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INTRODUCTION

High mobility group box 1 (HMGB1) is a representa-
tive damage-associated molecular pattern (DAMP) protein.1) 
DAMPs are endogenous molecules released from cells in 
response to tissue injury or stress.2) These molecules signal 
danger to the immune system and can induce an inflammato-
ry response even in the absence of a pathogen, a phenomenon 
known as sterile inflammation. Sterile inflammation is now 
recognized as a key contributor to the pathogenesis of many 
non-infectious diseases, including autoimmune disorders, met-
abolic syndromes, and neurodegenerative diseases.3) HMGB1, 
typically a nuclear protein, is released from host cells and 
plays a critical role in initiating and amplifying inflammato-
ry responses by stimulating pattern-recognition receptors such 
as the receptor for advanced glycation endproducts (RAGE) 
and toll-like receptors (TLRs).4) HMGB1 also enhances the 
effects of other pro-inflammatory molecules, such as lipopoly-

saccharide (LPS), which is a representative pathogen-associat-
ed molecular pattern (PAMP), and/or advanced glycation end-
products (AGEs).5,6) Despite extensive research, many aspects 
of HMGB1’s function and regulatory mechanisms remain 
unclear.

We previously found that ribosomal protein L9 (RPL9), 
a known ribosomal constituent, is released from physical-
ly disrupted cells, similar to HMGB1, and is detectable in 
the serum of endotoxemia model mice.7) These findings sug-
gest that RPL9 also functions as a DAMP. However, unlike 
HMGB1, when administered to cells with LPS, RPL9 did not 
enhance the effect of LPS. Notably, when all three molecules 
(LPS, HMGB1, and RPL9) were administered to macrophage 
cells, the enhancing effect of HMGB1 on LPS was abrogated 
by RPL9, suggesting a suppressive role for RPL9. Thus, RPL9 
may belong to a novel category of molecules, which we refer 
to as “regulatory DAMPs,” that modulate the effects of known 
DAMPs such as HMGB1.
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Based on these findings, if RPL9 is simultaneously released 
with HMGB1, then HMGB1’s pro-inflammatory effects may 
be abolished from the beginning. This led us to question 
whether the release mechanism and timing of RPL9 differ 
from those of HMGB1.

The release of DAMPs, such as HMGB1, is a complex pro-
cess that can be broadly categorized as active secretion from 
viable cells or passive release from dying cells.8) Active secre-
tion is a regulated process in which molecules like HMGB1 
are transported from the nucleus to the cytoplasm and subse-
quently released through unconventional secretory pathways, 
often without the loss of cell viability. In contrast, passive 
release occurs when the plasma membrane is ruptured, allow-
ing intracellular contents to leak out. This can occur through 
unregulated cell death, such as necrosis, which results from 
severe injury, but it can also occur through various forms 
of regulated cell death involving lytic steps. One key exam-
ple of such a pathway is pyroptosis, an inflammatory form 
of programmed cell death triggered by inflammatory caspas-
es such as caspase-1. This process involves the formation of 
a membrane-disrupting pore by caspase-cleaved gasdermin D  
(GSDMD). This pore facilitates the rapid release of pro-
inflammatory cytokines, such as IL-1β and IL-18, which leads 
to cell lysis, resulting in the passive release of DAMPs, like 
HMGB1.9,10) Pyroptosis is a critical host defense mechanism 
against bacterial infection.11,12) To experimentally mimic this 
pathological state, where cells are exposed to pathogen-asso-
ciated molecular patterns (PAMPs), the combined stimulation 
with bacterial endotoxin (LPS) and the potassium ionophore 
nigericin (NIG) is widely utilized as a robust model of inflam-
matory cell death.

In the present study, to determine whether the release mech-
anism and timing of RPL9 differ from those of HMGB1, we 
compared the release kinetics of the two proteins from THP-
1 cells, a human macrophage model, investigating their release 
under pyroptosis-inducing conditions. Furthermore, we exam-
ined whether this stimulus prompts the release of HMGB1 and 
RPL9 in other cell types, namely HepG2 and EA.hy926 cells. 
Our results revealed distinct patterns of protein release across 
the three different cell lines, suggesting that these differences 
reflect the specific roles of various cell types and tissues in the 
regulation of inflammatory responses during infection in vivo, 
as discussed in detail in this study.

