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ABSTRACT 

The role of histone cytotoxicity in synovial inflammation 

 

Hanna Kim 

 

Department of Medicine 

The Graduate School, Yonsei University  

 

(Directed by Professor Jungsik Song) 

 

Histones are cationic DNA-binding proteins released by cells during 

cell death processes, such as NETosis. In this study, we investigated the 

role of extracellular histones that regulate the functions of the 

synoviocytes and macrophages, which play essential roles in mediating 

chronic inflammation in rheumatoid arthritis. We used the synoviocyte 

cell line MH7A and the macrophage cell line THP-1 for this study. We 

evaluated histone-mediated cytotoxicity through 7-aminoactinomycin D 

(7-AAD) staining and lactate dehydrogenase (LDH) release assay. We 

also measured the levels of high mobility group box-1 (HMGB1) and 

ATP to investigate the production of damage-associated molecular 

patterns (DAMPs). Moreover, cells were administered with chondroitin 

sulfate to suppress histone-mediated cytotoxicity. We also compared the 

cytotoxic potential of the histone subtypes by analyzing the α1 domain of 

each core protein. Histones increased LDH levels and binding of 7-AAD 

in MH7A and THP-1 cells and increased the extracellular levels of ATP 

and HMGB1. Furthermore, chondroitin sulfate reduced histone-mediated 

cytotoxic effect on the cells. The H2B-α1 peptide showed the highest 

cytotoxicity among all histone subtypes. Moreover, we observed that the 

cytotoxicity decreased when arginine in H2B-α1 was replaced with 

citrulline. Histones induce lytic cell death, thereby leading to synovial 

inflammation of synoviocytes and macrophages by inducing the secretion 

of DAMPs, such as ATP and HMGB1.  

                                                            

Key words : histone, cytotoxicity, DAMP, synoviocyte, macrophage 
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I. INTRODUCTION 

Histones are DNA-binding cationic proteins present in the nucleus of all 

eukaryotic cells1. Histones that constitute nucleosomes, the basic subunit of 

the chromatin, are known to regulate gene expression2. Nucleosomes contain 

147 bp of DNA that wraps approximately one and a half turns around a 

protein octamer core containing two dimers of the histone proteins H2A–H2B 

and one H3–H4 tetramer3. Positively charged histones and negatively charged 

phosphate groups of DNA combine to form a stable structure4. Histones are 

divided into two groups: the core histones (H2A, H2B, H3, and H4) and linker 

histone (H1)5. The four core histones have similar structures with a preserved 

central motif domain and an unstructured amino acid tail. These core histones 

form an octamer, the basic core particle of the nucleosome, which exists as an 

intact entity at high ionic strengths. In contrast, the linker histone H1 binds to 

the beginning and end of nucleosomes, allowing the DNA to stabilize at 

higher-dimensional structures. Studies have highlighted that histones and 

DNA–histone complexes are released into the extracellular space during cell 

death processes like necrosis, apoptosis, and NETosis6, 7. Rheumatoid arthritis 

(RA) is characterized by chronic synovial inflammation, with the detection of 
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autoantibodies that recognize autoantigens such as citrullinated proteins being 

the primary diagnostic test8. Recent studies have highlighted the role of 

citrullinated histones as autoantigens in RA9. Activation of PAD4 gives rise to 

citrullinated histones, making NETosis a key driver of autoantigen production 

in RA10, 11. In addition, immunization of histones in a mouse model of arthritis 

aggravated the severity of the disease. During sepsis, histones released into the 

blood induce systemic inflammation, thereby activating TLR412, 13. In addition, 

extracellular histones play a critical role in the pathogenesis of atherosclerosis 

by inducing lytic cell death14. However, the role of extracellular histones in 

RA progression remains largely unexplored. In this study, using synoviocytes 

and macrophages, we investigated how histones released from the cell during 

cell death processes, such as NETosis, influence synovial inflammation.  

