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ABSTRACT 

 
HMGB1 binds to modified LDL and enhances its uptake by macrophages 

 

Khulan Lkhamsuren 

 

Department of Medical Science 

The Graduate School, Yonsei University 

 

Directed by Professor Jeon Soo Shin 

 

 Atherosclerosis is an inflammatory cardiovascular disease which is commonly described as lipid 

accumulation in the intimal region of the arterial wall that eventually causes myocardial infarction and 

stroke. The high mobility group box 1 (HMGB1) is a nuclear protein which plays important role in 

immunity and inflammation. HMGB1 is elevated in atherosclerotic lesions which indicated its possible 

involvement in the progression of atherosclerosis. In this study, we observed that HMGB1 directly binds 

to LDL and modified LDL, but not to HDL. Moreover, modified LDL uptake by THP-1 macrophages 

was increased time- and dose-dependent manner in the presence of HMGB1. Addition of soluble CD36 

scavenger receptor protein reversed the HMGB1 effect on modified LDL uptake. Further, HMGB1 bound 

to CD36 and CD36 overexpression enhanced the HMGB1 effect on modified LDL uptake. Collectively, 

our data indicates that HMGB1 bound to modified LDL and increased their uptake by macrophage 

through CD36 scavenger receptor. 

 

____________________________________________________________________________________

Key words: HMGB1, oxidized LDL, CD36, atherosclerosis 
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HMGB1 binds to modified LDL and enhances its uptake by macrophages 

 

Khulan Lkhamsuren 

 

Department of Medical Science 

The Graduate School, Yonsei University 

Directed by Professor Jeon Soo Shin 

 

I. INTRODUCTION 

Atherosclerosis is an inflammatory cardiovascular disease which is initiated by lipid accumulation in 

the intimal region of the arterial wall, eventually causing myocardial infarction and stroke. Despite the 

enormous amount of studies has been done regarding pathogenesis of atherosclerosis, there has been no 

efficient therapy found yet. Plaque in the artery wall is believed to be initiated by apolipoprotein B 

(ApoB)-containing low density lipoprotein (LDL) retention in the arterial intima and retained LDL can 

bind to proteoglycans and possibly undergoes modification. Modified and accumulated LDL then recruit 

the circulating monocytes which differentiate into macrophages and uptake the LDL by different 

mechanisms depending on the nature of modified LDL. These lipid-laden macrophages are called foam 

cells, a type of macrophages formed as a result of negative feedback following lipoprotein uptake, thus 

become packed with excessive amount of ingested lipids. Foam cells persist in the all stages of 

atherosclerosis
1
. Currently pathogenesis of this aggressive uptake of lipoprotein by macrophage is 

believed to be the “response-to-retention hypothesis of early atherosclerosis”. This hypothesis suggests 

that LDL’s long retention time allows it to be modified and processed within the intima and those 

modified LDL become the target of macrophage clearance and are identified as danger-associated 

molecular pattern (DAMP)
2
. 
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In vitro oxidation model of LDL is reported to closely resemble the biological particles found in the 

lesion
3
.  

Scavenger receptors are a wide range of receptor family with large repertoire of ligands including 

modified and unmodified endogenous proteins and lipoproteins, as well as a number of conserved 

microbial structures, such as bacterial lipopolysaccharide (LPS) and lipoteichoic acid (LTA)
4-6

. Scavenger 

receptor’s main role is to identify and remove unwanted substances through endocytosis. Other functions 

of these multifunctional receptors include cell adhesion
7-9 

and antigen presentation
10

. Scavenger receptors 

which can identify oxidation specific epitopes of oxLDL are CD36, SR-A1, MARCO, SR-B1, LOX-1 

and SR-PSOX and their roles in atherosclerosis have been studied extensively
11-15

. Although their role in 

intracellular cholesterol accumulation was shown by numerous in vitro experiments
16

, the in vivo studies 

are less clear
17

. However, more and more convincing reports are emerging on pro-atherogenic role of 

CD36 on the surface of macrophage
18-22

. When CD36 is exposed to oxLDL it forms a complex with 

TLR4 and TLR6 and triggers a sterile inflammatory response, eventually activating NF-ƙB
23,24

. Moreover, 

macrophages harvested from Cd36-null mice were defective in oxLDL uptake and atherosclerosis prone 