MATERIALS AND METHODS

Cell Culture and Sample Preparation   THP-1 (JCRB, 
Osaka, Japan), HepG2 (JCRB, Osaka, Japan), and EA.hy926 
(ATCC, Manassas, VA, USA) cells were grown in Roswell 
Park Memorial Institute 1640 medium, low-glucose Dulbec-
co’s modified Eagle’s medium (Nacalai Tesque, Kyoto, Japan), 
and high-glucose Dulbecco’s modified Eagle’s medium 
(Nacalai Tesque, Kyoto, Japan), respectively, supplemented 
with 10% fetal calf serum at 37°C in a humidified atmosphere 
containing 5% CO2. For differentiation into macrophage-
like cells, THP-1 cells were treated with 100 nM phorbol-
12-myristate-13-acetate (PMA; Cell Signaling Technology, 
Danvers, MA, USA) for 16 h. The cells were then stimulated 
with 100 ng/mL LPS (FUJIFILM Wako, Osaka, Japan) and 10 
μM NIG (FUJIFILM Wako, Osaka, Japan). The culture medi-
um and cells were collected at 1, 6, and 24 h after stimulation. 
The culture medium was centrifuged at 300 × g for 5 min to 

remove cell debris. Subsequently, the supernatant was recov-
ered and centrifuged at 2,000 × g for 30 min. The resulting 
supernatant was mixed with four volumes of cold acetone and 
precipitated at –80°C overnight. The precipitate was collect-
ed by centrifugation at 12,000 × g for 10 min, resuspended in 
Western blotting sample buffer, and sonicated.

Western Blotting   Western blotting was performed 
according to a previously described procedure13) using anti-
HMGB1 (produced in our laboratory14)), anti-RPL9 (Abcam,  
Cambridge, UK), or anti-GSDMD (Cell Signaling Technology, 
Danvers, MA, USA) antibodies. Recombinant HMGB1 and 
RPL9 were prepared as previously described.7) Samples were 
loaded based on equal protein amount (25 μg for cell lysates) 
or equal volume (20 μL for culture supernatants). Load-
ing consistency was verified by staining the membranes with 
Coomassie Brilliant Blue (CBB) solution (0.25% CBB R-250, 
50% methanol, 10% acetic acid) (Supplementary Figs. 1–4).

Cellular Viability Assay   Cell viability was assessed using 
the 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-
2-(4-sulfophenyl)-2H-tetrazolium, inner salt (MTS) assay 
with the CellTiter 96 AQueous One Solution Cell Prolifera-
tion Assay kit (Promega, Madison, WI, USA) according to the 
manufacturer’s protocol. Briefly, cells were stimulated with 
LPS and NIG for 1, 6, or 24 h, and then the assay reagent was 
added to each well. After 3 h of incubation, the absorbance at 
492 nm was measured using an MTP-320 microplate reader 
(CORONA ELECTRIC, Hitachinaka, Japan).

Cell Death Pattern Analysis   The externalization of phos-
phatidylserine (PS) and the exposure of nuclear DNA were 
analyzed using the RealTime-Glo Annexin V Apoptosis and 
Necrosis Assay kit (Promega, Madison, WI, USA) accord-
ing to the manufacturer’s protocol. Briefly, cells were treated 
with the kit reagents and then stimulated with LPS and NIG 
for 24 h. Luminescence and fluorescence signals (excitation at 
485 nm and emission at 530 nm) were measured at 1, 2, 3, 6, 
20, 21, 22, and 24 h after stimulation using a Varioskan Lux 
microplate reader (Thermo Fisher Scientific, Waltham, MA, 
USA).

Statistical Analysis   Statistical analysis among mul-
tiple groups was performed using Dunnett’s test using R  
(version 4.4.3, The R Foundation for Statistical Computing, 
Vienna, Austria). P-values < 0.05, 0.01, or 0.001 were con-
sidered statistically significant. All data were presented as the 
mean ± standard error.

RESULTS

Time-Course Analysis of the HMGB1 and RPL9 Release 
from LPS and NIG-Stimulated Cells   To compare the 
release kinetics of HMGB1 and RPL9, we utilized PMA-dif-
ferentiated THP-1 cells, a human macrophage model. We 
adopted a co-stimulation protocol with LPS and nigericin 
to induce HMGB1 release. In this model, at 1 h after stim-
ulation, HMGB1 was detected in the culture supernatant  
(Fig. 1). The amount of HMGB1 increased up to 6 h after 
stimulation, and slightly decreased by 24 h. RPL9 exhibited a 
similar pattern of increase and decrease, but the extent differed 
from that of HMGB1. Using 100 ng of recombinant HMGB1 
and RPL9 as a reference, the amount of RPL9 was lower than 
that of HMGB1 at 1 h, comparable at 6 h, and almost unde-
tectable at 24 h.

