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Abstract

High-mobility group box 1 (HMGB1) has been implicated in matrix remodeling and fi-
brotic disorders; however, its role in tuberculosis (TB)-associated pleural fibrosis remains
unknown. Pleural fluid levels of HMGB1 and matrix metalloproteinase-1 (MMP-1) in pa-
tients with TB pleural effusion (TBPE, n = 36) or transudative pleural effusion (TPE, n =
14) were measured. The effects of Mycobacterium tuberculosis H37Ra (MTBRa) on HMGB1
and MMP-1 expression and their effects on mesothelial-mesenchymal transition (MMT)
in human pleural mesothelial cells (PMCs) were assessed. The levels of HMGB1 and
MMP-1 were significantly higher in TBPE than in TPE. Elevated HMGB1 and MMP-1 lev-
els in TBPE were positively correlated and both factors were significantly associated with
post-TB residual pleural thickening (RPT), particularly in patients with RPT > 10 mm. Col-
ocalized expression of HMGB1 and MMP-1 was also observed in the pleural mesothelium
of TBPE patients. MTBRa significantly induced HMGB1 expression in PMCs through ac-
tivation of the JNK/AP-1 signaling pathway, leading to MMT, enhanced collagen synthe-
sis, and upregulation of MMP-1. Furthermore, silencing of MMP-1 markedly attenuated
HMGB1-triggered MMT response. Collectively, HMGB1 promotes pleural fibrogenesis
through JNK/AP-1-dependent and MMP-1-mediated MMT, suggesting that targeting the
HMGB1/MMP-1 axis may represent a potential therapeutic strategy for TB-related pleural
fibrosis.

Keywords: high mobility group box 1 protein; matrix metalloproteinase-1;
mesothelial-to-mesenchymal transition; pleural fibrosis; pleural mesothelial cell;
tuberculous pleural effusion; JNK/AP-1 signaling
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1. Introduction

Tuberculosis (TB) continues to be a significant worldwide public health concern [1].
Tuberculous pleural effusion (TBPE) represents the most prevalent form of extrapulmo-
nary TB and is frequently complicated by residual pleural fibrosis, leading to restrictive
pulmonary deficits and symptomatic dyspnea [2]. TBPE results from tuberculous insult
to the pleura and is characterized by an accumulation of inflammatory cells, various cy-
tokines, coagulation factors and damage-associated molecular pattern (DAMP) molecules
[3]. Growing evidence depicts a correlation between these inflammatory mediators and
the severity of inflammation, which contributes to the development of pleural fibrosis [4].

High-mobility group box 1 (HMGB1) is an abundant non-histone nuclear protein in-
volved in the regulation of diverse biological processes. When released extracellularly,
HMGBI1 functions as an alarmin and a DAMP molecule, alerting the immune system to
tissue injury and amplifying inflammatory responses. It exerts its effects through interac-
tions with several receptors, most notably the receptor for advanced glycation end prod-
ucts (RAGE) and Toll-like receptors (TLRs), which activate downstream signaling path-
ways such as nuclear factor kappa B (NF-«B). This activation promotes the secretion of
proinflammatory cytokines and chemokines, thereby recruiting and activating immune
cells to sustain inflammation [5]. Moreover, sustained HMGB1 release can initiate fibrotic
processes by activating fibroblast-myofibroblast transition (FMT) and inducing matrix met-
alloproteinases (MMPs), promoting extracellular matrix (ECM) deposition and remodeling.
Accordingly, HMGBL is increasingly recognized as a key mediator and a potential thera-
peutic target in a broad range of fibrotic diseases [6-10]. However, the expression of HMGB1
in TBPE and its regulatory role in TB pleural fibrosis have never been investigated.

MMPs are zinc-dependent endopeptidases with diverse roles in modulating inflam-
mation and tissue repair and/or remodeling. In the context of tissue repair, they exert du-
alistic influences, serving as both drivers and suppressors of pathological fibrosis depend-
ing on the microenvironment [11]. The levels of MMP-1, also known as collagenase-1,
were found to be markedly elevated in patients with TBPE compared to those with heart
failure-associated transudates, and were associated with the severity of residual pleural
fibrosis [12]. Nevertheless, the precise functional role of MMP-1 in the pathogenesis of TB
pleural fibrosis remains to be elucidated.

Our previous research established that TB pleural fibrosis is initiated by Mycobacte-
rium tuberculosis (MTB)-induced pleural injury, which activates pleural mesothelial cells
(PMCs) and drives their mesothelial-mesenchymal transition (MMT) and extracellular
matrix (ECM) production [4,13]. These processes orchestrate the progression toward pleu-
ral fibrosis, representing key mechanisms of pleural fibrogenesis. The present study aimed
to evaluate the expression profile of HMGB1 in TBPE and investigate its mechanistic in-
terplay with MMP-1 during MTB-activated MMT in human PMCs. Furthermore, we
sought to delineate the underlying signaling pathways and the translational significance
of these mediators in the development of TB pleural fibrosis.