(LDL receptor-null or Apo-E-null) mice with CD36 deficiency developed less atherosclerotic lesion than 

LDL receptor-null or Apo-E deficient mice when the mice were on high fat diet
25-27

. CD36 also mediates 

cytoskeletal rearrangement which induces macrophage to trap in atheroscleroticplaque
28

 and activates 

platelets
29-31

 which participate in the thrombus formation after the plaque rupture and progression of 

inflammatory process during atherosclerosis
32

. It was also suggested that chemokine signaling enhances 

CD36 responsiveness toward oxLDL and accelerates foam cell formation, as integrin activated by 

chemokine signaling induced CD36 clustering and effectively altered the threshold for cells to engage 

with oxLDL
33

. These reports suggested that CD36 scavenger receptor could be the main mechanism 

which macrophage utilizes to bind and uptake modified LDL.   
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High mobility group box 1 (HMGB1) is a nuclear protein which binds to DNA and facilitates DNA-

activity associated functions and plays important role in immunity and inflammation
34

. HMGB1 functions 

as a pro-inflammatory mediator
35,36 

and is considered to be a DAMP molecule. HMGB1 is constitutively 

and ubiquitously expressed in most cells and is secreted passively by necrosis and actively during 

inflammation
37,38

. It was reported that HMGB1 participates in various cellular activities such as, 

autophagy
39

, apoptosis
40, 41

, as well as, macrophage migration, dendritic cell activation and maturation
45-47

. 

Structurally HMGB1 consists of two similar DNA-binding domains, boxes A and B, and C-terminal 

domain of acidic tail. Pro-inflammatory effect of HMGB1 was shown to be present in its box B
48

. 

Recently it has been also reported that depending on the redox state of its three cysteine residues, 

extracellular HMGB1 can have different biological functions. HMGB1 is elevated in human 

atherosclerotic lesions, especially in the nuclei and in the cytoplasm of macrophages and smooth muscle 

cells near the intima and in the areas adjacent to the necrotic core
42,49,50 

which indicates its involvement in 

atherosclerosis. There are several evidences which prove that involvement. HMGB1 induces vascular 

smooth muscle cell migration and proliferation
42,43 

and endothelial cell activation
44

, which are critical 

steps during atherosclerosis. Moreover, rHMGB1 shown to activate vascular endothelial cells leading to 

expression and secretion of ICAM-1, VCAM-1, E-selectin, G-CSF, RAGE, TNFα, MCP-1, IL-8, 

plasminogen activator inhibitor 1, and tissue plasminogen activator
44

. Further, HMGB1 promoted 

proliferation of smooth muscle cells from atherosclerotic plaques, migration to the intimal layer, as well 

as expression of C-reactive protein, MMP2, MMP3 and MMP9
42, 50

. More notably, when neutralizing 

HMGB1 antibody was administered to Apo-E deficient mice fed with high-fat diet, the mice had 55% less 

atherosclerotic lesion formation when compared to control mice on the same diet
51

. Although these 

previous studies suggested HMGB1’s engagement in atherosclerosis, its specific role relating to 

lipoproteins, lipid uptake and foam cell formation remains unknown. In this study, I observed that 

HMGB1 directly binds to LDL and oxidized LDL and increases their uptake by macrophage through 

CD36 scavenger receptor.  
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II. MATERIALS AND METHODS 

 

1. Cell culture 

THP-1 cells and RAW 264.7, HEK293T cells were cultured in RPMI 1640 and Dulbecco's 

Modified Eagle Medium (DMEM) media respectively with supplementation of 10% fetal bovine serum 

(FBS) and penicillin/streptomycin as complete media. All cultures were maintained to approximately 90% 

confluency in a humidified atmosphere of 5% CO2–95% air at 37 °C. THP-1 cells were differentiated by 

0.5μM phorbol 12-myristate 13-acetate (PMA) in complete media for 3 hours. After differentiation cells 

were washed in RPMI 1640 twice, seeded and used for an experiment the next day.  