 

II. MATERIALS AND METHODS 

1.Cell culture and reagents 

Human synovial fibroblast cell line MH7A (synoviocytes) were cultured in 

RPMI-1640 containing 25 mM HEPES and L-glutamine (Hyclone, Logan, 

Utah, USA), supplemented with heat-inactivated 10% fetal bovine serum (FBS, 

Hyclone, Logan, Utah, USA), 100 units/mL penicillin, and 100 μg/mL 

streptomycin. THP1-High Mobility Group Box-1 (HMGB1)-LuciaTM cells, 

derived from THP-1 human monocyte cell line, were purchased from 

InvivoGen (San Diego, USA) and grown in RPMI-1640 (Hyclone, Logan, 

Utah, USA), supplemented with 25 mM HEPES, L-glutamine, heat-inactivated 

10% FBS, 100 units/mL penicillin, 100 μg/mL streptomycin, and 500 mg/mL 

Normocin (InvivoGen, San Diego, USA).  

 For all assays, THP1-HMGB1-LuciaTM cells were seeded at a density of 1 × 
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105 cells/well in 96-well plates and differentiated into adherent macrophages 

with 25 ng/mL phorbol 12-myristate 13-acetate (PMA, Sigma-Aldrich, 

Missouri, USA) overnight. Cells were subcultured on every third to fourth day 

and maintained in humidified incubators at 37℃ and 5% CO2. 

 

2. Lactate dehydrogenase (LDH) release assay 

The level of LDH released into the medium by cells killed or damaged due to 

apoptosis or necrosis was measured using a commercial LDH assay kit 

(EZ-LDH, DoGenBio, Korea). This kit measures the amount of a water-soluble 

tetrazolium salt (WST) to determine the cytotoxicity of cells. The optical 

density of soluble WST was measured at 450 nm using FlexStation3 microplate 

reader (Molecular Devices, San Jose, CA, USA). Cells were seeded onto 

96-well plates at a density of 1 × 105 cells/well in serum-free media containing 

antibiotics. Four control groups are required for measuring LDH levels at 3 or 

24 h after incubation with different concentrations of calf histones (Roche, 

Basel, Switzerland). The background control measures the level of LDH 

released by cells supplemented with FBS, and the low control measures the 

level of LDH released by naturally dead or damaged cells during the 

experimental process. In addition, 10 μL lysis solution was added to the cells to 

artificially kill the cells for measuring the maximum level of LDH that can be 

released by the cells (high control). Likewise, 10 μL lysis solution was added to 

100 μL of media to compensate for the volume increased by adding the lysis 

solution in the high control. Further, 10 μL supernatant of each sample and 100 

μL LDH Reaction Mix (WST substrate mix, LDH assay buffer) were incubated 

at room temperature in the dark for 30 min, and the absorbance was then 

measured at 450nm.  
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3. Quantification of HMGB1 by luciferase assay 

In this assay, HMGB1 is released when the cell membrane ruptures due to 

inflammasome-mediated pyroptosis or necroptosis. The extent of cell death was 

measured with a luminometer (FlexStation3, Molecular Devices, USA) using 

luciferin, a light-emitting molecule. In addition, 15 μL sample from each well 

was mixed with 50 μL QUANTI-LucTM (InvivoGen, San Diego, USA), and the 

luciferase reading was then measured immediately.  

 

4. ATP-monitoring luminescence assay 

ATP is a marker of cell viability owing to its presence in all metabolically 

active cells. The concentration of ATP declines rapidly when cells undergo 

necrosis or apoptosis. ATPlite (PerkinElmer, Waltham MA, USA) is a 

luciferase-based assay for quantitative evaluation of cell proliferation and 

cytotoxicity. For this assay, cells were seeded onto a 96-well plate at a density 

of 1 × 105 cells/well. The cells were treated with different concentrations of 

histones, and samples were prepared after 3 or 24 h of treatment. Then, the 

ATPlite buffer and lyophilized substrate solution were mixed. Finally, 50 μL of 

the mixture and 50 μL of each sample were incubated for 10 min, followed by 

luminescence measurement. 