2. Results
2.1. HMGB1 and MMP-1 Levels Are Elevated in TBPE and Positively Correlated

A total of 50 patients were enrolled, including 36 with TBPE and 14 with transudative
pleural effusion (TPE). Baseline characteristics are summarized in Table 1. Age, sex, and
pleural effusion chest radiograph (CXR) scores were comparable between the two groups.
Pleural fluid from patients with TBPE showed significantly higher leukocyte counts, lac-
tate dehydrogenase (LDH), and adenosine deaminase (ADA) levels than that from pa-
tients with TPE. After 6 months of anti-TB treatment, 12 of the 36 patients with TBPE de-
veloped clinically significant pleural fibrosis, defined as residual pleural thickening (RPT)
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> 10 mm. To explore the potential profibrotic role of HMGB1 in TBPE, pleural fluid
HMGB1 and MMP1 levels were measured. As shown in Figure 1, both HMGB1 and
MMP1 levels were significantly elevated in TBPE compared with TPE. In addition,
HMGBI levels were positively correlated with MMP1 levels (p < 0.001), suggesting that
HMGBI1 may participate in the pathogenesis of TBPE through regulation of MMP1.

Table 1. Demographics and pleural fluid characteristics *.

TPE TBPE p-Value
Subject, n 14 36
Age, years 82 (56-92) 76 (25-90) 0.061
Males, 1 (%) 7 (50) 28 (78) 0.085
Pleural effusion
CXR score, % 58 (47-63) 43 (21-56) 0.213
Pleural fluid
pH value 7.38 (7.33-7.45) 7.33 (6.92-7.53) 0.063
Glucose, mg/dL 110 (84-167) 118 (24-285) 0.583
LDH, IU/dL 112 (48-121) 286 (78-2032) <0.001
Leukocyte count, cells/uL 268 (123-382) 1158 (88-16,792) <0.01
ADA, TU/L 25 (7-36) 115 (56-243) <0.0001

Abbreviations: TPE, transudative pleural effusion; TBPE, tuberculous pleural effusion; CXR, chest
radiograph; LDH, lactate dehydrogenase; ADA, adenosine deaminase. * Values are expressed as

median (range) unless otherwise specified.
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Figure 1. Effusion levels of (A) HMGB1 and (B) MMP-1 between transudative pleural effusion (TPE,
n = 14) and tuberculous pleural effusion (TBPE, n = 36), and (C) the correlation between HMGB1
and MMP-1 in TBPE (n = 36). HMGBI1, high-mobility group box 1; MMP-1, matrix metalloprotein-

ase-1.

2.2. HMGB1 and MMP-1 Levels in TBPE Positively Correlate with Residual Pleural Fibrosis

Pleural fluid HMGB1 and MMP-1 levels were positively correlated with the extent of
pleural thickening in patients with TBPE (Figure 2A,B). Furthermore, TBPE patients who
had RPT > 10 mm exhibited significantly higher levels of HMGB1 and MMP-1 than those
with RPT <10 mm (Figure 2C,D). These findings suggest that HMGB1 and MMP-1 con-
tribute to the pathogenesis of pleural fibrosis in TBPE.
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Figure 2. Relationship between effusion levels of HMGB1 or MMP-1 and residual pleural fibrosis in
TBPE (n = 36). Correlation between effusion levels of (A) HMGB1 or (B) MMP-1 and residual pleural
thickening CXR score (% of hemithorax) in patients with TBPE. Effusion levels of (C) HMGB1 and
(D) MMP-1 in TBPE with RPT > 10 mm (n = 12) and TBPE with RPT < 10 mm (n = 24); RPT, residual
pleural thickening; CXR, chest x-ray.

2.3. HMGB1 and MMP-1 Are Expressed in the Pleural Mesothelium of Patients with TBPE

Hematoxylin and eosin (H&E) staining demonstrated the histological architecture of
pleural biopsy specimens from patients with TBPE (Figure 3). Immunofluorescence stain-
ing demonstrated HMGB1 and MMP-1 expression in the pleural mesothelial and submeso-
thelial layers. Merged images demonstrated co-localization of HMGB1 and MMP-1 in fi-
brotic pleural tissue, suggesting their involvement in pleural fibrotic remodeling in TBPE.

Mesothelium

Figure 3. Expression of HMGB1 and MMP-1 in pleural mesothelium from patients with tuberculous
pleural effusion (TBPE). Representative H&E staining of subpleural lung tissue sections and immu-
nofluorescence labeling of HMGBI1 (green) and MMP-1 (red) in paraffin-embedded pleural meso-
thelium from TBPE patients. Nuclei were counterstained with DAPI (blue). Scale bar, 50 pm.
HMGBI, high-mobility group box 1, MMP-1, matrix metalloproteinase-1; DAPI, 4',6-diamidino-2-
phenylindole.

