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Abstract

We have previously demonstrated that exposure to cobalt nanoparticles (Nano-Co) caused 

extensive interstitial fibrosis and inflammatory cell infiltration in mouse lungs. However, the 

underlying mechanisms of Nano-Co-induced pulmonary fibrosis remain unclear. In this study, 

we investigated the role of high-mobility group box 1 (HMGB1) in the epithelial cell-fibroblast 

crosstalk in Nano-Co-induced pulmonary fibrosis. Our results showed that Nano-Co exposure 

caused remarkable production and release of HMGB1, as well as nuclear accumulation of 

HIF-1α in human bronchial epithelial cells (BEAS-2B) in a dose- and a time-dependent manner. 

Pretreatment of CAY10585, an inhibitor against HIF-1α, significantly blocked the overexpression 

of HMGB1 in cell lysate and the release of HMGB1 in the supernatant of BEAS-2B cells induced 

by Nano-Co exposure, indicating that Nano-Co exposure induces HIF-1α-dependent HMGB1 

expression and release. In addition, treatment of lung fibroblasts (MRC-5) with conditioned media 

from Nano-Co-exposed BEAS-2B cells caused increased RAGE expression, MAPK signaling 

activation, and enhanced expression of fibrosis-associated proteins, such as fibronectin, collagen 1, 

and α-SMA. However, conditioned media from Nano-Co-exposed BEAS-2B cells with HMGB1 

knockdown had no effects on the activation of MRC-5 fibroblasts. Finally, inhibition of ERK1/2, 

p38, and JNK all abolished MRC-5 activation induced by conditioned media from Nano-Co-

exposed BEAS-2B cells, suggesting that MAPK signaling might be a key downstream signal of 

HMGB1/RAGE to promote MRC-5 fibroblast activation induced by Nano-Co. These findings 

have important implications for understanding the pro-fibrotic potential of Nano-Co.
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Introduction

Cobalt nanoparticles (Nano-Co) have a wide range of industrial applications, such as 

metal ceramics, diamond tools, hominess alloy, ferrofluids, and so on (Dutz et al. 2020; 

Milikić et al. 2022; Simm et al. 2006; Younus et al. 2019). In the field of biomedicine, 

magnetic nanoparticles, including Nano-Co, have also been used as effective contrast agents 

for magnetic resonance imaging (MRI) and for the ablation of tumors through magnetic 

thermotherapy (Perez et al. 2020). Cobalt is a relatively rare magnetic element with non-

negligible health hazards of carcinogenicity, sensitization, and pro-fibrogenesis (Lison et 

al. 2001; Nemery 1990; Thyssen 2012). Cobalt metal and soluble cobalt(II) salts were 

classified as "probably carcinogenic to humans" (Group 2A) by the International Agency for 

Research on Cancer (IARC) (IARC. 2023; Middleton et al. 2024). Individuals are at risk for 

multiple routes of cobalt exposure, including inhalation, ingestion, skin, and/or eye contact. 

According to the Pocket Guide to Chemical Hazards released by the National Institute 

for Occupational Safety and Health (NIOSH), the recommended exposure limit (REL) 

for cobalt metal dust and fume is 0.05 mg/m3 (TWA) (https://www.cdc.gov/niosh/npg/

npgd0146.html). However, the occupational exposure limits for Nano-Co are not yet clearly 

defined. Thus, more evidence from epidemiological and toxicological investigations is 

urgently required for the risk assessment and exposure control of Nano-Co.

Cobalt or its compounds have shown acute toxicity both in vitro and in vivo (Simonsen et 

al. 2012). The release of high concentrations of cobalt ions (Co2+) from cobalt-chromium 

(Co-Cr) alloys induced apoptosis, necrosis, and inflammatory responses in lymphocytes and 

macrophages (Akbar et al. 2011; Kwon et al. 2009). Yet nano-scaled metal particles usually 

exhibited different or even stronger toxic effects than their micro- or bulk-sized particles 

(Brown et al. 2013; Zhang et al. 2000). Current toxicological evidence has revealed the 

neurotoxic, genotoxic, and carcinogenic potential of cobalt-based nanoparticles and partially 

elucidated the underlying mechanisms, including enhanced oxidative stress, inflammasome 

activation, and genomic DNA damage (Feng et al. 2020; Lin et al. 2024). Lin et al. 

recently documented the neurotoxicity of Nano-Co by stimulating the excessive production 

of mitochondrial ROS and the activation of PI3K/AKT/mTOR signaling in glioma cells 

(Lin et al. 2024). Our previous investigation revealed that exposure to Nano-Co upregulated 

levels of DNA damage markers, including γ-H2AX, 8-OHdG, and ATM, both in mouse 

lung tissues and human lung epithelial cells (Wan et al. 2012; Wan et al. 2017). Notably, 

intratracheal instillation of Nano-Co caused massive inflammatory cell infiltration, focal 

proliferation of alveolar epithelial cells, alveolar septal thickening, and finally fibrosis in 

mouse lung tissues (Wan et al. 2017). However, the underlying mechanisms of Nano-Co-

induced pulmonary fibrosis are still unknown and need further exploration.
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The aberrant interaction between lung epithelial cells and lung fibroblasts was considered 

crucial to tissue homeostasis and the development of pulmonary fibrosis (Xu et al. 2018; 

Zhang et al. 2023). Sustained and repeated injury drives epithelial cells to release damage-

associated molecular patterns (DAMPs), including high mobility group box-1 (HMGB1), 

which could, in turn, trigger fibroblast activation and extracellular matrix (ECM) deposition, 

a key initiating event in lung fibrosis (Isshiki et al. 2024). In this study, we focused on 

the role of HMGB1 in epithelial cell-fibroblast interactions in the development of Nano-

Co-induced pulmonary fibrosis. HMGB1 belongs to the high-mobility group box protein 

family, which is the first described DAMP (Rarick et al. 2024). HMGB1 could sense 

and coordinate the cellular stress responses, thus playing a protective role in chromatin 

stabilization, autophagy maintenance, and anti-cell death inside the cells, and acting as a 

pro-inflammatory and pro-fibrosis stimulus outside (Kang et al. 2014). Significantly higher 

levels of HMGB1 in the alveolar lavage fluid of patients with pulmonary fibrosis have been 

observed as compared to the controls (Hamada et al. 2008). In vivo studies also indicated 

that bleomycin administration induced a remarkable increase in HMGB1 production in the 

mouse lungs (He et al. 2007; Kida et al. 2018). In addition, the treatment of recombinant 

HMGB1 protein (250 and 1000 ng/mL) significantly promoted the fibrotic transformation 

of human fetal lung fibroblasts (MRC-5) (Hou et al. 2015). However, whether Nano-Co 

exposure could elevate the expression and release of HMGB1 in human bronchial epithelial 

cells, thus leading to pulmonary fibroblast activation is still unclear.