 

5. Enzyme-linked immunosorbent assay (ELISA) for human tumor necrosis 

factor alpha (TNFα)  

TNFα levels were measured using an ELISA kit (Invitrogen, San Diego, USA) 

as per the manufacturer’s instructions. The microplate was coated with specific 

antibodies provided in the ELISA kit and incubated at 4℃ overnight. The plate 



6 

 

was then washed three times, and 200 μL blocking buffer was added and 

incubated at room temperature for 1 h. After washing three times, the cell 

supernatant of each group and standards was added and incubated at room 

temperature for 2 h. Each wells were washed three times, and then added target 

protein antibodies for incubation at room temperature for 2 h. The optical 

density was measured at 450 nm with a microplate reader. 

 

6. Flow cytometry for measure cell viability with 7-AAD 

To detect cell membrane damage in flow cytometry, a fluorescent marker 

7-AAD (Invitrogen, San Diego, USA) was used. MH7A cells were seeded at a 

density of 5 × 105 cells/well and treated with various doses of histone for 3 h at 

room temperature. Then, 1 μg/mL 7-AAD was added to the cells and incubated 

for 30 min. Cells were analyzed on BD LSRII SORP (bdbiosciences, San Jose, 

USA) to detect 7-AAD. Because 7-AAD does not easily pass through the 

intact cell membrane, only cells with damaged membrane by histone were 

detected positive for 7-AAD. As a positive control 7-AAD, the cell membrane 

was permeabilized with Triton X-100. Cell viability was calculated according 

to the ratio between the cells not treated with Triton X-100 and those treated 

with 2.5 g/L Triton X-100 for 30 min. 
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III. RESULTS 

1. Histone induces cytotoxicity in synoviocytes 

Previous reports highlighted the role of histones in inducing cell death in 

organs, including the brain, lung, liver, and kidney. Thus, we investigated if 

the extracellular histones in RA synovial fluid can induce cell injury and death 

of synoviocytes. We observed that histones increased cytotoxicity in MH7A 

cells, as measured by the LDH release assay and ATP luminescence assay 

(Figure 1A and B). In addition, 7-AAD staining confirmed the ability of 

histones to induce cell death (Figure 1C).  

 

 

 

 

Figure 1. Histones induce lytic cell death in synoviocytes. MH7A cells 

treated with the indicated concentrations of histones and incubated for 3 
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and 24 h analyzed using LDH release assay and ATP luminescence assay 

(A and B). MH7A cells treated with the indicated concentrations of 

histones and incubated for 3 h analyzed using 7-aminoactinomycin D 

(7-AAD) (C). ANOVA with Tukey–Kramer multiple comparison test was 

used. *P < 0.05, **P < 0.01, and ***P < 0.001.   

 

Moreover, cell viability staining using calcein-AM established the ability of 

histones to induce cell lysis (Figure 2).  

 

 

 

Figure 2. Histones induce cytotoxicity in synoviocytes as assessed by 

calcein staining. Representative confocal microscopy images of MH7A cells 

stained with calcein-AM before and 30 min after adding histones (250 μg/mL). 

Original magnification, 400X. 
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2. Histones induce cytotoxicity in macrophages 

We tested the ability of histones to induce cell death in macrophages. The 

results of the LDH release assay and ATP luminescence assay showed that 

histones increased cytotoxicity in this human monocytic cell line (Figure 3A 

and B). These results suggest that histones in RA synovial fluid might 

contribute to the pathogenesis of the disease by inducing lytic cell death of 

synoviocytes and macrophages. 

 

 

 

Figure 3. Histones induce lytic cell death in macrophages. Cytotoxicity 

was assessed in THP-1 cells treated with the indicated concentrations of 

histones and incubated for 3 h using an LDH release assay (A). Cytotoxicity 

was assessed in THP-1 cells treated with the indicated concentrations of 

histones and incubated for 24 h using the ATP luminescence assay (B). All 

values are expressed as the mean ± SEM. ANOVA with Tukey–Kramer 

multiple comparison test was used. *P < 0.05, **P < 0.01, and ***P < 0.001. 
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Synovial macrophages are one of the most abundant inflammatory cell types in 