To assess potential differences between cell lines, HepG2 
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cells, a human liver cell model, were examined under the same 
conditions as THP-1 cells. At 1 h after stimulation, HMGB1 
and RPL9 were barely detectable (Fig. 2), although a slight 
amount of RPL9 was detected in the culture supernatant of the 
stimulated cells with a prolonged exposure time during chemi-
luminescence detection (data not shown). The release of RPL9 
became more evident at 6 h, whereas HMGB1 remained diffi-
cult to detect. The amount of RPL9 significantly increased at 
24 h, and HMGB1 became detectable at a comparable level to 
RPL9.

In addition, a similar analysis was performed using 
EA.hy926 cells, a human endothelial cell model. In contrast 
to THP-1 and HepG2, the release of HMGB1 and RPL9 from 
stimulated EA.hy926 cells was not observed at 1 or 6 h (Fig. 3).  
At 24 h, the proteins were only detectable at a minimal level.

Comparison of the GSDMD Cleavage among LPS and 
NIG-Stimulated THP-1, HepG2, and EA.hy926 Cells   
Based on these results, we next investigated whether pyrop-
tosis was induced in the tested cells. GSDMD cleavage, a key 
process of pyroptosis, was compared among the stimulated 
cells at each time point (Fig. 4). The stimulation condition was 

set to induce pyroptosis in THP-1 cells. In THP-1 cells, bands 
representing full-length and cleaved GSDMD were detect-
ed at 1 and 6 h after LPS and NIG addition. At 24 h, only a 
weak band representing cleaved GSDMD was observed, and 
the full-length band was barely detectable. Unlike THP-1, 
cleaved GSDMD was not detected in stimulated HepG2 or 
EA.hy926 cells. However, at 24 h, a decrease or disappearance 
of the full-length GSDMD band was observed in HepG2 and 
EA.hy926 cells.

Comparison of the Cell Viability under Stimulated  
Conditions   Considering that pyroptosis was induced only in 
THP-1 cells, we performed additional experiments to compare 
the cellular state under stimulated conditions. First, we com-
pared the viability of each cell line at different time points by 
MTS assay (Fig. 5). The viability of stimulated THP-1 cells 
decreased to 54% compared with vehicle-stimulated cells 
at 1 h, and significantly decreased to less than 30% at 6 and  
24 h, indicating the progression of pyroptosis. The viability of 
HepG2 cells also decreased to 56% at 1 h, but remained at the 
same level for up to 6 h; then, it significantly reduced to less 
than 30% at 24 h. Conversely, the viability of EA.hy926 cells 

Fig. 1.   Time-Course Analysis of the HMGB1 and RPL9 Release from LPS and NIG-Stimulated THP-1 Cells 
The cells were stimulated with vehicle or 100 ng/mL LPS and 10 μM NIG. The culture supernatant was collected at 1, 6, and 24 h after stimulation, and then analyzed by  

Western blotting to detect HMGB1 (~25 kDa) and RPL9 (~22 kDa). In each blot, 100 ng/lane of recombinant HMGB1 and RPL9 was loaded (positive control, PC). Data from 
three independent experiments are shown. Total protein staining of the membranes is shown in Supplementary Fig. 1.

Fig. 2.   Time-Course Analysis of the HMGB1 and RPL9 Release from LPS and NIG-Stimulated HepG2 Cells 
The cells were stimulated with vehicle or 100 ng/mL LPS and 10 μM NIG, and then analyzed as described in Fig. 1. Total protein staining of the membranes is shown in Sup-

plementary Fig. 2.
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remained above 80% for up to 6 h, and decreased to 30% at 
24 h.

Comparison of the Cell Death Patterns under Stimulated  
Conditions   Although the viability of all three cell lines 
decreased similarly within 24 h, the time-dependent differenc-
es in their viability patterns suggest that distinct forms of cell 
death occurred. To investigate these differences, we compared 
the cell death patterns by monitoring the integrity of the cel-
lular membranes over time, specifically the externalization of 
PS and the exposure of nuclear DNA (Fig. 6). In THP-1 cells, 
luminescent signals representing the amount of PS exposed 
on the cell surface significantly increased between 6 and 24 
h, indicating the loss of membrane asymmetry associated with 
the progression of cell death. The fluorescent signals repre-
senting the exposure of nuclear DNA significantly increased 
after 2 h, but no significant increase was observed thereafter. 
Similar to THP-1 cells, luminescent signals in HepG2 cells 
significantly increased between 6 and 24 h. However, unlike 
THP-1 cells, fluorescent signals in HepG2 cells significant-
ly increased between 6 and 20 h. In EA.hy926 cells, lumi-
nescent signals did not significantly change during the obser-
vation period. Similar to HepG2 cells, fluorescent signals in 
EA.hy926 cells significantly increased between 20 and 24 h.

