolutions includes the total HDL obtained from the serum. Different HDL subtypes 

and treatments with the Apolipoprotein AI protein, which is the main constituent of 

HDL, can also be examined which state of HDL directly affects the M1/M2 phenotype. 
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6 CONCLUSION 

Despite the fact that the main function of HDL is to transport free cholesterol to 

the liver, our data suggest that HDL may also play a beneficial role in the control of 

inflammation through macrophage polarization. HDL changes the granular structure 

of monocytes, and also causes changes in M1 and M2 phenotype markers.  

The size, density, intracellular accumulation of HDL particles can cause the 

activation of autophagy, which plays a role in the breakdown of accumulated 

intracellular protein and lipid aggregates. In our study, the dose that resulted in 

autophagy activation in U937 cells corresponds to high HDL values in humans. This 

may cause higher autophagy activity in individuals with higher HDL-C levels.  

Therefore, supporting the in vitro results with in vivo studies is important to elucidate 

the link between HDL and autophagy. We will learn more about the functions of HDL 

by observing how levels of HDL affect the autophagy processes. In addition, HDL has 

a direct effect on mitochondrial functions and dynamics and it may cause mitophagy 

activation. Furthermore, decrease in mitochondrial membrane potential and 

mitochondrial mass indicate that HDL protects mitochondria from damage by causing 

changes in mitochondrial functions. 
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