In the present study, we investigated the potential mechanisms underlying Nano-Co-induced 

lung fibroblast activation and pulmonary fibrosis. First, we focused on the production and 

secretion of HMGB1 in BEAS-2B cells exposed to Nano-Co and the potential mechanisms. 

Subsequently, conditioned media from Nano-Co-exposed BEAS-2B cells with or without 

HMGB1 knockdown was applied to culture MRC-5 fibroblasts, and the expressions of 

fibrosis-associated proteins in MRC-5 cells were determined to explore whether BEAS-2B-

derived secretory HMGB1 could activate MRC-5 fibroblasts. We also examined the 

expression of RAGE, an HMGB1 receptor, and phosphorylation levels of MAPK signaling 

proteins in MRC-5 fibroblasts cultured in conditioned media. Titanium dioxide nanoparticles 

(Nano-TiO2) were used as a nanoparticle control, as our previous studies showed that 

Nano-TiO2 exposure elicited only a minor and negligible HIF-1α nuclear accumulation and 

fibrotic response (Wan et al. 2017; Yuan et al. 2022).

Materials and methods

Chemicals and reagents

HMGB1 (D3E5) Rabbit mAb #6893 (1:1000), β-Actin (E4D9Z) Mouse mAb #58169 

(1:1000), RAGE (E7I6S) Rabbit mAb #55222 (1:1000), p44/42 MAPK (Erk1/2) (3A7) 

Mouse mAb #9107 (1:1000), Phospho-p44/42 MAPK (Erk1/2) (Thr202/Tyr204) Antibody 

#9101 (1:1000), p38 MAPK Antibody #9212 (1:1000), Phospho-p38 MAPK (Thr180/

Tyr182) (3D7) Rabbit mAb #9215 (1:1000), JNK2 (56G8) Rabbit mAb #9258 (1:1000), 

Phospho-SAPK/JNK (Thr183/Tyr185) (81E11) Rabbit mAb #4668 (1:1000), COL1A1 

(E8F4L) Rabbit mAb #72026 (1:1000), Fibronectin/FN1 (E5H6X) Rabbit mAb #26836 

(1:1000), anti-mouse IgG, HRP-linked antibody #7076 (1:1000), and anti-rabbit IgG, HRP-
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linked antibody #7074 (1:1000) were obtained from Cell Signaling Technology (Beverly, 

MA, USA). Mouse anti-human HIF-1α #610958 (1:1000) was obtained from BD (San 

Jose, CA, USA). α-SMA Mouse mAb #A5228 (1:4000) was from SIGMA (Saint Louis, 

MO, USA). The above dilution ratios for the antibodies were for Western blot. Alexa 

Fluor 488-conjugated goat anti-mouse IgG (#A1101, 1:500) was purchased from Invitrogen 

(Carlsbad, CA, USA) and Alexa Fluor 594-conjugated donkey anti-rabbit IgG (#ab150076, 

1:500) was from Abcam (Cambridge, MA, USA).

CAY10585 was obtained from BioVision (Milpitas, CA, USA). HMGB1 siRNA (sc-37982) 

and control siRNA (sc-37007) were purchased from Santa Cruz (CA, USA). PD98059 

and SB203580 were obtained from TOCRIS (Ellisville, MO, USA), and SP600125 from 

Fisher Scientific (Fair Lawn, NJ, USA). All other chemicals were purchased from Fisher 

(Pittsburgh, PA, USA) unless otherwise indicated.

Metal nanoparticle characteristics

Nano-Co and Nano-TiO2 used in this study were obtained from INABTA and Co., Ltd., 

Vacuum Metallurgical Co., Ltd., Japan. The detailed characterization of both kinds of metal 

nanoparticles has been described in our previous publications (Feng et al. 2015; Wan et al. 

2012). Briefly, the mean diameter of Nano-Co is 20 nm, and Nano-TiO2 is 28 nm. The 

specific surface area of Nano-Co or Nano-TiO2 is 47.9 m2/g or 45.0 m2/g, respectively. 

Nano-Co is composed of 85-90% of metal Co and 10-15% of Co3O4. Nano-TiO2 is 

composed of 90% of anatase and 10% of rutile. The mean size of particles and agglomerates 

in cell culture medium is 260 nm for Nano-Co and 280 nm for Nano-TiO2, measured by 

dynamic light scattering (DLS). After 1 mg/mL of Nano-Co or Nano-TiO2 was shaken for 

48 h in a 37°C water bath, the supernatant was collected to determine the concentration 

of cobalt or titanium ion by inductively coupled plasma−atomic emission spectrometry 

(ICP-AES). The solubility of Nano-Co is 10.81 ± 0.62 ppm in PBS and 45.35 ± 1.68 ppm in 

cell culture medium, while the solubility of Nano-TiO2 is <1.00 ppm in both PBS and cell 

culture medium (Wan et al. 2012). Nano-Co and Nano-TiO2 were dispersed in physiological 

saline and were ultrasonicated for at least 10 min before being added to the cells.