 

2. Surface Plasmon Resonance (SPR) 

SPR was measured using a Biacore instrument. Briefly, CM5 sensor chips were activated. HMGB1 

was coupled to the chip in 10 mM sodium acetate buffer (pH 4). The surface of the CM5 dextran sensor 

chip was activated with 0.2 M N-ethyl-N’-(3-diethylamino-propyl)-carbodiimide and 0.05 M N-

hydroxysuccinimide. To evaluate binding, various concentrations of LDL, VLDL, HDL and cholesterol 

were added. Samples were passed over the sensor chip at a flow rate of 10 µl/min. Response unit (RU) 

values for samples were calculated by subtracting the control values using BIA evaluation 3.0 software 

(BIAcore). 

 

3. Streptavidin-biotin conjugated protein binding 

HMGB1 protein was biotinylated using EZ-Link™ Sulfo-NHS-LC-Biotin (Thermo, 

Rockford, IL, USA). Biotinylated HMGB1 or biotin as a control was let bind to 3μm of streptavidin 

labeled microsphere (Sigma Aldrich, St. Louis, MO, USA) in PBS and washed. Acetylated LDL 

conjugated with Alexa 488 was then incubated at room temperature for two hours. The beads were 

washed and imaged using confocal microscope FluoView™ 1000 (Olympus, Japan). 
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4. Oxidized LDL preparation 

Native LDL (Alfa Aesar, CAT#BT-903, Rockfold, IL, USA) was dialyzed with dialysis cassette 

membrane (pore size: 10,000 MWCO) in 0.9% NaCl (buffer : nLDL = 1000 : 1) solution for 24 hours, 

periodically changing the buffer 1-2 times, to remove EDTA which can act as an antioxidant. Dialyzed 

LDL was then oxidized with 5μM CuO4S·5H2O (Sigma Aldrich, CAT# 12849) for 24 hours in the dark at 

37°C with gentle shaking at 100rpm. Oxidation was stopped with addition of 0.1mM EDTA and oxidized 

LDL was stored in 4°C for up to 2 months.  Copper ions were removed by dialysis for 24 hours in 0.9% 

NaCl. Oxidation and purity of LDL was checked by relative electrophoretic mobility (REM) in 1% 

agarose gel in barbital buffer (0.05 M sodium barbital and 0.01 M barbital, pH8.6). Migration distance of 

the oxLDL was compared to that of native LDL and expressed as REM (1.2±0.5, arbitrary units). The 

oxidation level of oxLDL was also checked with OXI-TEK TBARS assay (Enzo Life Sciences, Inc., 

Farmingdale, NY, USA) according to the kit’s manual. OxLDL TBARS value was 55.5 whereas native 

LDL’s was 4.0.  

 

5. Oil Red O staining 

PMA differentiated THP-1 cells were seeded in 4-well chamber glass slides with density of 1x10
5
 

per well. The cells were maintained in RPMI medium with 10% FBS for 24 hours before the experiment. 

Then the cells were incubated with 50μg/ml oxLDL for 24 hours in the presence or absence of HMGB1. 

HMGB1 was pre-incubated with oxLDL for 30 minutes at 37°C.After washing with PBS twice the cells 

were fixed with 4% paraformaldehyde for 10 minutes at 4°C, then stained with 3mg/ml Oil red O dye for 

2 minutes at 37°C in the dark. Then the cells were rinsed briefly with 60% isopropanol and with PBS 

three times. The images were taken by light microscope.  
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6. CD36 plasmid transfection 

HEK293T cells were seeded on 8-well chamber glass slide a day before transfection with a 

density of 0.5 x 10
5 
cells per well.  WT CD36 plasmid was transfected using PolyExpress™ in vitro DNA 

transfection reagent (Excellgen, Rockville, MD, USA) according to the manufacturer’s instructions. 

Briefly, 3μl Polyexpress and 1μg DNA complex was treated to the cells for 5 hours in Opti-MEM (Gibco, 

Thermo Fisher Scientific, USA) media. The plasmid expression was checked after 24 hours post-

transfection. 

 

7. FACS analysis 

HEK293T cells were seeded in 6-well plate with 4 x 10
5
 cell density a day before transfection. 

Transfected cells were harvested and washed in FACS buffer (0.2% BSA in PBS) and incubated with 

CD36 antibody (Abcam, Cambridge, UK) in FACS buffer on ice for 30 minutes. After washing twice, the 

cells were resuspended in FACS buffer containing secondary antibody (anti-mouse IgGAM-FITC) and 

incubated on ice for 30 minutes. After washing twice, cells were resuspended in FACS buffer containing 

fixation solution (4% paraformaldehyde), then either directly analyzed with BD FACS Verse™ machine 

or kept in dark at 4°C for later use. 