DISCUSSION

The central hypothesis of this study was that the release 
kinetics differ between HMGB1, a pro-inflammatory DAMP, 
and RPL9, a candidate regulatory DAMP, providing a mech-
anism to explain how HMGB1’s activity can manifest despite 
the co-release of its potential inhibitor. Our results support this 
hypothesis and reveal that time-dependent regulation is high-
ly cell-type specific. The differential temporal release of these 
molecules was observed, which may play an important role in 
maintaining immune homeostasis in vivo.

In THP-1 macrophages, we observed a rapid, sequential 
release pattern consistent with their role as first responders. 
The initial phase (1 h) was marked by the predominant release 
of HMGB1, ensuring the rapid initiation of an inflammato-
ry alarm. This was followed by a second phase (6 h), where 
RPL9 release increased to a comparable level as pyropto-
sis progressed, thereby serving to control the initial response 
(Fig. 1). In contrast, the delayed and staggered release of the 

Fig. 3.   Time-Course Analysis of the HMGB1 and RPL9 Release from LPS and NIG-Stimulated EA.hy926 Cells 
The cells were stimulated with vehicle or 100 ng/mL LPS and 10 μM NIG, and then analyzed as described in Fig. 1. Total protein staining of the membranes is shown in  

Supplementary Fig. 3.

Fig. 4.   Comparison of GSDMD Cleavage among LPS and NIG-Stimulated 
THP-1, HepG2, and EA.hy926 Cells 

The cells were stimulated with vehicle (−) or 100 ng/mL LPS and 10 μM NIG (+). 
Whole cells were harvested at 1, 6, or 24 h after stimulation, and then analyzed by 
Western blotting to detect GSDMD (~53 kDa) and its cleaved form (~30 kDa). In each 
lane, 25 μg of cellular proteins were loaded. Representative data from three independ-
ent experiments are shown. Total protein staining of the membranes is shown in Sup-
plementary Fig. 4.
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two DAMPs from HepG2 liver cells suggested a self-protec-
tive strategy. The earlier release of inhibitory protein RPL9 
observed at 6 h, long before the appearance of a significant 
level of HMGB1, would precondition the local environment to 
reduce subsequent inflammatory damage (Fig. 2). This unique 
protective mechanism may be particularly important for the 
liver because it is anatomically positioned to be constantly 
exposed to gut-derived LPS via the portal vein. Meanwhile, 
the profound resistance of EA.hy926 endothelial cells to the 
stimulus (Fig. 5) is consistent with their critical role in both 
regulating inflammation and maintaining the vascular barrier. 
This resistance to lytic cell death is likely essential to prevent 
systemic spillover (Fig. 3).

Our cell death analysis strongly supports the mechanis-

tic basis for these distinct release patterns, revealing that the 
timing of passive release is caused by different underlying 
forms of regulated cell death. The rapid passive release from 
THP-1 cells was a direct consequence of classical pyropto-
sis, as demonstrated by the early detection of cleaved GSDMD  
(Fig. 4), the sharp decrease in cell viability within the first 
hour (Fig. 5), and the concomitant rapid exposure of nucle-
ar DNA through GSDMD pores (Fig. 6).15,16) Conversely, the 
delayed passive release of HMGB1 from HepG2 cells is con-
sistent with secondary necrosis following an apoptosis-like 
process. It has been reported that HMGB1 is not released 
during apoptosis, but rather during the subsequent second-
ary necrosis.17) This is supported by the absence of GSDMD 
cleavage (Fig. 4), a distinct pattern of cell viability loss (Fig. 
5), and the detection of nuclear DNA exposure only at 24 h  
(Fig. 6), indicating that membrane integrity was maintained 
for an extended period before the onset of secondary necro-
sis (Fig. 6).18)