the synovium of RA patients, and activated macrophages produce various 

cytokines to recruit additional immune cells to cause inflammation. Thus, we 

determined the level of HMGB1, a well-studied damage-associated molecular 

patterns (DAMPs), in THP-1 cells to investigate the histone-induced DAMPs 

production of macrophages (Figure 4A). We also measured the level of TNFα, 

one of the most important pro-inflammatory cytokines known to participate in 

RA, in THP-1 cells to demonstrate that histones can enhance the inflammatory 

process involving macrophages (Figure 4B).  
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Figure 4. Histones induce the release of HMGB1 and TNFα from 

macrophages. THP-1 cells treated with the indicated concentrations of 

histones and incubated for 3 and 24 h (A) and for 24 h with or without 

adding LPS (B). Data are expressed as the mean ± SEM. ANOVA with 

Tukey–Kramer multiple comparison test was used. *P < 0.05, **P < 0.01, 

and ***P < 0.001. The experiments were performed with replicates of three 

wells per condition.  

 

3. TNFα increases the ability of histones to induce cytotoxicity 

Histones that bind to negatively charged DNA exhibit their cytotoxic effects 

by binding to cells through their strong positive charge. Hence, we analyzed the 

effects of charged molecules and other molecules that can potentially interfere 

with histone biding to investigate the regulatory mechanism of histone-induced 

cytotoxicity. We first analyzed the binding of positively charged poly-l-lysine to 

cells treated with 0, 10, and 100 ng TNFα. Cells treated with a higher 

concentration of TNFα showed increased binding of poly-l-lysine (Figure 5).  
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Figure 5. Polycation binding to MH7A cells as measured using FACS 

analysis. MH7A cells were incubated with the indicated concentrations of 

TNFα for 3 h. Fluorescence was measured using FACS after treating cells 

with poly-l-lysine-FITC. 

 

Our investigation revealed that histone-mediated cytotoxicity increased when 

cells we cotreated with TNFα and histone than with histone alone because of the 

tendency of TNFα to enhance the anionic nature of the cell surface (Figure 6).  

 

 

 

Figure 6. TNFα induces histone-mediated cytotoxicity by modulating 

histone binding. Cytotoxicity was assessed using LDH release assay. 

MH7A cells were treated with the indicated concentration of histone and 

TNFα and incubated for 24 h. ANOVA with Tukey–Kramer multiple 

comparison test was used. *P < 0.05, **P < 0.01, and ***P < 0.001. 
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4. Chondroitin sulfate regulates histone-induced cytotoxicity 

Histone-induced cytotoxicity was strongly inhibited by chondroitin sulfate, 

although hyaluronic acid also showed some inhibitory effect on histone-induced 

cytotoxicity (Figure 7). 

 

 

 

Figure 7. Chondroitin sulfate reduces histone-mediated toxicity. 

Cytotoxicity was assessed using LDH release assay. THP-1 cells were 

differentiated with PMA. The cells were cotreated with calf histone and 

chondroitin sulfate or hyaluronic acid and incubated for 24 h. Data are 

expressed as the mean ± SEM. ANOVA with Tukey–Kramer multiple 

comparison test was used. *P < 0.05, **P < 0.01, and ***P < 0.001. The 

experiments were performed with replicates of three wells per condition. 
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5. H2B-α1 induces membrane damage 

We next investigated which domain of histone induces histone-mediated 

cytotoxicity. Referring to the previously studied histone structure, we tested the 

α1 domain of each core protein, H2A, H2B, H3, and H4. When MH7A and 

THP-1 cells were treated with the peptides for the major domains of each 

histone, H2B-α1 peptide strongly induced cytotoxicity in MH7A and THP-1 

cells (Figure 8). 

 

 

 

 

Figure 8. H2B strongly induces cytotoxicity and induces HMGB1 

release in macrophages. MH7A cells and PMA-differentiated THP-1 cells 
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were treated with the indicated concentration of histone peptides and 

incubated for 24 h. The cytotoxicity levels were measured by LDH release 

assay (A, B). PMA-differentiated THP-1 cells were treated with histone 

peptides (50 μM), followed by 24 h incubation (Figure 8C). HMGB1 

release was measured by luciferase assay and calculated as fold increase. 