 

8. Confocal microscopy 

Cells were grown on chamber slides. After washing with PBS, cells were fixed with 4% 

paraformaldehyde for 10 minutes in the dark, and then either permeabilized with 0.1% Triton X-100 in 

PBS for 5 minutes for endogenous molecule staining or directly blocked with PBS containing 10% FBS 

for 30 minutes. Next, for the experiments with immunostaining (regarding Nile Red staining, refer to 

number 10 in Materials and Methods section.), the cells were incubated with primary antibodies for 1 

hour at room temperature, and stained with secondary antibodies for 1 hour at room temperature as well. 

Cells were washed with PBS with Tween-20 between each step. Chamber was removed and the glass 
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slides were mounted with Vecta Shield (Vector Laboratories, Inc., CA, USA) mounting solution 

containing DAPI. Lastly, the cells were analyzed using confocal microscopy FluoView™ 1000(Olympus, 

Japan) with an oil-immersed objective. The images were quantified using ImageJ software.  

 

9. Amplex®  Red cholesterol assay 

OxLDL with different concentrations were incubated withHMGB1 coated microplate for 3 hours 

at room temperature in the dark. After washing with PBS two times, cholesterol content of oxLDL bound 

toHMGB1 was evaluated by the Amplex®  Red Cholesterol assay kit (Invitrogen, Rockfold, IL, USA) 

according to the manufacturer's instructions. Briefly, Amplex Red reagent (1 U/ml horseradish peroxidase, 

1 U/ml cholesterol oxidase, and 1 U/ml cholesterol esterase) are added to 50μl sample in 96 well plates. 

After incubation at 37°C for 60 minutes in the dark, the fluorescence was measured using a microplate 

reader at 530/25 nm excitation, and 590/35 nm emission wavelengths. The total cholesterol (TC) content 

was determined by measuring the cholesterol concentration following digestion with cholesterol esterase. 

To measure free cholesterol (FC), cholesterol esterase is omitted from the assay. Each sample is 

triplicated in the assay and at least three independent experiments were performed.  

 

10.   Nile Red lipid staining 

PMA-differentiated THP-1 cells were incubated with 30 μg/ml LDL (Alfa Aesar, CAT#BT-903), 

30 μg/ml oxLDL (Alfa Aesar, CAT#BT-910), and 30 μg/ml highly-oxLDL (Alfa Aesar, CAT#BT-910X) 

for 24 hours. After washing, the cells were fixed with 4% paraformaldehyde for 10 min in the dark, and 

then permeabilized with 0.1% Triton X-100 in PBS for 5 minutes for endogenous molecule staining. Next, 

the cells were stained with 100 ng/ml Nile Red for 10 minutes in the dark and washed three times with 

PBS.   
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11.   Immunoprecipitation (IP) 

Protein G Dynabeads®  (Novex by Life Technologies AS, Oslo, Norway) were washed twice 

with PBS with 0.05% Tween 20 and incubated with anti-HMGB1 antibody (Abcam, Cambridge, UK 

cat#ab18256) for 4 hours at room temperature with rotation. After washing beads were incubated with 

HMGB1 (AnRT Co. Seoul, Korea) together with either his-tagged CD36 recombinant protein (ATGen, 

Seoul, Korea) or whole cell lysate (WCL) of THP-1 for overnight at 4°C with rotation. Then the beads 

were washed and the immunoprecipitated protein complexes were eluted and subjected to Western blot 

analysis with anti-CD36 antibody (Abcam, Cambridge, UK cat# ab17044).  

 

12.   Western blot 

Cells were lysed with RIPA buffer and centrifuged for 10 minutes at 14,000 rpm at 4°C, and 

supernatants were collected. After the supernatants were subjected to BCA assay for protein concentration 

optimization (for IP this step was skipped),loading buffer [0.3125 M Tris- HCl pH 6.8, sodium dodecyl 

sulfate (SDS) 10% (w/v), 0.5 M dithiothreitol (DTT), 0.5% bromophenol blue] (Noble Bioscience, INC) 

was added and boiled at 100°C for 10 minutes, and loaded to 10% SDS-PAGE gel. Then the size 

separated proteins were transferred to a 0.2 µm nitrocellulose transfer membrane at 330 mA for 2 hours. 