Further examination of the 24 h time point revealed addi-
tional layers of regulation that clearly differed between cell 
types. In THP-1 cells, the transient nature of the RPL9 signal, 
which disappeared while the pro-inflammatory HMGB1 was 
still present, is noteworthy (Fig. 1). This disappearance may 
not be an actively regulated event, but rather a secondary con-
sequence of the intense pyroptotic environment. One possibil-
ity is degradation by proteases released from the THP-1 cells 
themselves. This may include enzymes that are actively secret-
ed proteases, such as matrix metalloproteinases,19) or intracel-
lular proteases like cathepsins that are passively released upon 
pyroptotic cell lysis.20) Another possibility is functional con-
sumption, in which RPL9 is cleared after binding to its tar-
gets, such as HMGB1 or LPS, to exert its inhibitory effects. 
Regardless of the precise mechanism, the functional outcome 
is the removal of an inhibitory “brake,” which may allow for 
a sustained or secondary wave of inflammation driven by the 
persistent HMGB1. Notably, the situation in HepG2 cells at 
24 h appears to represent a different endpoint. The preced-
ing release of RPL9 can be interpreted as an initial protective 
attempt. However, the substantial release of both HMGB1 and 
RPL9 at 24 h is likely the consequence of widespread second-
ary necrosis, indicating that this protective effort is ultimately 
insufficient (Fig. 2). These differences suggest that the extra-
cellular space is a dynamic environment where DAMP lev-
els are governed by a complex, cell-type-specific balance of 
release, degradation, and clearance.

Notably, we identified a temporal association between 
the externalization of PS (Fig. 6) and the release of RPL9  
(Figs. 1 and 2). This phenomenon is common to both THP-
1 and HepG2 cells, despite their different primary cell death 
pathways. This suggests the existence of a selective release 
pathway for RPL9 that is linked to early membrane reorgan-
ization events, such as PS externalization,21) and does not 
require complete cell lysis. Extracellular vesicles (EVs), which 
are released during membrane reorganization, are a plausible 
candidate for mediating this selective release.22) This possibil-
ity is consistent with our sample preparation because the cen-
trifugation protocol would enrich smaller EVs while removing 
larger debris and apoptotic bodies.

The concept of an EV-mediated release raises new ques-
tions about the extracellular function of RPL9. While further 
investigation is required, this model does not preclude RPL9’s 
inhibitory function. For example, considering that EVs pre-

Fig. 5.   Comparison of the Cellular Viability among the LPS and NIG-
Stimulated THP-1, HepG2, and EA.hy926 Cells 

The cells were stimulated with 100 ng/mL LPS and 10 μM NIG. At 1, 6, or 24 h af-
ter stimulation, the medium containing LPS and NIG was replaced with fresh medium 
containing the viability assay compound, and the cells were incubated for 3 h. After 
incubation, the amount of formazan product metabolized from the compound in living 
cells was estimated by measuring its absorbance at 492 nm. At each time point, the 
absorbance of the cells stimulated with LPS and NIG was shown relative to that of the 
cells stimulated with vehicle. ***, P < 0.001 indicates a significant difference from the 
1 h time point using Dunnett’s test (n = 4).
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sent various molecules derived from their parent cells on their 
surface,23) RPL9 presented on the surface of EVs may act as 
a high-density decoy for HMGB1 or LPS. Alternatively, giv-
en that the integrity of EVs is influenced by the microenvi-
ronment,23) EVs may release their cargo in response to specific 
environmental cues such as the low pH or high protease activ-
ity at inflammatory sites. Although these possibilities are spec-
ulative, the elucidation of this selective release pathway for 
RPL9 represents a critical future direction for understanding 
the function of regulatory DAMPs.

In conclusion, this study demonstrates that the regulation 
of DAMP-mediated inflammation depends not only on which 
molecules are released but also on when and how they are 
released. Despite its in vitro nature, our work reveals a com-
plex, cell-type-specific temporal control system and suggests 
the existence of a novel, selective release pathway for RPL9. 
Understanding these time-dependent regulatory processes is 
essential for developing new therapeutic strategies that can 
finely tune the inflammatory response.

Fig. 6.   Comparison of the Cell Death Patterns among the LPS and NIG-Stimulated THP-1, HepG2, and EA.hy926 Cells 
The cells were stimulated with 100 ng/mL LPS and 10 μM NIG in the presence of the detection reagent for phosphatidylserine (PS) and DNA. At each point from 1 to 24 h after 

stimulation, a luminescent signal reflecting PS exposure to the extracellular space and a fluorescent signal reflecting DNA exposure were measured in each well. At each time point, 
luminescent and fluorescent signals of the cells stimulated with LPS and NIG were shown relative to those of the cells stimulated with vehicle. *, P < 0.05; **, P < 0.01; ***,  
P < 0.001 indicates a significant difference from the 1 h time point using Dunnett’s test (n = 4).
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