Cytotoxicity assays

The cytotoxicity of Nano-Co and Nano-TiO2 on BEAS-2B cells was measured by an In 
Vitro cytotoxicity assay kit (Sulforhodamine B Based, Sigma-Aldrich, St Louis, MO) (SRB 

assay) and the alamarBlue™ assay (Invitrogen, Eugene, OR) according to the manufacturer's 

instructions. Briefly, 100 μL of cell suspension was added into each well of a 96-well plate 

(5×103 cells/per well) and cultured overnight for cell attachment to the growth surface. The 

cells were then treated with 0, 1.25, 2.5, 5.0, 7.5, and 10 μg/mL of Nano-Co or Nano-TiO2 

in a total volume of 200 μL per well for another 24 h. The cell images were captured 

under a microscope (Olympus, model IX51). For SRB assay, the cells were fixed with 50 

μL pre-cooled 50% trichloroacetic acid (TCA) for 1 h at 4°C. After being rinsed 5 times 

with ddH2O and dried at room temperature (RT), the cells were dyed with 50 μL of 0.4% 

SRB (Sulforhodamine B Solution) for 30 min. The free SRB dye was washed away with 

1% acetic acid for 5 times, and the plate was dried at RT. Bound SRB was dissolved in 150 

μL of 10 mM Tris-Base solution (pH 7.4), and the plate was shaken for 5 min at dark. The 
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absorbance was measured by Synergy HT microplate reader (BioTek, Winooski, VT, USA). 

The absorbance of each sample was calculated as the absorbance measured at a wavelength 

of 565 nm minus the background absorbance measured at a wavelength of 690 nm. For the 

alamarBlue assay, the cells were stained with alamarBlue dye for 2 hours and then subjected 

to the measurement of the fluorescence absorbance (λex530 nm/λem590 nm) by Synergy 

HT microplate reader.

The viability of MRC-5 cells was determined by CellTiter 96 AQueous Non-Radioactive 

Cell Proliferation Assay (MTS assay, Promega, Madison, WI, USA). Briefly, a total volume 

of 100 μL cell suspension containing 2×103 cells was added into each well of a 96-well 

plate. After cell attachment to the growth surface, the cells were continuously incubated with 

a conditioned medium for 24, 48, and 72 h. Then, 20 μL MTS working solution was added 

to each well and the cells were incubated for another 2 hours at 37°C before absorbance 

measurement at 490 nm by Synergy HT microplate reader.

Cell culture and transfection

Normal human bronchial epithelial cells BEAS-2B (#CRL-9609) and lung fibroblasts 

MRC-5 (#CCL-171) were purchased from American Type Culture Collection (ATCC, 

Manassas, VA, USA) and cultured in RPMI 1640 medium and Eagle's Minimum Essential 

medium (EMEM) supplemented with 10 % fetal bovine serum (FBS), 100 U/mL of 

penicillin, and 100 μg/mL of streptomycin. Cells were maintained in an incubator with a 

humidified atmosphere of 5% CO2 at 37 °C.

To collect conditioned media for MRC-5 fibroblast culture, BEAS-2B cells were pre-

cultured in an FBS-free medium for 24 h. After being treated with metal nanoparticles, 

the FBS-free conditioned media were collected and centrifuged at 1,000 g for 10 min. Then 

the conditioned media were added to complete EMEM in a 1:1 ratio to culture MRC-5 

fibroblasts for 24, 48, or 72 h. For transfection, the BEAS-2B cells were seeded into 6-well 

plates (Corning, Manassas, VA, USA) at a density of 2 × 105 cells per well and cultured 

overnight for cell adherence. 5 μL of HMGB1 or Control siRNA (20 μM) was mixed with 10 

μL of Lipofectamine™ 2000, and the mixture was incubated for 15 min at room temperature. 

The cells were then cultured with 2 mL serum-free medium containing the above mixture for 

24 h. Subsequently, the culture medium was refreshed with or without 5 μg/mL of Nano-Co, 

and the cells were maintained culturing for 24 h before the cells and the culture media were 

collected for further analysis.

Protein extraction and Western blot

Proteins of cells were extracted by RIPA buffer (Santa Cruz, CA, USA) for the 

determination of intracellular HMGB1, RAGE, fibrosis-associated proteins, and MAPKs. 

Conditioned medium was collected and concentrated by Amicon® Ultra Centrifugal Filters 

(Millipore, Burlington, MA, USA) for the determination of the secreted HMGB1 level. 

Nuclear protein was extracted from the cells using NE-PER® Nuclear and Cytoplasmic 

Extraction Reagent (Thermo Scientific, Rockford, IL, USA) to detect the expression 

of HIF-1α. Western blot was performed as described in our previous study (Yuan et 

al. 2021). Immunoreactive bands were detected using SuperSignal™ West Pico PLUS 
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Chemiluminescent Substrate (Thermo Scientific, Rockford, IL, USA) followed by exposure 

to CL-XPosure™ film (Thermo Scientific). Equal nuclear protein and supernatant protein 

loading were verified by Coomassie Brilliant Blue staining. β-actin was used as an internal 

reference for protein expression in the cells. Immunoreactive bands were quantified using 

NIH ImageJ software (http://imagej.nih.gov/ij/).

RNA extraction and quantitative real-time PCR

Total RNA was extracted from BEAS-2B cells using Trizol reagent (Sigma-Aldrich, 

St Louis, MO, USA) according to the manufacturer’s instructions. The concentration 

and quality of the RNA were determined using a spectrophotometer (Beckman Coulter, 

Fullerton, CA, USA). Complementary DNA (cDNA) of genes were generated by reverse-

transcription from total RNA using M-MLV reverse transcriptase (Promega, Madison, 

WI, USA) and oligo (dT)18 (Sigma), and the iTaq™ Universal SYBR® Green Supermix 

(Bio-Rad, Hercules, CA, USA) was used for amplification. PCR analysis was performed 

by the Bio-Rad iQ5 Multicolor Real-Time PCR Detection System (Bio-Rad). Data were 

quantified by the 2−ΔΔCt (Livak) method (Schmittgen and Livak 2008). The PCR reaction 

was performed as follows: 35 cycles at 94 °C for 45 s, at 58 °C for 45 s, and at 72 °C for 

45 s. The primers for human HMGB1 were forward 5’-TAT GGC AAA AGC GGA CAA 

GG-3’ and reverse 5’-CTT CGC AAC ATC ACC AAT GGA-3’, and for human β-actin were 

forward 5’-CAT CGA GCA CGG CAT CGT CA-3’ and reverse 5’-TAG CAC AGC CTG 

GAT AGC AAC-3’.