The membrane was then blocked with 5% skim milk in TBS-T (Tris buffered saline with 0.1% Tween 20) 

for 1 hour and followed by incubation with specific primary antibody with dilution factor of at 4°C 

overnight with gentle rocking and HRP-conjugated anti-rabbit or anti-mouse IgG secondary antibody for 

1 hour. After washing the membrane with TBS-T for three times with each washing lasting 10 minutes, 

the protein bands were visualized using ECL (Ab Frontier, Seoul, Korea) chemiluminescence detection 

kit.   
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III. RESULTS 

 

1. Binding of HMGB1 to LDL 

 

In order to test the binding of HMGB1 to lipoproteins, SPR assay was used. CM5 chip was fixed with 

HMGB1, and various concentrations of LDL, VLDL, HDL, and cholesterol were flowed over the chip. 

As shown in Figure 1A-D, HMGB1 bound to LDL and VLDL in dose-dependent manner, but not to HDL 

and cholesterol. Then the binding between HMGB1 and acetylated LDL (acLDL) was assessed using 

HMGB1-coated beads. Coating of microbeads with HMGB1 was confirmed (Figure 1E, red color). When 

the microbeads were treated with acLDL for 2 hours, the binding of acLDL to HMGB1-coated 

microbeads was dose-dependently increased (Figure 1E). When I tested the binding of HMGB1 to 

oxidized LDL (oxLDL) using Amplex®  Red Cholesterol assay, the binding was increased in a dose-

dependent manner of both molecules (Figure 1F). Moreover, the binding of oxLDL to HMGB1-coated 

plate was inhibited by free HMGB1 treatment (Figure 2), suggesting the specific binding between 

HMGB1 and oxLDL. 
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Figure 1. Binding of HMGB1 to LDL. (A-D) SPR assay of HMGB1 binding to LDL, VLDL, 

cholesterol, and HDL. Various concentrations were flowed over HMGB1-immobilized chips. LDL: 14.3, 

7.14, 3.57 nM, VLDL: 4.17, 2.08, 1.04 nM, cholesterol: 650, 325, 162.5, 81.25 M, and HDL: 571.4, 

285.7 nM. (E) Streptavidin-microspheres were treated with biotinylated HMGB1, and stained with 

primary and secondary antibodies of anti-HMGB1 and Alexa594-conjugated anti-Ig antibodies (left 

panel). Microspheres were incubated with acetylated LDL conjugated with Alexa 488. (F) EIA plates 

were coated with HMGB1 protein, and then various concentrations (10, 30, 50 μg/ml) of oxLDL were 

added for 3 hours at room temperature. Bound cholesterol amount was detected using Amplex®  Red 

cholesterol assay. 
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Figure 2. Inhibition assay of HMGB1 to oxLDL binding. HMGB1 (10 g/ml) was immobilized on 

EIA plate and treated with oxLDL without or with free HMGB1. Cholesterol content of bound oxLDL 

was measured by Amplex®  Red Cholesterol assay. N=3. 
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2. HMGB1 mediated increase of oxidized LDL uptake in macrophage 

 

Next I asked that what can be the role of HMGB1 binding to oxLDL. As previous studies 

demonstrated HMGB1’s pro-atherogenic role, I examined the effect of HMGB1 on oxLDL uptake by 

macrophages. When RAW264.7 macrophages were treated with pre-incubated mixture of DiI-oxLDL 

(oxLDL with red fluorescent tag) and HMGB1 for 4 hours, co-localization of the two molecules at the 

cell membrane could be observed (Figure 3A). After PMA-differentiated THP-1 human monocytes were 

incubated with DiI-oxLDL with and without HMGB1, DiI-oxLDL uptake was increased in a dose- and 

time-dependent manner in HMGB1 added cells (Figure 3B-E). Similar results were obtained when THP-1 

cells were incubated with oxLDL in the presence or absence of HMGB1 and stained with Oil Red O 