2.4. MTBRa Upregulates HMGB1 Expression via Activation of INK Signaling in Human PMCs

To investigate the mechanism underlying elevated HMGB1 levels in TBPE (Figure
1A), MeT-5A human PMCs were treated with heat-killed Mycobacterium tuberculosis
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H37Ra (MTBRa) at concentrations of 5, 10, and 20 ng/mL for 24 h. MTBRa stimulation
significantly increased HMGBI1 secretion (Figure 4A) and intracellular protein expression
(Figure 4B) in MeT-5A cells compared with baseline. To identify the signaling pathways
involved, pharmacological inhibitors of NF-«kB, PI3K/AKT, and MAPK pathways were
applied prior to MTBRa stimulation. Among these inhibitors, only the JNK inhibitor
SP600125 (5 and 10 uM) significantly attenuated MTBRa-induced HMGB1 expression
(Figure 4C,D). Consistently, MTBRa rapidly increased JNK phosphorylation within 5 min
(Figure 4E). These findings indicate that MTBRa upregulates HMGB1 expression in PMCs
predominantly via JNK pathway activation.
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Figure 4. MTBRa upregulates HMGB1 expression via activation of JNK signaling in human PMCs.
MeT-5A cells were treated with various concentrations (5-20 ng/mL) of MTBRa for 24 h. (A) Levels
of secreted HMGBI in culture supernatant were analyzed by ELISA. (B) Intracellular HMGBI1 pro-
tein expression was analyzed by Western blot. (C) Cells were pretreated with vehicle, Parthenolide
(Par; NF-«B inhibitor), LY294002 (LY; AKT inhibitor), PD98059 (PD; ERK inhibitor), SB20358 (SB;
P38 inhibitor), or SP600125 (SP; JNK inhibitor) prior to MTBRa (10 ng/mL) stimulation for 24 h. (D)
Cells were pretreated with SP600125 (5 or 10 uM/mL) followed by MTBRa stimulation for 24 h. (E)
Cells were treated with MTBRa for the indicated time points. HMGB1 expression and JNK phos-
phorylation were assessed by Western blot using antibodies against total and phosphorylated pro-
teins. Data are presented as mean + SEM of 3 independent experiments. # p < 0.05, # p <0.01, ## p <

0.001 vs. resting control.
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2.5. MTBRa Induces c-Jun Activation and AP-1 Transcriptional Activity in Human PMCs

Based on our previous study demonstrating that AP-1 plays a pivotal role in pleural
fibrogenesis [13], we investigated whether c-Jun activation and nuclear translocation are
required for MTBRa-induced HMGBI1 expression in human PMCs. As shown in Figure
5A,B, MTBRa induced c-Jun phosphorylation in the cytoplasm and enhanced its nuclear
translocation in human PMCs. Cytoplasmic c-Jun phosphorylation peaked at 30 min,
while maximal nuclear accumulation was detected 15-30 min after MTBRa stimulation.
Moreover, we evaluated MTBRa-induced AP-1 transcriptional activity in human PMCs
using a luciferase reporter assay. MTBRa significantly enhanced AP-1 transcriptional ac-
tivity at concentrations ranging from 10 to 50 ng/mL (Figure 5C), suggesting that activa-
tion of the c-Jun/AP-1 pathway contributes to MTBRa-induced HMGB1 expression.
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Figure 5. MTBRa induces c-Jun activation and AP-1 transcriptional activity in human PMCs. Cells
were pretreated with MTBRa for the indicated times. Cytosolic (A) and nuclear (B) phosphorylated
c-Jun levels were analyzed by Western blot using specific antibodies. (C) Cells were cotransfected
with an AP-1 luciferase reporter plasmid and a Renilla luciferase vector for normalization of trans-
fection efficiency, followed by MTBRa stimulation for 24 h. AP-1 transcriptional activity was subse-
quently determined by luciferase assay. Data are presented as mean + SEM of 3 independent exper-
iments. # p <0.05, # p <0.01, ## p <0.001 vs. resting control. CE, cytosolic extract; NE, nuclear extract.

2.6. HMGB1 Induces MMT, Collagen Production, and MMP-1 Expression in Human PMCs

Given the elevated levels of HMGB1 and MMP-1 in pleural effusions from TBPE pa-
tients, as well as their increased expression in human pleural specimens and PMCs (Fig-
ures 3 and 4A,B), we hypothesized that HMGB1 and MMP-1 contribute to fibrotic pro-
gression in TBPE. In human PMCs, HMGBI1 significantly increased a-SMA expression
(Figure 6A) and decreased E-cadherin expression (Figure 6B), consistent with the induc-
tion of MMT. Furthermore, HMGB1 enhanced collagen production at concentrations up
to 20 ng/mL (Figure 6C) and increased MMP-1 expression at concentrations up to 50
ng/mL (Figure 6D). These findings suggest that HMGB1 promotes pleural fibrotic remod-
eling by inducing MMT, stimulating collagen synthesis, and enhancing MMP-1-mediated
ECM remodeling.
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Figure 6. HMGB1 induces MMT, collagen production, and MMP-1 expression in human PMCs.
Cells were treated with indicated concentrations of HMGB1 (10, 20, and 50 ng/mL) for 24 h. Protein
levels of (A) a-SMA, (B) E-cadherin (E-cad), (C) collagen, and (D) MMP-1 were determined by West-
ern blot. Data represent the mean + SEM of 3 independent experiments. # p < 0.05, # p < 0.01, #* p <

0.001 vs. resting control.