Dual immunofluorescent staining

MRC-5 cells were seeded in 2-well LAB-TEK® chamber slides (Nalge Nunc International, 

Rochester, NY), and BEAS-2B cells were seeded in 6-well plates. After overnight culture 

for cell attachment, the BEAS-2B cells were treated with 5 μg/mL of Nano-Co or TiO2 

for 24 h in a FBS-free medium. Then the conditioned media were collected, centrifuged, 

and 1:1 mixed with complete EMEM to culture MRC-5 cells for 48 h. At the end of the 

experiment, MRC-5 cells were fixed in 10% neutral buffered formalin for 20 min at room 

temperature and washed with 1x PBS for three times with 5 min for each time. The cells 

were incubated with a blocking solution containing 3% BSA, 5% normal donkey serum, 

and 0.3% Triton X-100 for 1 h at room temperature. Then the cells were incubated with 

primary antibodies α-SMA (1:400) and COL1A1 (1:200) for 3 h at room temperature. After 

washing with 1x PBS three times, the cells were incubated with Alexa Fluor 488-conjugated 

goat anti-mouse IgG (1:500) and Alexa Fluor 594-conjugated donkey anti-rabbit IgG (1:500) 

at room temperature for 1 h. After washing, the slides were mounted with Prolong Gold 

Antifade Reagent with DAPI (Invitrogen, Carlsbad, CA, USA) and images were captured 

under fluorescence microscopy (Nikon, Japan).

Statistical analysis

SigmaPlot 13.0 (Systat Software, San Jose, CA) was used for data management and 

statistical analysis in this study. All the data were presented as the mean ± SE. The 

differences among groups were calculated by one-way ANOVA followed by Dunnett’s Test. 

P < 0.05 was considered statistically significant.
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Results

Cytotoxic effects of Nano-Co and Nano-TiO2 on BEAS-2B cells

BEAS-2B cells were exposed to 1.25, 2.5, 5.0, 7.5, and 10 μg/mL of Nano-Co or Nano-TiO2 

for 24 h, and the cell viability was determined by both SRB assay and alamarBlue assay. 

Exposure of BEAS-2B cells to Nano-Co at 7.5 μg/mL and beyond caused significant cell 

death by SRB assay, while exposure to 5 μg/mL or less of Nano-Co did not cause significant 

cell death (Figure 1(A)). However, exposure of BEAS-2B cells to doses from 0 to 10 μg/mL 

of Nano-TiO2 did not cause significant cytotoxic effects (Figure 1(A)). The results were 

further confirmed by alamarBlue assay (Figure 1(B)). The cell images were shown in Figure 

1(C). In the following experiments, the non-cytotoxic doses (≤ 5 μg/mL) were selected to 

explore the effects of Nano-Co on BEAS-2B cells.

Exposure of BEAS-2B cells to Nano-Co caused increased expression and release of 
HMGB1

The mRNA expression of HMGB1 in BEAS-2B cells exposed to Nano-Co or Nano-TiO2 

was determined by real-time PCR. The results showed that HMGB1 mRNA levels in 

BEAS-2B cells were considerably enhanced by 2.5 and 5 μg/mL of Nano-Co exposure 

for 24 h or by 5 μg/mL of Nano-Co exposure for 12, 24, and 48 h, whereas Nano-TiO2 

exposure had no effects on HMGB1 mRNA levels (Figure 2(A,B)). In line with the changes 

in HMGB1 mRNA, BEAS-2B cells treated with 2.5 and 5 μg/mL of Nano-Co for 24 h or 

with 5 μg/mL of Nano-Co for 12, 24, or 48 h showed a substantial increase in HMGB1 

protein levels in both the lysate and cell culture supernatant (Figure 2(C-F)). Additionally, 

there were no discernible changes in the expression of HMGB1 protein after Nano-TiO2 

exposure (Figure 2(C,D)).

Nano-Co exposure caused HIF-1α nuclear accumulation in BEAS-2B cells, and HIF-1α 
inhibition abolished Nano-Co-induced upregulation and release of HMGB1

We examined the nuclear accumulation of HIF-1α in BEAS-2B cells after Nano-Co 

exposure. Western blot results showed that 2.5 and 5 μg/mL of Nano-Co treatment for 

24 h or 5 μg/mL of Nano-Co treatment for 6, 12, 24, and 48 h induced a dose- and 

a time-dependent HIF-1α nucleus accumulation (Figure 3(A-D)). However, exposure of 

BEAS-2B cells to Nano-TiO2 did not cause HIF-1α nuclear accumulation (Figure 3(A,B)).

The hypoxic environment was considered to favor HMGB1 expression and release (Peng 

et al. 2021; Tohme et al. 2017). Our previous studies revealed that Nano-Co exposure 

significantly induced the nuclear accumulation of HIF-1α in mouse embryo fibroblasts 

(Feng et al. 2015), and here we showed that Nano-Co exposure caused HIF-1α nuclear 

accumulation in human lung epithelial cells BEAS-2B. Thus, we hypothesized that the 

nuclear accumulation of HIF-1α might have a crucial role in the production and release 

of HMGB1 from Nano-Co-exposed BEAS-2B cells. To address that, CAY10585, a novel 

HIF-1α inhibitor, was applied to suppress the HIF-1α nuclear accumulation. CAY10585 

has been proven to promote proteasomal degradation of HIF-1α by upregulating von Hippel-

Lindau (VHL) without affecting HIF-1β expression (Lee et al. 2010; Lee et al. 2007). 

BEAS-2B cells were pretreated with 30 μM of CAY10585 for 2 h before being exposed 
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to 5 μg/mL Nano-Co for 24 h. As expected, pretreatment with CAY10585 significantly 

reduced the nuclear accumulation of HIF-1α (Figure 4(A,B)). Furthermore, CAY10585 

administration markedly restrained HMGB1 mRNA level (Figure 4(C)) and the production 

and release of HMGB1 protein (Figure 4(D,E)) in BEAS-2B cells exposed to Nano-Co.