(Figure 3F). In order to assess HMGB1 effect on differentially oxidized LDL, THP-1 cells were treated 

with LDL, oxLDL, and highly-oxidized LDL (HoxLDL) in the absence or presence of HMGB1 followed 

by Nile red staining. Lipid uptake was increased in the presence of HMGB1 (Figure 3G). These data 

suggested that HMGB1 binds to LDL and modified LDL and increases their uptake by macrophages. 
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Figure 3. Uptake of modified LDL in macrophages. (A) RAW264.7 cells were incubated with a pre-

incubated mixture of DiI-oxLDL(10μg/ml)and HMGB1 (50μg/ml)for 4 hours. Cell surface binding of 

both molecules could be observed. (B) THP-1 cells were incubated with 30 μg/ml DiI-oxLDL with or 

without 10 μg/ml HMGB1 for 1, 6, 12 hours. DiI-oxLDL uptake was observed. (C) Quantification of B. 

Percentage of DiI-oxLDL-positive cells of all imaged cells.(D) THP-1 cells were incubated with 30 μg/ml 
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DiI-oxLDL with or without 2, 10, 30 μg/mlHMGB1 for 6 hours. (C) Quantification of D. Percentage of 

DiI-oxLDL-positive cells of all imaged cells. (F) THP-1 cells were incubated with 50 μg/ml oxLDL for 

24 hours with/out10μg/ml HMGB1, and Oil red O staining was performed. (G) THP-1 cells were treated 

with 30 g/ml LDL, oxLDL, and high-oxLDL in the absence or presence of HMGB1 and stained with 

Nile red.   
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3. HMGB1 effect on oxLDL uptake is mediated by CD36 scavenger receptor 

 

In order to find out which receptor/s is/are playing the key role in HMGB1 effect on oxLDL uptake, I 

pre-incubated HMGB1 and oxLDL with soluble receptors including receptor for advanced glycation end 

products (RAGE), toll like receptor 4 (TLR4), CD36 and lectin-like oxidized LDL receptor-1 (LOX-1). 

When these protein cocktails were treated to THP-1 cells, HMGB1-mediated increased oxLDL uptake 

was inhibited the most in the cells incubated with soluble CD36 and CD36/TLR4 (Figure 4A). This data 

suggested that CD36 is possibly the main mediator of HMGB1’s effect on oxLDL uptake. Next I checked 

whether HMGB1directly interacts with CD36 scavenger receptor. HMGB1 and CD36 purified proteins 

bound each other (Figure 4B) and CD36 in whole cell lysate (WCL) of THP-1 cells was also observed to 

bind with HMGB1 in vitro (Figure 4C). Interestingly, the binding between two molecules were stronger 

in the presence of oxLDL (Figure 4B and C). After1 hour treatment of oxLDL and HMGB1, CD36 and 

HMGB1 co-localized at the cell plasma membrane (Figure 4D bottom lane). Moreover, when CD36 was 

over-expressed in the cell (Figure 4E), HMGB1 mediated increased oxLDL uptake was even more 

enhanced (Figure 4F). These data indicated that HMGB1binds to modified LDL and increases its uptake 

in macrophages via CD36 scavenger receptor. 
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Figure 4. HMGB1 effect on oxLDL uptake is mediated by CD36 scavenger receptor. (A) 10 μg/ml 

DiI-oxLDL alone or preincubated with 10 μg/ml HMGB1 alone or with 10 μg/ml soluble receptor/s 

(sTLR4, sCD36, sCD36/TLR4, sLOX-1, sRAGE) for 1 hour at 37°C were treated to THP-1 cells for 3 

hours and the images were obtained by confocal microscope. (B) Protein G coupled beads coated with 

anti-HMGB1 antibody were incubated with CD36 and HMGB1 purified proteins for overnight. The 

precipitated proteins (with whole cell lysate (WCL) in case of (C)) were subjected to WB with anti-CD36 
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antibody and revealed binding between the two molecules. (D) THP-1 cells were treated with oxLDL 

with or without HMGB1 together for 1 hour and CD36 (green) and HMGB1 (red) were visualized using 

anti-CD36 and anti-HMGB1 antibodies, respectively. (E) HEK293T cells were transfected with CD36 

plasmids, wild type (WT), C terminal truncated, N/C terminals truncated, and immunostained using anti-

CD36 antibody and subjected to FACS analysis. (F) HEK293T cells transfected with WT CD36 plasmid 

or control pCMV vector were incubated with media only (control) or DiI-oxLDL with or without 

HMGB1 for 1 hour and lipid raft (green) was visualized using cholera toxin B-FITC; DiI-oxLDL (red). 
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IV. DISCUSSION 

 

 
Cardiovascular diseases are responsible for 31% of all deaths in the world

59
. Although numerous 

studies have been done, pathogenesis and causes of atherosclerosis remain largely unknown, and no 

efficient therapy has been found yet. Chronic inflammation plays a key role in atherosclerosis progression. 