2.7. Silencing of HMGB1 Inhibits MTBRa-Mediated Profibrotic Responses in Human PMCs

We further investigated whether HMGB1 mediates the profibrotic responses in hu-
man PMCs following MTBRa infection. We employed a specific siRNA to effectively si-
lence HMGBI expression (Figure 7A). While MTBRa treatment induced MMT, character-
ized by upregulated a-SMA and downregulated E-cadherin, these phenotypic changes
were significantly attenuated upon HMGB1 knockdown (Figure 7B,C). Furthermore,
HMGBI silencing effectively reversed the MTBRa-mediated induction of collagen and
MMP-1 expression (Figure 7D,E). Collectively, these findings demonstrate that HMGB1
plays a pivotal role in the pathogenesis of TB-associated pleural fibrosis. By driving MMT,
stimulating excessive collagen production, and upregulating MMP-1, HMGBI acts as a
central medjiator of tissue remodeling. Consequently, our data identify HMGB1 as a prom-
ising therapeutic target for the prevention of pleural fibrosis in patients with TBPE.
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Figure 7. Silencing of HMGB1 inhibits MTBRa-mediated profibrotic responses. MeT-5A cells were
transfected with either scramble siRNA (control) or HMGB1-specific siRNA for 24 h, followed by
stimulation with MTBRa for an additional 24 h. (A) Representative Western blot of HMGB1 to con-
firm transfection efficiency. Protein levels of (B) a-SMA, (C) E-cadherin (E-cad), (D) collagen, and
(E) MMP-1 were determined by Western blot. Data are presented as mean + SEM of three independ-
ent experiments. # p <0.05, # p < 0.01, ## p < 0.001 vs. scramble siRNA control; * p < 0.05, ** p <0.01,
vs. scrambled siRNA + MTBRa group. HMGB1 siRNA, HM si.

2.8. MMP-1 Mediates HMGB1-Induced MMT in Human PMCs

Based on the positive correlation between HMGB1 and MMP-1 levels in TBPE (Fig-
ure 1C), and the previous report indicating that MMP-1 knockdown inhibits the epithe-
lial-mesenchymal transition (EMT) via PI3K/Akt/c-Myc signaling [14], we sought to de-
termine whether MMP-1 is a requisite mediator of HMGB1-induced MMT in human
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PMCs. Direct stimulation of PMCs with active recombinant MMP-1 (0.1, 0.5, 1 ng/mL)
significantly upregulated a-SMA expression while concurrently downregulating E-cad-
herin (Figure 8A,B). Transfection with specific MMP-1 siRNA markedly reduced MMP-1
protein expression, confirming the knockdown efficiency (Figure 8C). Furthermore,
MMP-1 silencing significantly attenuated HMGB1-induced phenotypic transitions, as
characterized by a suppressed upregulation of a-SMA (Figure 8D) and a restoration of E-
cadherin expression (Figure 8E). These results identify MMP-1 as an essential downstream
mediator of HMGBI signaling, and indicate that the HMGB1/MMP-1 axis drives MMT
and fibrotic remodeling in human PMCs.
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Figure 8. MMP-1 mediates HMGB1-induced MMT in human PMCs. MeT-5A cells were treated with
various concentrations of active recombinant MMP-1 (0.1, 0.5, and 1 ng/mL) for 24 h. Protein ex-
pression levels of (A) a-SMA and (B) E-cadherin (E-cad) were then assessed. (C) Knockdown effi-
ciency of MMP-1 siRNA was confirmed. MeT-5A cells were transfected with either scrambled
siRNA (control) or MMP-1-specific siRNA for 24 h, followed by stimulation with HMGBI1 for an
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additional 24 h. Following MMP-1 silencing, the expression levels of (D) a-SMA and (E) E-cadherin
were further evaluated. All protein expressions were analyzed by Western blot. Data are presented
as mean + SEM of three independent experiments. # p <0.01 vs. scrambled siRNA control; ** p <0.01
vs. scrambled siRNA + HMGB1 group. Scrambled siRNA, S; MMP-1 siRNA, MMP-1 si.

Collectively, these findings indicate that M. tuberculosis activates JNK/AP-1 signaling
in PMCs, leading to HMGB1 upregulation. Elevated HMGB1 subsequently induces MMP-
1 expression and MMT, thereby promoting ECM production and remodeling and contrib-
uting to pleural thickening and tuberculous pleural fibrosis (Graphical abstract).

3. Discussion

The present study demonstrated that pleural fluid levels of HMGB1 and MMP-1
were significantly elevated in TBPE, and were positively correlated and associated with
post-TB pleural fibrosis. Furthermore, MTBRa induced HMGBI1 expression through acti-
vation of the JNK/AP-1 signaling pathway, leading to MMT, collagen production, and
MMP-1 upregulation. Silencing of MMP-1 markedly attenuated HMGB1-induced MMT.
To our knowledge, this is the first study to demonstrate the clinical significance of HMGB1
and its profibrotic effects in TBPE, including HMGB1-mediated MMT and ECM produc-
tion through JNK/AP-1 signaling and MMP-1-dependent mechanisms.

Extracellular HMGBI1 can promote inflammatory processes or EMT, facilitating the
migration and activation of mesenchymal cells and contributing to ECM deposition and
tissue fibrosis [6]. Comparably, MMP-1 plays a multifaceted role in fibrogenesis by mod-
ulating ECM turnover, inflammation, and myofibroblast transformation [12,14,15]. How-
ever, the fibrogenic effect of HMGB1 and MMP-1 in TBPE and their impact on clinical
outcome have never been investigated. A previous study demonstrated elevated HMGBI1
expression in malignant and inflammatory pleural and peritoneal effusions [16], while our
prior work showed that pleural fluid MMP-1 levels correlate with residual pleural fibrosis
in TBPE [12]. In the present study, we found for the first time that HMGB1 levels were
significantly increased in TBPE and were strongly associated with MMP-1 levels. Consist-
ently, MTBRa markedly induced HMGB1 expression in human PMCs, supporting a mech-
anistic link between clinical and in vitro findings. Clinically, HMGB1 and MMP-1 levels
were significantly higher in TBPE patients with RPT > 10 mm and positively correlated
with residual pleural opacity on chest radiography. Histopathological and immunofluo-
rescence analyses further demonstrated extensive pleural fibrosis and elevated HMGB1
and MMP-1 expression in mesothelial and fibrotic regions, suggesting that both mediators
contribute to fibrotic remodeling in TBPE.