Conditioned medium from Nano-Co-exposed BEAS-2B cells elevated the viability of MRC-5 
fibroblasts and promoted the expression of fibrosis-associated proteins

Next, we investigated the effects of the conditioned media from BEAS-2B cells exposed to 

Nano-Co or Nano-TiO2 on the activation of MRC-5 fibroblasts. The serum-free RPMI 1640 

medium for culturing BEAS-2B cells was collected and centrifugated, and the supernatant 

was then mixed with EMEM medium in a 1:1 ratio to culture MRC-5 fibroblasts (Figure 

5(A)). We first measured the cell viability of MRC-5 fibroblasts after conditioned medium 

culture by MTS assay. The results showed that culture of MRC-5 cells with conditioned 

media from Nano-Co-exposed BEAS-2B cells remarkably enhanced cell viability, indicating 

the activation of MRC-5 cells (Figure 5(B)). Wherevers, cells cultured with conditioned 

media from BEAS-2B cells exposed to Nano-TiO2 showed no changes in the cell viability 

of MRC-5 cells compared to the control group (Figure 5(B)). Furthermore, the expressions 

of fibrosis-associated proteins, such as fibronectin, collagen 1, and α-SMA, were also 

examined. The results of Western blot demonstrated that fibronectin, collagen 1, and α-

SMA all exhibited marked increases in MRC-5 cells after the cells were cultured with 

conditioned media from Nano-Co-exposed BEAS-2B cells (Figure 5(C-F)). The enhanced 

expressions of α-SMA and collagen 1 in MRC-5 cells cultured in conditioned media from 

Nano-Co-exposed, but not Nano-TiO2-exposed BEAS-2B cells were further confirmed by 

immunofluorescence staining (Figure 5(G)).

Knocking down HMGB1 attenuated MRC-5 fibroblast activation caused by culturing with 
conditioned medium from Nano-Co-exposed BEAS-2B cells

We have revealed that exposure to Nano-Co promoted HMGB1 release from BEAS-2B cells 

and the conditioned medium from Nano-Co-exposed BEAS-2B cells significantly activated 

MRC-5 fibroblasts. To investigate the potential role of HMGB1 in the activation of MRC-5, 

HMGB1 was knocked down in BEAS-2B cells by transfection with siRNA targeting 

HMGB1. After transfection with HMGB1 siRNA, the intracellular level of HMGB1 protein 

was significantly suppressed, and the secreted HMGB1 protein in the culture medium 

became almost unprobeable (Figure 6(A,B)). MRC-5 cells were cultured in conditioned 

media from BEAS-2B cells with or without HMGB1 knockdown. The proliferation of 

MRC-5 cells cultured in the conditioned medium from HMGB1-suppressed BEAS-2B 

cells was significantly attenuated compared to cells culturing in the conditioned medium 

from control siRNA-transfected BEAS-2B cells (Figure 6(C)). The expression of fibrosis-

associated proteins also showed a similar trend, that is, the protein levels of fibronectin, 

collagen 1, and α-SMA in MRC-5 cells treated with conditioned media from Nano-Co-

exposed BEAS-2B cells with HMGB1 siRNA transfection were significantly lower than 

that of control siRNA and Nano-Co-exposed BEAS-2B cells (Figure 6(D,E)). These results 

suggest that HMGB1 secreted from Nano-Co-exposed BEAS-2B cells may play a key role 

in the activation of lung fibroblasts.
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HMGB1 released from Nano-Co-exposed BEAS-2B cells activated MRC-5 cells via RAGE/
MAPKs pathway

The receptor for advanced glycation end-products (RAGE) is an important signaling 

receptor highly expressed in lung tissues and closely associated with persistent damage 

to lung parenchyma and fibrosis (Perkins and Oury 2021). To examine whether RAGE 

was involved in the Nano-Co-induced HMGB1 production in the epithelial cells and its 

role in the MRC-5 activation, we subsequently examined the protein level of RAGE, a 

receptor for HMGB1, and the activation of downstream MAPK signaling in MRC-5 cells 

cultured with the conditioned media. Our results showed that the conditioned media from 

Nano-Co-exposed BEAS-2B cells effectively upregulated the protein level of RAGE and 

the phosphorylated ERK, p38, and JNK in MRC-5 cells (Figure 7(A,B)). In contrast, 

the protein level of RAGE and phosphorylation levels of ERK, p38, and JNK were 

significantly inhibited in MRC-5 cells cultured with the conditioned media from HMGB1-

suppressed BEAS-2B cells with Nano-Co exposure (Figure 7(A,B)). To further clarify the 

roles of MAPK signaling pathway in MRC-5 cell activation after HMGB1/RAGE binding, 

three inhibitors that specifically inhibit ERK, p38, and JNK phosphorylation (PD98059, 

SB203580, and SP600125) were used to pretreat MRC-5 cells prior to culture with 

conditioned media. Notably, pretreatment of all three inhibitors showed resistance in MRC-5 

cells to the activation induced by conditioned media from Nano-Co-exposed BEAS-2B cells 

(Figure 7(C,D)), suggesting that MAPK pathway activated by HMGB1 upon binding to 

RAGE is essential for the MRC-5 fibroblast activation.

Discussion

Occupational exposure to cobalt, usually in combination with other materials, can cause 

asthma, interstitial pneumonitis, and even pulmonary fibrosis (Adams et al. 2017). Our 

and other’s previous studies also showed that exposure to Nano-Co caused pulmonary 

inflammation, injury, DNA damage and mutation, cell proliferation, and pulmonary fibrosis 

(Sisler et al. 2016; Wan et al. 2017; Zhang et al. 2000). Exposure to Nano-CO caused 

pathological alterations associated with pulmonary fibrosis, including elevated infiltration 

of inflammatory cells, proliferation of alveolar epithelial cells, interstitial thickening, and 

collagen deposition (Wan et al. 2017). However, the mechanisms underlying Nano-Co-

induced fibrogenic effects are still unclear. In the current study, we first examined the 

expression of the DAMP molecule, HMGB1, in Nano-Co-exposed BEAS-2B cells and then 

investigated the role of HMGB1 in MRC-5 fibroblast activation and the underlying potential 

mechanisms.