One of the main mediators of inflammation is HMGB1 which are secreted by apoptotic cells and 

activated macrophages and monocytes. Engagement of HMGB1 with atherosclerosis has been suggested 

in several previous studies, however, its role and involvement in excessive lipid uptake by macrophages, a 

hallmark of atherogenesis, is still unknown. In this study, I have observed that HMGB1 selectively binds 

to LDL, VLDL and modified LDL, but not to HDL. One of the possible functions of this binding, here we 

have shown that HMGB1 increased the lipid uptake by macrophages. When HMGB1 was pre-incubated 

with modified LDL, the formed complex was more aggressively uptaken by macrophages when compared 

to the uptake of modified LDL alone (Figure 3). Furthermore, among several LDL uptake mechanisms by 

macrophages, CD36 scavenger receptor and ligand internalization showed to be mediating the observed 

HMGB1 effect. HMGB1 and CD36 had a direct interaction (Figure 4B, C). Moreover, when soluble 

CD36 was added to inhibit the endogenous CD36 binding to HMGB1-oxLDL complex, HMGB1 effect 

on oxLDL uptake was decreased (Figure 4A). In addition, when CD36 was transiently over expressed by 

HEK293T cells, HMGB1 effect on lipid uptake was enhanced (Figure 4F). Taken together, these results 

indicated that the possible mechanism through which HMGB1 enhances the uptake of modified LDL can 

be CD36 scavenger receptor. 

The binding of HMGB1 to LDL and VLDL, but not to HDL has significance in that HDL is 

known as a “good cholesterol” and LDL, VLDL – as “bad cholesterol”.  The reason why would HMGB1 

selectively bind to the “bad” and problematic molecule and not to “good” and harmless molecule, 

certainly caught our attention. HMGB1 not only bound to LDL, but also to modified LDLs including 

oxLDL and acLDL. Scavenger receptors, such as, CD36 recognizes oxidation specific epitopes of oxLDL. 
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Whether HMGB1 also recognizes oxLDL in a similar fashion is a subject of future studies. Further, 

structurally HMGB1 consists of two similar domains: anti-inflammatory A box and pro-inflammatory B 

box. In one of our ongoing experiments, we are using the separate A and B box peptides for oxLDL 

binding studies which can give us deeper knowledge in HMGB1 and oxLDL interaction. 

Here, we have also showed that HMGB1 directly interacted with CD36 scavenger receptor.  

Although we have examined whether HMGB1 had an effect on CD36 protein expression, different doses 

of HMGB1 did not alter CD36 expression level (data not shown). Notably, HMGB1 and CD36 binding 

was stronger in the presence of oxLDL (Fig. 4 B and C) which indicated the three molecules’ synergistic 

action. It was reported that oxLDL binding to CD36 was not inhibited by acLDL
52

 and a stable expression 

of CD36 in fibroblasts resulted in oxLDL, but not LDL or acLDL binding
53

. Other studies, however, 

reported that CD36 can also bind acLDL
54,55

. Therefore, whether HMGB1’s effect on increased acLDL is 

mediated by CD36 can be controversial and needs further investigation. Chemokines are reported to cause 

CD36 clustering, thus increased its responsiveness toward oxLDL via integrin activation
33

. In our study 

HMGB1 has been shown to have a similar action towards CD36 in response to oxLDL. As shown in 

Figure 4D, oxLDL increased CD36 clustering, confirming the previous reports, and interestingly, 

HMGB1 addition further increased that clustering. One of the underlying mechanisms behind this might 

be that HMGB1 also activates integrin, increasing its affinity and valency
56

. This HMGB1 mediated 

increased CD36 aggregation at cell membrane might have boosted the responsiveness of CD36 to oxLDL. 