Given that MTB infection elicits inflammatory responses through activation of mul-
tiple intracellular signaling pathways [17], we next investigated the specific pathways re-
sponsible for MTB-induced HMGB1 production in human PMCs. Pretreatment with the
JNK inhibitor significantly attenuated MTBRa-induced HMGB1 production. Correspond-
ingly, MTBRa stimulated JNK phosphorylation in human PMCs, promoting the cytoplas-
mic accumulation and subsequent nuclear translocation of c-Jun, which in turn enhanced
AP-1 promoter activity. In agreement with reported mechanisms in macrophages [18], the
present findings demonstrated that MTB induces HMGB1 expression primarily through
the JNK/AP-1 signaling axis. This specific pathway appears to be the central regulator of
the inflammatory activation of PMCs in response to MTB infection [19].

HMGBI functions as an extracellular DAMP during tissue injury to trigger pro-in-
flammatory cytokine secretion and sustain immune cell recruitment [5]. Beyond driving
inflammation, chronic HMGBI release promotes pathological fibrogenesis by stimulating
the FMT and inducing MMPs to accelerate ECM deposition and remodeling [20]. Prior
studies revealed that pleural injury serves as the primary promoter for TB-associated fi-
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brosis by inducing mesothelial cell activation, MMT and ECM deposition [21]. While
PMCs are known to undergo MMT in response to thrombin [4], our study demonstrated
a similar role for HMGB1 in TB pleurisy. Specifically, HMGB1 induced MMT, and con-
currently stimulated collagen and MMP-1 production. Notably, HMGBL silencing effec-
tively abrogated MTBRa-induced profibrotic responses, suggesting that MTB drives MMT
and ECM deposition substantially through an HMGB1-mediated mechanism.

Moreover, because HMGB1 upregulates MMP-1 and both correlate with pleural fi-
brosis in TBPE, elucidating their mechanistic interplay in pleural fibrogenesis is highly
warranted. Clinical evidence links MMP-1 polymorphisms to severe post-tuberculosis tra-
cheobronchial stenosis and pulmonary fibrosis [22,23]. Similarly, MMP-1 is markedly up-
regulated in idiopathic pulmonary fibrosis (IPF) tissue, though its pro-fibrotic mecha-
nisms have remained elusive [24]. Classically, MMP-1 is recognized as an interstitial col-
lagenase that mediates ECM degradation [25]; however, the biological functions of MMP-
1 extend beyond simple proteolysis. For example, MMP-1 has been shown to promote
EMT in various cancer types [14,26], mechanistically modulating cellular phenotypic tran-
sitions via protease-activated receptor-1 signaling [26]. Furthermore, in fibrotic patholo-
gies such as renal fibrosis, MMP-1, like other MMPs, may drive basement membrane deg-
radation, E-cadherin disruption, and latent transforming growth factor-g (TGF-[3) activa-
tion to induce EMT [27-29]. Collectively, these processes demonstrate that MMP-1 func-
tions not merely as a collagenolytic enzyme, but as a central orchestrator of fibrotic re-
modeling. In parallel, our findings revealed that during MTB stimulation, the capacity of
MMP-1 to drive MMT outpaces its classical collagenolytic activity. Specifically, MMP-1
significantly promoted MMT, whereas its silencing reversed HMGB1-induced MMT, in-
dicating that MMP-1 acts as a key downstream effector involved in HMGB1-mediated
fibrotic cascades. Together, these results highlight the HMGB1/MMP-1 axis as a pivotal
pathway orchestrating mesothelial transition and tissue remodeling in TB pleural fibro-
genesis.

Several limitations of this study should be acknowledged. First, although HMGB1
and MMP-1 levels correlate significantly with post-TB pleural fibrosis, their direct impact
on long-term clinical outcomes remains to be fully defined. Larger prospective cohorts are
warranted to validate whether effusion HMGB1 or MMP-1 can serve as reliable predictive
or prognostic biomarkers in TBPE. Second, while we demonstrated that the
HMGB1/MMP-1 axis mediates MMT and profibrotic pathways in vitro, the therapeutic
efficacy of targeting this axis has yet to be explored in vivo. Despite these limitations, to
our knowledge, this is the first study to characterize both the cellular mechanisms and
clinical relevance of the HMGB1/MMP-1 pathway in TBPE, providing a novel framework
for future targeted therapeutics against pleural fibrosis.

In conclusion, this study establishes HMGB1 as a key mediator of mesothelial activa-
tion and fibrogenesis in TBPE via JNK/AP-1 and MMP-1 signaling. By linking clinical data
to cellular mechanisms, we provide novel insights into TB pleural fibrosis and propose
the HMGB1/MMP-1 axis as a therapeutic target to mitigate inflammation-driven remod-
eling. Further clinical validation remains essential to translate these findings into effective
anti-fibrotic treatments.