ANOVA with Tukey–Kramer multiple comparison test was used. *P < 

0.05, **P < 0.01, and ***P < 0.001. 

 

In addition, the expression pattern of the H2B-GFP fusion protein revealed 

that the increased H2B binding significantly correlated with THP-1 cell death 

(Figure 9). 

  

 

Figure 9. H2B is responsible for histones-induced cell damage and 

death. PMA-differentiated THP-1 cells were treated with H2B-GFP (400 

nM) for 1 h. Cell viability was determined using LIVE/DEAD Fixable 

Near-IR Dead Cell Stain Kit and FACS analysis.  
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6. Citrullination inhibits H2Bα1-induced cytotoxicity 

Because the binding of histone proteins can be altered by modification of its 

positive charge, we replaced the positively charged arginine in H2B-α1 with 

citrulline. Citrullination of H2B-α1 inhibited H2B-α1-induced cytotoxicity and 

HMGB1 production (Figure 10A and B). 

 

 

 

Figure 10. Citrullination inhibits extracellular histone-mediated 

cytotoxicity. PMA-differentiated THP-1 cells were treated with 50 μM of 

native or citrullinated H2B-α1 peptide and incubated for 24 h. Cytotoxicity 

levels were measured by LDH release assay (Figure 10A), and HMGB1 

release was measured by luciferase assay and calculated as fold increase 

(Figure 10B). Data are expressed as the mean ± SEM. ANOVA with 

Tukey–Kramer multiple comparison test was used. *P < 0.05, **P < 0.01, 

and ***P < 0.001. 
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IV. DISCUSSION 

During NETosis, DNA and DNA-binding proteins such as histones are 

released by neutrophils due to cell lysis15. Interestingly, citrullinated histone is 

an important marker of NETosis, and anti-CCP antibodies with a high 

diagnostic specificity in RA recognize the citrullinated histones. In this study, 

we investigated how extracellular histones released by cells affect synovitis. 

Our study revealed that histone causes cytotoxicity to synoviocytes and 

macrophages and promotes inflammation16. 

Histone induces the production of DAMPs, including ATP, HMGB1, and 

interleukin (IL)-1β, and increases the secretion of TNFα17-19. These 

pro-inflammatory mediators are thought to be involved in RA synovitis20. In 

addition, DAMPs are produced during cell damage to allow the immune 

system to respond and induce chemotaxis of immune cells19, 21. Although 

histones alone may induce the secretion of TNFα, LPS further augments 

TNFα production. Therefore, although histone cytotoxicity may not 

remarkably affect healthy individuals, it may have an augmented 

pro-inflammatory effect in RA patients with chronic inflammation. 

Positively charged histones react with the negatively charged cell membrane, 

thereby causing cytotoxicity22. Interestingly, pro-inflammatory cytokines such 

as TNFα increase the levels of surface anionic molecules. In our study, TNFα 

increased the binding of poly-lysine-FITC on cell surfaces. Thus, we 

concluded that histones induce cytotoxicity in inflamed cells1. Our study was 

conducted in serum-free conditions to prevent the binding of histones to 

anionic proteins in serum to inhibit histone-mediated cytotoxicity. We also 

found that anionic proteins such as chondroitin sulfate in the synovial fluid 

can inhibit histone-mediated cytotoxicity23. 
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The N-terminal of histones binds to DNA, whereas its C-terminal is 

associated with epigenetic changes. The α1 helix in the N-terminal histone 

protein H2A exerts an antibacterial effect24, 25. In our study, the α1 helix 

peptide of H2B exhibited a lytic effect. However, replacement of arginine 

with citrulline abolished the membrane cytotoxicity26. This led us to conclude 

that the positive charge of arginine is capable of inducing cytotoxic effects. 

During NETosis, histones are citrullinated by PAD4 to neutralize the 

cytotoxic effects. However, citrullinated histones have the ability to act as 

autoantigens27. These findings suggest that extracellular histones play an 

essential role in the pathogenesis of RA, either by inducing cytotoxicity or 

acting as autoantigens28, 29. 