Our cytotoxicity study showed that exposure of BEAS-2B cells to 7.5 μg/mL or more of 

Nano-Co for 24 h caused a significant cytotoxicity. However, exposure to Nano-TiO2 did not 

cause any cytotoxic effects at all experiment doses. Although it is not easy to estimate the 

degree of human health effects at such concentrations or quantities of Nano-Co that might be 

exposed from dose-response studies, Nano-Co may accumulate in the body. In addition, the 

results from dose-response studies can help us to choose non-cytotoxic doses to identify the 

potential biological effects of Nano-Co other than those due to cytotoxicity itself.
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The release of various cytokines or exosomes by stressed lung epithelial cells has been 

shown to cause fibroblasts to display the myofibroblast phenotype or an inflammatory 

response (Kadota et al. 2022; Sakai and Tager 2013; Yang et al. 2024). For example, in 

response to cigarette smoke extract (CSE) exposure, airway epithelial cells from COPD 

patients strongly secreted interleukin 1, which is directly linked to an inflammatory 

phenotype in fibroblasts (Osei et al. 2016). Human rhinovirus (HRV)-infected airway 

epithelial cells can secrete interleukin 1α through the secretion of fibroblast-chemotactic 

CXCL10 and CXCL8, which then leads to the thickening of the lamina reticularis by 

recruiting fibroblasts (Shelfoon et al. 2016). These results not only showed the crucial 

roles of epithelial cell-fibroblast crosstalk in the process of lung inflammation and fibrosis 

but also suggested that there might be significant differences in the production of fibroblast-

responsive substances derived from epithelial cells exposed to different stimuli. Since the 

nucleoplasmic translocation and the release of HMGB1 were closely related to oxidative 

stress and hypoxia, both of which are involved in Nano-Co-induced various toxic effects 

(Cheng et al. 2017; Kawamura et al. 2023; Kim et al. 2017), therefore, we first examined 

the expression and release of HMGB1 in Nano-Co-exposed BEAS-2B cells. Our results 

indicated that Nano-Co exposure not only induced upregulation of intracellular HMGB1 

transcription and translation but also promoted HMGB1 release.

Cobalt exposure leads to substantial HIF-1α-dependent dysregulation of gene expression 

(Befani et al. 2013). Cobalt chloride has been widely used as an inducer of chemical 

hypoxia and HIF-1α accumulation (Zhang et al. 2024). Our previous study showed that 

Nano-Co exposure induced a dose- and a time-dependent nuclear accumulation of HIF-1α 
in mouse embryo fibroblasts (PW cells) (Feng et al. 2015). This study showed that there 

was a significant increase in HIF-1α nuclear accumulation in BEAS-2B cells exposed to 

2.5 and 5 μg/mL of Nano-Co for 24 h or exposed to 5 μg/mL of Nano-Co for 6, 12, 

24, and 48 h. Hypoxic conditions can cause an increase in HIF-1α-dependent HMGB1 

expression and secretion in human and mouse hepatocellular carcinoma cells, thereby 

promoting macrophage infiltration and tumor metastasis (Jiang et al. 2018). In addition, 

hypoxia is a stressor that induces HMGB1 secretion from epithelial cells (Gao et al. 2021; 

Peng et al. 2021). This raises the intriguing possibility that HIF-1α may be involved in 

Nano-Co-induced HMGB1 upregulation. In fact, our results showed that the small molecule 

CAY10585, a HIF-1α inhibitor, effectively reduced HIF-1α accumulation in BEAS-2B cells 

exposed to Nano-Co. Furthermore, HMGB1 expression and release from BEAS-2B cells 

after Nano-Co exposure were also decreased once the accumulation of HIF-1α was inhibited 

by CAY10585.

The lung is a multicellular organ consisting of different kinds of cells. Lung epithelial cells 

are located at the interface between the environment and the organism and serve many 

important functions, including barrier protection, fluid balance, clearance of particulate, 

initiation of immune responses, mucus and surfactant production, and repair following 

injury (Burgoyne et al. 2021). Therefore, lung epithelial cells constitute the first defense line 

to protect lung tissues against various stimuli, such as environmental pollution, particles, 

and microbes. The lung toxic effects caused by particles were shown not only dependent on 

the exposure but also on the interaction between different cell types, such as macrophages, 

epithelial cells, and interstitial cells (Sohaebuddin et al. 2010). Recreating the interaction 
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of epithelial cells with fibroblasts in vitro might, therefore, provide a more accurate 

model of the in situ milieu than studying each cell type in isolation. To study whether 

exposure to Nano-Co could cause fibroblast activation, an indirect co-culture method was 

adopted to explore the role of Nano-Co-exposed epithelial cells in fibroblast activation. 

Briefly, the collected conditioned medium from epithelial cells was used to treat fibroblasts. 

We found that conditioned media from epithelial cells exposed to Nano-Co caused the 

proliferation of MRC-5 fibroblasts and increased the expression of fibrosis-associated 

proteins in MRC-5 cells, such as fibronectin, collagen 1, and α-SMA. Although our results 

showed that exposure to Nano-Co elevated the release of HMGB1 from epithelial cells 

into the extracellular compartment, whether these epithelial-derived HMGB1 play a role in 

conditioned medium-induced fibroblast activation needs to be investigated. Therefore, the 

siRNA targeting HMGB1 was then transfected into BEAS-2B cells. Inhibition of HMGB1 

not only effectively reduced or even almost removed the secreted HMGB1 protein from the 

conditioned medium, but also significantly attenuated the activation of MRC-5 fibroblasts 

by the conditioned media from Nano-Co-exposed BEAS-2B cells. Although very complex 

epithelial cell-derived pro-fibrotic mediators have been identified so far, such as interleukin 

family members, transforming growth factor-β family members, growth and differentiation 

factor 15 (Gdf15), and others (Peeters et al. 2013; Saint-Criq et al. 2018; Thompson et al. 