4. Materials and Methods
4.1. Materials
Heat-killed Mycobacterium tuberculosis H37Ra and specific inhibitors were purchased
from Sigma-Aldrich (St. Louis, MO, USA) and Calbiochem (San Diego, CA, USA), respec-
tively. Recombinant HMGB1 was obtained from BioLegend (San Diego, CA, USA). Pri-
mary antibodies were sourced from GeneTex (Irvine, CA, USA), while the secondary anti-
rabbit IgG antibody was purchased from Jackson ImmunoResearch (West Grove, PA, USA).
https://doi.org/10.3390/ijms27135961
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4.2. Patient Enrolment

Patients with pleural effusions of unknown etiology admitted to Taipei Medical Uni-
versity Hospital were consecutively enrolled and categorized into two groups: TBPE (n =
36) and TPE (n = 14). All patients underwent pleural fluid acid-fast bacilli staining and
mycobacterial culture, with a pleural biopsy additionally performed when TBPE was clin-
ically suspected. A definitive diagnosis of TBPE was established by the detection of MTB
in pleural fluid or tissue, or by the presence of caseating granulomas in pleural biopsy
specimens, regardless of acid-fast bacilli staining results. All TBPE patients received
standard anti-tuberculosis treatment following diagnosis.

4.3. Pleural Fluid and CXR Analysis

Within 24 h of admission, thoracentesis was performed by a thoracic specialist to col-
lect 50 mL of pleural effusion for routine fluid analysis and microbiological testing.
Posteroanterior CXRs were obtained at baseline and every two months thereafter for a
minimum of six months. To evaluate the extent of lateral pleural thickening, two inde-
pendent radiologists, blinded to the clinical data, reviewed the images via the Picture Ar-
chiving and Communication System (PACS). Residual pleural thickening (RPT), defined
as a maximum linear width of the pleural opacity, and RPT > 10 mm was used as the
indicator for clinically significant pleural fibrosis. All procedures were conducted follow-
ing the receipt of written informed consent from all participants. This study was approved
by the Institutional Review Board of Taipei Medical University Hospital, Taiwan (IRB No.
N202505002).

4.4. Tissue Immunofluorescence and H&E Staining

Paraffin-embedded parietal pleural biopsies from TBPE patients were sectioned and
mounted onto glass slides. The sections were deparaffinized in xylene, rehydrated
through a series of graded ethanol solutions, and washed twice with PBS. For immuno-
fluorescence staining, the slides were incubated with primary antibodies against HMGB1
or MMP-1, followed by incubation with FITC- or Cy5-conjugated secondary antibodies.
Nuclei were counterstained with 4',6-diamidino-2-phenylindole (DAPI), and the sections
were mounted using an anti-fade mounting medium. Images were captured using an
Olympus microscope imaging system with OlyVIA software (version 3.2.1; Olympus, To-
kyo, Japan). Additionally, consecutive sections were stained with hematoxylin and eosin
(H&E) to evaluate tissue morphology and pathological features. These histological images
were acquired using a digital slide scanner equipped with Mitotic Digital Slide Assistant
software (version 1.0.7.46; Mitotic Asia, Kowloon, Hong Kong).

4.5. Cell Culture

The MeT-5A human pleural mesothelial cell line (ATCC #CRL-9444) was obtained
from the American Type Culture Collection (Manassas, VA, USA) and cultured as previ-
ously described [13].

4.6. Enzyme-Linked Immunosorbent Assay (ELISA)

Pleural fluid samples from patients with TBPE and TPE were collected as previously
described [4]. The concentrations of HMGB1 and MMP-1 in the effusions were determined
using commercial ELISA kits (R&D Systems, Minneapolis, MN, USA) according to the
manufacturer’s instructions. Furthermore, HMGB1 levels in the culture supernatants of
MeT-5A cells following stimulation with MTBRa were similarly quantified by ELISA.

4.7. Western Blot
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Proteins were separated via 10% SDS-PAGE and electrotransferred onto nitrocellu-
lose membranes (Millipore, Billerica, MA, USA). After blocking with 5% non-fat milk, the
membranes were incubated overnight at 4 °C with specific primary antibodies against the
indicated proteins. Subsequently, the membranes were incubated with horseradish pe-
roxidase (HRP)-conjugated secondary antibodies. Protein bands were visualized using
enhanced chemiluminescence reagents, and quantitative densitometric analysis was per-
formed using the ChemiDoc MP Imaging System (Bio-Rad, Hercules, CA, USA). The in-
tensity of each target protein was normalized to its corresponding loading control, and
the normalized values were expressed relative to the control group.

4.8. Preparation of Nuclear—Cytoplasmic Proteins

MeT-5A cells were seeded at a density of 6 x 105 cells in 10 cm dishes and cultured
for 48 h. Following serum starvation in serum-free medium for 24 h, the cells were ex-
posed to MTBRa for the indicated time periods. Nuclear and cytoplasmic proteins were
then isolated using the NE-PER™ Nuclear and Cytoplasmic Extraction Reagents (Pierce,
Rockford, IL, USA) according to the manufacturer’s instructions. a-tubulin was used as
the loading control for whole-cell lysates, whereas lamin B1 was used as the loading con-
trol for nuclear protein extracts.