The limitation of this study is that because the study was conducted in 

serum-free in vitro conditions, in vivo experiments are needed to evaluate the 

role of extracellular histones in arthritis. In addition, the role of 

histone-binding proteins in serum should be investigated to understand the 

effect of extracellular histones in vivo. 

 

V. CONCLUSION 

Histones are released into the extracellular space during cell death processes, 

such as NETosis. This study identified the role of extracellular histones in 

regulating the functions of synoviocytes and macrophages, and these cells play 

a critical role in mediating chronic inflammation in rheumatoid arthritis. 

We analyzed 7-AAD staining and LDH release assay to confirm 

histone-mediated cytotoxicity and found that histones induced cytotoxicity on 

synoviocytes and macrophages. We also demonstrated that extracellular levels 

of HMGB1 and ATP were increased by histones. In addition, TNFα enhanced 
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the anionic properties of the cell surface and increased histone cytotoxicity by 

promoting histone binding to cell membrane while chondroitin sulfate 

attenuated histone cytotoxicity by preventing histone binding to cell membrane. 

We compared the cytotoxicity potential of histone subtypes by analyzing the 

α1 domain of each core histone. H2B-α1 peptide showed the highest 

cytotoxicity among histone subtypes. Furthermore, when arginine of H2B-α1 

peptide is replaced with citrulline, H2B-α1 induced cytotoxicity and HMGB1 

production were decreased. 

In conclusion, our study demonstrated that extracellular histones produced 

during NETosis induce the production of DAMPs, such as ATP, HMGB1, and 

IL-1β, by causing lysis of macrophages or synoviocytes. Therefore, these 

results indicate that histones in RA synovial fluid induce lytic cell death of 

synoviocytes and macrophages and play a pro-inflammatory role in synovitis. 
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ABSTRACT(IN KOREAN) 

히스톤 세포독성이 활막염증에 미치는 영향 

 

<지도교수  송 정식> 

 

연세대학교 대학원 의학과 

 

김 한나 

 

히스톤은 DNA와 결합하는 양이온 단백질이며, NETosis 등의 세포 

사멸시에 세포 밖으로 방출된다. 세포외 히스톤은 세포막에 손상을 

일으켜 염증에 관여한다. 본 연구에서는 세포외 히스톤이 류마티스 

관절염의 만성 염증에 중요한 역할을 하는 활막세포와 대식세포에 

미치는 영향을 연구하였다. 활막세포 세포주로는 MH7A 세포와 

대식세포의 세포주로는 THP-1 세포를 사용하였다. 히스톤에 의한 세포 

사멸 정도를 확인하기 위해 7-아미노액티노마이신 D 염색과 젖산 

탈수소효소 방출을 측정하였다. 손상 연관 분자유형의 발생을 확인하게 

위해 히스톤을 처리하고 HMGB1과 ATP를 측정하였다. 히스톤의 독성을 

억제하기 위해 chondroitin sulfate를 투여하고 세포독성이 감소하는지 LDH 

release assay를 통해 확인하였다. 히스톤 독성을 일으키는 기전을 

연구하기위해 히스톤 subtype에서 alpha1 펩타이드를 만들어 subtype들 

간의 세포독성을 비교하였다. 본 연구를 통해 히스톤이 MH7A 세포와 

THP-1 세포 내 젖산 탈수소효소 방출을 증가시키고, DNA에 강한 

친화성을 갖는 형광 화합물인 7-아미노액티노마이신 D 양을 결합을 

증가시켰다. 뿐만 아니라 세포외 ATP, HMGB1의 양을 증가시켰다. 반면, 

chondroitin sulfate는 히스톤 세포독성을 감소시키는 것을 확인하였다. 

히스톤 subtype 중 H2Ba1 펩타이드가 가장 높은 세포독성을 보였으며, 

H2Ba1의 아르기닌을 시트룰린으로 바꾸었을 때 세포독성이 감소하는 

것을 알 수 있었다. 종합적으로 보면, 히스톤은 활막세포와 대식세포에서 

lytic 세포사멸을 유발하고, ATP, HMGB1 등을 분비하도록 하여 활막 

염증에 관여할 것으로 생각되어진다. 
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