2006; Wallace and Howie 1999; Zhang et al. 2019), our results suggested that epithelial cell-

derived HMGB1 mediated or at least partially mediated the activation of MRC-5 fibroblasts.

HMGB1 treatment had a significant activating effect on fibroblasts originating from multiple 

organs (Polanská et al. 2012; Su et al. 2014; Zhao et al. 2018). HMGB1 secreted 

by keratinocytes could promote the expression of nuclear import of MRTF-A, increase 

the nuclear accumulation of MRTF-A/SRF complexes, and then enhance the activation 

of α-smooth muscle actin promoter in dermal fibroblasts, leading to hypertrophic scar 

formation (Zhao et al. 2018). Cardiac fibroblasts/myofibroblasts can also promote collagen 

overproduction and deposition by activating PKCβ/Erk1/2 through autocrine HMGB1 

(Su et al. 2014). HMGB1-deficient vanishing embryonic fibroblasts also exhibit telomere 

dysfunction, suggesting a crucial role for HMGB1 in maintaining cellular activity (Polanská 

et al. 2012). Upregulation of the HMGB1/RAGE pathway has been reported in idiopathic 

pulmonary fibrosis (IPF) or experimental pulmonary fibrosis induced by bleomycin, LPS, 

arsenic, asbestos, etc., respectively (Li et al. 2015; Wang et al. 2021; Xue et al. 2020; 

Zhang et al. 2015). Previous in vitro studies also showed that exogenous HMGB1 exhibits 

activating effects on lung fibroblasts, thereby inducing the secretion and accumulation of 

extracellular matrix (Hou et al. 2015; Zou et al. 2018). RAGE is one of the well-known 

receptors for HMGB1 (Sims et al. 2010). Although the overall expression of RAGE in IPF 

and experimental pulmonary fibrosis showed a decreasing trend, enhanced expression of 

RAGE was demonstrated both in fibroblasts after in vitro stimulation of RAGE ligands and 

fibroblastic lesions of pulmonary fibrosis (Perkins and Oury 2021). Our results showed that 

an upregulation of RAGE protein in MRC-5 fibroblasts treated with the conditioned medium 

from Nano-Co-exposed BEAS-2B cells, whereas RAGE expression level in the conditioned 

medium lacking HMGB1 was not statistically different compared with those from controls.

It has been reported that extracellular HMGB1 triggers intracellular ROS-dependent MAPK 

pathway after activation of cell membrane RAGE (Al-Kuraishy et al. 2022; Wu et al. 

Yuan et al. Page 11

Nanotoxicology. Author manuscript; available in PMC 2025 September 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



2021). Activation of the MAPK pathway has been shown to be an effective condition 

for lung fibroblast-myofibroblast transformation (Ahmedat et al. 2013; Gajjala et al. 

2021; Yap et al. 2021). Therefore, in this study, we also examined the roles of MAPK 

pathway in the activation of MRC-5 cells. Our results showed that conditioned media 

from Nano-Co-exposed BEAS-2B cells promoted the phosphorylation levels of ERK, P38, 

and JNK in MRC-5 cells, while HMGB1-inhibited conditioned media had no effects on 

the phosphorylation levels of MAPKs in MRC-5 cells. ERK, p38, and JNK inhibitors all 

effectively inhibited the activation of MRC-5 cells induced by Nano-Co-exposed BEAS-2B-

derived conditioned media.

Conclusions

In summary, our results demonstrated that exposure of BEAS-2B cells to Nano-Co, rather 

than Nano-TiO2, caused a remarkable increase in the transcription, translation, and secretion 

of HMGB1, as well as nuclear accumulation of HIF-1α. Conditioned media collected 

from Nano-Co-exposed BEAS-2B cells led to fibroblast activation, enhanced RAGE level, 

and increased phosphorylated MAPKs in MRC-5 fibroblasts. Mechanistically, Nano-Co 

exposure elevated the production and secretion of HMGB1 in BEAS-2B cells in a HIF-1α 
dependent manner. The secretory HMGB1 protein mediated or partially mediated the 

activation of MRC-5 cells through RAGE/MAPKs signaling pathway (Figure 8). These 

findings suggest a crucial role of HMGB1 in epithelial cell-fibroblast crosstalk in Nano-Co-

induced pulmonary fibrosis, which may have important implications for understanding the 

potential pulmonary toxicity of Nano-Co.
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Abbreviations

Nano-Co Cobalt nanoparticles

HMGB1 High-mobility group box 1

DAMPs Damage-associated molecular patterns

ECM Extracellular matrix

TCA Trichloroacetic acid

VHL Von Hippel-Lindau

HIF-1α Hypoxia inducible factor-1α
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α-SMA α-smooth muscle actin

RAGE Receptor for advanced glycation end-products

MAPK Mitogen-activated protein kinase

ERK Extracellular regulating kinase

p38 p38 mitogen-activated protein kinase

JNK c-Jun N-terminal kinase

CSE Cigarette smoke extract
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Figure 1. Cytotoxicity of metal nanoparticles on BEAS-2B cells.
5x103 cells per well were seeded in 96-well plates. After overnight culture, cells were 

treated with metal nanoparticles for 24 h. Cells without metal nanoparticle treatment were 

used as controls. Cytotoxicity was determined by SRB assay (A) or alamarBlue assay (B). 