4.9. RNA Interference

MeT-5A cells were transfected with small interfering RNA (siRNA) targeting
HMGB1, MMP1, or scrambled (non-targeting) siRNA using the DharmaFECT® Transfec-
tion Reagent (Thermo Scientific, Waltham, MA, USA) according to the manufacturer’s in-
structions. The siRNA complexes were added to the cells in antibiotic-free M199 medium
for 24 h. Subsequently, the medium was replaced with serum-free medium for another 24
h to induce starvation prior to treatment with MTBRa, recombinant HMGB]1, or recombi-
nant MMP-1. The efficiency of protein knockdown and subsequent expression changes
were analyzed by Western blotting.

4.10. Statistical Analyses

Statistical analyses were performed using GraphPad Prism software (version 9.3.1;
GraphPad Software, San Diego, CA, USA). Comparisons between two groups were con-
ducted using the unpaired Student’s t-test or the Mann-Whitney U test, depending on data
distribution. For comparisons among three or more groups in the Western blot experiments,
one-way analysis of variance (ANOVA), followed by the Student-Newman-Keuls (SNK)
post hoc test, was employed. Spearman’s rank correlation was used to evaluate the relation-
ships between continuous variables. Categorical variables were analyzed using the chi-
square (x?) test or Fisher’s exact test, as appropriate. Clinical data were expressed as median
(range), whereas Western blot experimental data were expressed as the mean + standard
error of the mean (SEM). A p-value < 0.05 was considered statistically significant.
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The following abbreviations are used in this manuscript:

HMGB1 High-mobility group box 1

MMP-1 Matrix metalloproteinase-1

MMT  Mesothelial-mesenchymal transition
PMC  Pleural mesothelial cell

RPT Residual pleural thickening

ECM  Extracellular matrix

TBPE  Tuberculous pleural effusion

References

1.  GBD 2021 Tuberculosis Collaborators. Global, regional, and national age-specific progress towards the 2020 milestones of the
WHO End TB Strategy: A systematic analysis for the Global Burden of Disease Study 2021. Lancet Infect. Dis. 2024, 24, 698-725.

2. Auld, S.C; Barczak, A.K.; Bishai, W.; Coussens, A K.; Dewi, LM.W_; Mitini-Nkhoma, S.C.; Uefong, C.; Naidoo, T.; Pooran, A.;
Stek, C.; et al. Pathogenesis of post-tuberculosis lung disease: Defining knowledge gaps and research priorities at the second
international post-tuberculosis symposium. Am. J. Respir. Crit. Care Med. 2024, 210, 979-993.

3. Antony, V.B. Inmunological mechanisms in pleural disease. Eur. Respir. ]. 2003, 21, 539-544.

4 Hsieh, C.Y,; Sheu, J.R.; Yang, C.H.; Chen, W.L,; Tsai, ].H.; Chung, C.L. Thrombin upregulates PAI-1 and mesothelial mesenchy-
mal transition through PAR-1 and contributes to tuberculous pleural fibrosis. Int. ]. Mol. Sci. 2019, 20, 5076.

5. Tang, D.; Kang, R.; Zeh, H].; Lotze, M.T. The multifunctional protein HMGBI: 50 years of discovery. Nat. Rev. Immunol. 2023,
23, 824-841.

6. Li, L.C; Gao, ], Li, J. Emerging role of HMGBI in fibrotic diseases. . Cell. Mol. Med. 2014, 18, 2331-2339.

7 Liu, T; Li, Q. Jin, Q.; Yang, L.; Mao, H.; Qu, P.; Guo, J.; Zhang, B.; Ma, F.; Wang, Y.; et al. Targeting HMGB1: A Potential
Therapeutic Strategy for Chronic Kidney Disease. Int. |. Biol. Sci. 2023, 19, 5020-5035.

8.  Guo, L; Han, L.; Zhang, J.; Shen, M,; Li, J.; Zhang, K.; Chen, R.; Liu, H. HMGB1 mediates epithelial-mesenchymal transition
and fibrosis in silicosis via RAGE/p-catenin signaling. Chem. Biol. Interact. 2025, 408, 111385.

9. Wang, Q.; Wang, J.; Wang, J.; Hong, S.; Han, F.; Chen, J.; Chen, G. HMGBI1 induces lung fibroblast to myofibroblast differenti-
ation through NF-kB-mediated TGF-1 release. Mol. Med. Rep. 2017, 15, 3062-3068.

10. Lee, C.C; Lai, Y.T.; Chang, H.T.; Liao, ].W.; Shyu, W.C.; Li, C.Y.; Wang, C.N. Inhibition of high-mobility group box 1 in lung
reduced airway inflammation and remodeling in a mouse model of chronic asthma. Biochem. Pharmacol. 2013, 86, 940-949.

11. Giannandrea, M.; Parks, W.C. Diverse functions of matrix metalloproteinases during fibrosis. Dis. Model. Mech. 2014, 7, 193-203.

12.  Chen, W.L,; Sheu, J.R; Chen, R.J.; Hsiao, S.H.; Hsiao, C.J.; Chou, Y.C.; Chung, C.L.; Hsiao, G. Mycobacterium tuberculosis up-

regulates TNF-a expression via TLR2/ERK signaling and induces MMP-1 and MMP-9 production in human pleural mesothelial
cells. PLoS ONE 2015, 10, e0137979.

https://doi.org/10.3390/ijms27135961


https://doi.org/10.3390/ijms27135961

Int. ]. Mol. Sci. 2026, 27, 5961 15 of 15

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Chung, C.L.; Sheu, ].R;; Liu, H.E.; Chang, S.C.; Chou, Y.C.; Chen, W.L.; Chou, D.S.; Hsiao, G. Dynasore, a dynamin inhibitor,
induces PAI-1 expression in MeT-5A human pleural mesothelial cells. Am. . Respir. Cell Mol. Biol. 2009, 40, 692-700.