Different ligands induce different CD36 downstream signaling. Molecular mechanisms underlying CD36 

mediated oxLDL uptake include Jun-kinase (JNK) 1 and 2, Vav scaffold protein, IRGM, and mitogen-

activated kinases, such as p38 and ERK1/2
60

. We are currently investigating some of these downstream 

signals which can be activated by HMGB1 and mediate the increased oxLDL uptake. CD36 is a multi-

functional receptor which engages not only in oxLDL uptake, but also in apoptosis, caspase activation, 

angiogenesis, cancer metastasis, inflammation, and many others. Thus, binding between HMGB1 and 

CD36 should be examined further for other astonishing findings outside atherosclerosis context. 
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Although various functions of HMGB1have been reported previously, our data suggest that its’ 

another novel role might be LDL scavenging during atherosclerosis. Oxidized LDL induces HMGB1 

release
58

. Moreover, excessive LDL uptake causes macrophage apoptosis which enables more HMGB1 

release. The secreted HMGB1 can then attach to extracellular proteoglycan molecules, such as syndecan 

61
 and attract macrophages and monocytes, and additionally can retain more LDLs and modified LDLs 

(needs evidence in further investigation). These events can worsen lipid accumulation and foam cell 

formation which can result in a vicious cycle of oxLDL uptake and increased HMGB1 secretion. 

Therefore, HMGB1 is undoubtedly an important target of atherosclerosis and identifying a binding 

portion of HMGB1 to oxLDL can be useful for future therapeutic application. 
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V. CONCLUSION 

 

 
HMGB1 binds to LDL and modified LDL specifically. HMGB1 bound modified LDL is more 

actively uptaken by macrophages which can progress them to become foam cells. One of the possible 

mediators of the observed HMGB1 effect is CD36 scavenger receptor (Figure 5). 
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Figure 5. HMGB1 binds to modified LDL and enhances its uptake by macrophages through CD36 

scavenger receptor – graphical abstract. Extracellular HMGB1 binds to modified LDL, and the formed 

HMGB1∙ modified LDL complex binds to CD36 scavenger receptor in the lipid raft of the macrophage 

surface and endocytosed more aggressively into the cell, leading to more lipid droplet formation. 

Excessive LDL ingestion leads to more HMGB1 secretion
58

 which can facilitate further increased uptake 

of oxLDL. 
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ABSTRACT (IN KOREAN) 

 

HMGB1의 저밀도 지질단백질과의 결합으로 인한 상호작용 및 대식세포로의 uptake에 

미치는 영향  

 

지도교수 신 전 수 

 

연세대학교 대학원 의과학과 

 

Khulan Lkhamsuren 

 
동맥경화는 동맥 혈관벽 내막 내 지질의 축적에 의해 발생하는 염증성 심혈관계 

질환으로 심근경색 및 뇌졸중을 야기한다. 핵단백질인 HMGB1 은 면역과 염증 반응에 중요한 

역할을 하는 것으로 알려져 있다. HMGB1 은 동맥경화증의 진행에 연관 있는 동맥경화증병변 

부위에서 증가되어 있다. 본 연구에서는 HMGB1 이 저밀도 지질단백질과 변형된 저밀도 

지질단백질에 직접적으로 결합하는 것을 확인하였다. 그리고 HMGB1 을 시간, 농도 

의존적으로 처리하였을 때, THP-1 대식세포에서 변형된 저밀도 지질단백질의 uptake 가 

증가하였다. 또한 수용성 CD36 청소 수용체 단백질을 추가하였을 경우 변형된 저밀도 

지질단백질 uptake 에서의 HMGB1 효과가 감소하였다. 게다가, HMGB1 이 CD36 과 직접 결합을 

하는 것을 확인하였고, CD36 을 과발현시키면 변형된 저밀도 지질단백질의 uptake 에 대한 

HMGB1 의 효과가 증가되었다. 이를 종합하면 본 연구에서는 HMGB1 이 변형된 저밀도 

지질단백질과 결합하여 CD36 청소 수용체를 통한 대식세포로의 uptake 를 증가시켜 

동맥경화 형성촉진에 관여함을 제시하고자 한다. 

 

_____________________________________________________________________________ 

핵심뒤는 말: HMGB1, 저밀도지질단백질, CD36, 동맥경화 