Data are shown as mean ± SE (n = 3). *, p < 0.01 vs. Control. (C) Cell images were captured 

under a microscope (Olympus IX51). Scale bars represent 100 μm.
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Figure 2. Dose- and time-dependent induction of HMGB1 expression and release in BEAS-2B 
cells exposed to Nano-Co.
BEAS-2B cells were exposed to 2.5 or 5 μg/mL of Nano-Co or Nano-TiO2 for 24 h (A, C, 

D), or 5 μg/mL of Nano-Co for 6, 12, 24, and 48 h (B, E, F). Cells without treatment were 

used as control. (A-B) Expression of HMGB1 mRNA in BEAS-2B cells were determined 

by real-time PCR. (C-F) Western blot assay determined HMGB1 protein levels in cell lysate 

and supernatant. D and F are normalized band densitometry readings averaged from three 

independent experiments in C and E. β-actin and Coomassie Brilliant Blue stained gels 

served as loading controls. Data represent mean ± SE (n = 3). * Significant difference as 

compared with the control group, p < 0.05; # Significant difference as compared with the 

same dose of Nano-TiO2-treated group, p < 0.05.
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Figure 3. HIF-1α nuclear accumulation in BEAS-2B cells exposed to Nano-Co.
Expression of HIF-1α in BEAS-2B cells was determined by Western blot after cells were 

exposed to 2.5 or 5 μg/mL of Nano-Co or Nano-TiO2 for 24 h (A, B), or to 5 μg/mL of 

Nano-Co for 6, 12, 24, or 48 h (C, D). Cells without treatment were used as control. B and 

D are normalized band densitometry readings averaged from three independent experiments 

of A and C. Coomassie Brilliant Blue stained gels served as loading controls. Data represent 

mean ± SE (n = 3). * Significant difference as compared with the control group, p < 0.05; 
# Significant difference as compared with the same dose of Nano-TiO2-treated group, p < 

0.05.
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Figure 4. HIF-1α inhibition abolished Nano-Co-induced HMGB1 expression and release in 
BEAS-2B cells.
The cells were pretreated with 30 μM of CAY10585, a HIF-1α inhibitor, for 2 h prior 

to exposure to 5 μg/mL of Nano-Co for another 24 h. Cells without any treatments were 

used as control. (A-B) Expression of HIF-1α in cells was determined by Western blot. B 

is normalized band densitometry readings averaged from three independent experiments in 

A. (C) HMGB1 mRNA expression was determined by real-time PCR. (D-E) Expression 

of HMGB1 protein in cell lysate and supernatant was determined in Western blot. E is 

normalized band densitometry readings averaged from three independent experiments in D. 

β-actin and Coomassie Brilliant Blue stained gels served as loading controls. Data represent 

mean ± SE (n = 3). * Significant difference as compared with the control group, p < 0.05; 

# Significant difference as compared with the group with Nano-Co treatment, but without 

CAY10585 treatment, p < 0.05.
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Figure 5. Conditioned medium from Nano-Co-exposed BEAS-2B cells induced the activation of 
MRC-5 cells.
A is the experiment protocol. (B) MTS assay measured the cell viability of MRC-5 cultured 

with the conditioned media from nanoparticle-exposed BEAS-2B (5 μg/mL x 24 h) for 24, 

48, and 72 h. (C-F) Western blot assay determined the protein levels of fibrosis-associated 

proteins in MRC-5 cells cultured with conditioned media from BEAS-2B cells exposed 

to 2.5 or 5 μg/mL of Nano-TiO2 or Nano-Co for 24 h (C-D), or exposed to 5 μg/mL of 

Nano-Co for 6, 12, 24, or 48 h (E-F). Cells without treatment were used as control. D and 

F are normalized band densitometry readings averaged from three independent experiments 

in C and E. β-actin served as loading controls. Data represent mean ± SE (n = 3). * 

Significant difference as compared with the control group, p < 0.05; # Significant difference 

as compared with the group with Nano-TiO2 treatment, p < 0.05. (G) MRC-5 cells were 

cultured with the conditioned media from nanoparticle-exposed BEAS-2B (5 μg/mL x 24 h) 

for 48 h, and dual IF was performed. DAPI stains the nucleus of a cell. Scale bars represent 

50 μm.
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Figure 6. HMGB1-knockdown attenuated the activation of MRC-5 cells caused by conditioned 
medium from Nano-Co-exposed BEAS-2B cells.
(A-B) The effects of HMGB1 siRNA transfection on the production and release of HMGB1 

in BEAS-2B cells were examined by Western blot. B is normalized band densitometry 

readings averaged from three independent experiments in A. (C) MTS assay measured the 

cell viability of MRC-5 cultured with conditioned medium from BEAS-2B cells transfected 

with or without HMGB1 siRNA for 24 h prior to 5 μg/mL of Nano-Co exposure for another 

24 h. (D-E) Western blot assay measured the protein levels of fibrosis-associated proteins 

in MRC-5 cells cultured with conditioned media from BEAS-2B cells transfected with or 

without HMGB1 siRNA for 24 h prior to 5 μg/mL of Nano-Co exposure for another 24 h. 

E is normalized band densitometry readings averaged from three independent experiments 

in D. β-actin and Coomassie Brilliant Blue stained gels served as loading controls. Data 

represent mean ± SE (n = 3). * Significant difference as compared with the control or 

control siRNA group, p < 0.05; # Significant difference as compared with the control siRNA 

group with Nano-Co treatment, p < 0.05.
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Figure 7. HMGB1 released from Nano-Co-exposed BEAS-2B cells activated MRC-5 cells via 
RAGE/MAPKs pathway.
(A-B) Western blot assay measured the protein levels of RAGE, phosphorylated and non-

phosphorylated ERK, p38, and JNK in MRC-5 cells cultured with conditioned media from 

BEAS-2B cells transfected with or without HMGB1 siRNA for 24 h prior to 5 μg/mL of 

Nano-Co exposure for another 24 h. B is normalized band densitometry readings averaged 

from three independent experiments in A. (C-D) Western blot assay measured the protein 

levels of fibrosis-associated proteins in MRC-5 cells pre-incubated with 10 μM PD98059, 

SB203580, or SP600125 for 4 h prior to culture with conditioned media from BEAS-2B 

cells exposed to 5 μg/mL of Nano-Co for 24 h. D is normalized band densitometry readings 

averaged from three independent experiments in C. β-actin served as loading control. Data 

represent mean ± SE (n = 3). * Significant difference as compared with the control (without 

any treatments) or control siRNA only group, p < 0.05; # Significant difference as compared 

with Nano-Co only or Control siRNA+Nano-Co group, p < 0.05.
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Figure 8. Schematic and potential mechanisms of Nano-Co-induced activation of lung 
fibroblasts.
Exposure of lung epithelial cells to Nano-Co causes increased expression and release of 

HMGB1 via a HIF-1α-dependent manner, which then promotes the activation of lung 

fibroblasts through RAGE-MAPKs pathway.
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