Wang, K; Zheng, J.; Yu, J.; Wu, Y.; Guo, J.; Xu, Z.; Sun, X. Knockdown of MMP-1 inhibits the progression of colorectal cancer
by suppressing the PI3K/Akt/c-myc signaling pathway and EMT. Oncol. Rep. 2020, 43, 1103-1112.

Santoso, A.; Rasiha, R.; Zainal, A.T.F.; Khairunnisa, L.N.; Fais, M.K.; Gunawan, A.M.A K. Transforming growth factor-g and
matrix metalloproteinases as potential biomarkers of fibrotic lesions induced by tuberculosis: A systematic review and meta-
analysis. BM] Open 2023, 13, e070377.

Winter, N.; Meyer, A.; Richter, A.; Krisponeit, D.; Bullerdiek, J. Elevated Levels of HMGB1 in Cancerous and Inflammatory
Effusions. Anticancer Res. 2009, 29, 5013-5017.

Wang, Y.; Shi, Q.; Chen, Q.; Zhou, X.; Yuan, H.; Jia, X;; Liu, S.; Li, Q.; Ge, L. Emerging advances in identifying signal transmission
molecules involved in the interaction between Mycobacterium tuberculosis and the host. Front. Cell. Infect. Microbiol. 2022, 12,
956311.

Grover, A.; Taylor, J.; Troudt, J.; Keyser, A.; Sommersted, K.; Schenkel, A.; Izzo, A.A. Mycobacterial infection induces the secre-
tion of high-mobility group box 1 protein. Cell. Microbiol. 2008, 10, 1390-1404.

Chen, W.L.; Lee, K.L.; Lai, K.S.; Tsai, J.H.; Hsiao, S.H.; Chung, C.L. Toll-like Receptor 2 mediates VEGF overexpression and
mesothelial hyperpermeability in tuberculous pleural effusion. Int. ]. Mol. Sci. 2023, 24, 2846.

Hou, C,; Kong, J.; Liang, Y.; Huang, H.; Wen, H.; Zheng, X.; Wu, L.; Chen, Y. HMGB1 contributes to allergen-induced airway
remodeling in a murine model of chronic asthma by modulating airway inflammation and activating lung fibroblasts. Cell. Mol.
Immunol. 2015, 12, 409-423.

Tucker, T.A,; Idell, S. Update on novel targeted therapy for pleural organization and fibrosis. Int. ]. Mol. Sci. 2022, 23, 1587.
Kuo, H.P.; Wang, Y.M.; Wang, C.H.; He, C.C; Lin, S.M,; Lin, H.C; Liu, C.Y.; Huang, K.H.; Hsieh, L.L.; Huang, C.D. Matrix
metalloproteinase-1 polymorphism in Taiwanese patients with endobronchial tuberculosis. Tuberculosis 2008, 88, 262-267.
Wang, C.H,; Lin, H.C; Lin, SM.; Huang, C.D.; Liu, C.Y.; Huang, K.H.; Hsieh, L.L.; Chung, K.F.; Kuo, H.P. MMP-1(-1607G)
polymorphism as a risk factor for fibrosis after pulmonary tuberculosis in Taiwan. Int. J. Tuberc. Lung Dis. 2010, 14, 627-634.
Craig, V.J.; Zhang, L.; Hagood, ].S.; Owen, C.A. Matrix metalloproteinases as therapeutic targets for idiopathic pulmonary fi-
brosis. Am. J. Respir. Cell Mol. Biol. 2015, 53, 585-600.

Chen, K.; Xu, M.; Lu, F.; He, Y. Development of matrix metalloproteinases-mediated extracellular matrix remodeling in regen-
erative medicine: A mini review. Tissue Eng. Regen. Med. 2023, 20, 661-670.

Boire, A.; Covic, L.; Agarwal, A.; Jacques, S.; Sherifi, S.; Kuliopulos, A. PARI1 is a matrix metalloprotease-1 receptor that pro-
motes invasion and tumorigenesis of breast cancer cells. Cell 2005, 120, 303-313.

Zheng, G; Lyons, ].G,; Tan, T.K.; Wang, Y.; Hsu, T.T.; Min, D.; Succar, L.; Rangan, G.K.; Hu, M.; Henderson, B.R.; et al. Disrup-
tion of E-cadherin by matrix metalloproteinase directly mediates epithelial-mesenchymal transition downstream of transform-
ing growth factor-betal in renal tubular epithelial cells. Am. J. Pathol. 2009, 175, 580-591.

Tatti, O.; Vehvildinen, P.; Lehti, K.; Keski-Oja, ]. MT1-MMP releases latent TGF-betal from endothelial cell extracellular matrix
via proteolytic processing of LTBP-1. Exp. Cell Res. 2008, 314, 2501-2514.

Khalili-Tanha, G.; Radisky, E.S.; Radisky, D.C.; Shoari, A. Matrix metalloproteinase-driven epithelial-mesenchymal transition:
Implications in health and disease. ]. Transl. Med. 2025, 23, 436.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-

thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/ijms27135961


https://doi.org/10.3390/ijms27135961

