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ABSTRACT
Background: Stevens–Johnson syndrome (SJS) and toxic epidermal necrolysis (TEN) represent a spectrum of severe drug-
induced cutaneous reactions. These conditions are characterized by widespread and confluent keratinocyte apoptosis, which 
differentiates them from erythema multiforme (EM). Mounting evidence has implicated the mitochondrial-dependent apoptosis 
pathway in the pathogenesis of SJS/TEN, but the potential roles and specific mechanisms of these pathways in SJS/TEN remain 
largely unexplored.
Methods: Proteomic analyses were conducted to investigate differential protein expression in blister fluid (BF)-derived exosomes 
from suction surgery in healthy individuals (Con Exo) or patients with EM (EM Exo) or SJS/TEN (TEN Exo). Further analysis 
involved glutathione S-transferase (GST) pull-down assay, liquid chromatography–tandem mass spectrometry (LC–MS/MS) 
analysis, and validation of MS results through proximity ligation assay (PLA) and coimmunoprecipitation (co-IP). Phenotypic 
and mechanistic analyses were performed using immunohistochemistry (IHC) staining, enzyme-linked immunosorbent assay 
(ELISA), western blotting, reverse transcription–polymerase chain reaction (RT-PCR), co-IP, CCK-8 assay, adenosine triphos-
phate (ATP) level measurements, and flow cytometry.
Results: Galectin-7 was markedly upregulated in BF-derived exosomes from SJS/TEN patients and showed a correlation with 
disease severity. Further analysis confirmed the interaction between galectin-7 and transient receptor potential (melastatin) 2 
(TRPM2). BF-derived exosomes from SJS/TEN patients induced an imbalance in mitochondrial dynamics via galectin-7/TRPM2 
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upregulation. Activation of TRPM2 led to an elevation in mitochondrial Zn2+, which facilitated the recruitment of the fission 
factor dynamin-related protein-1 (DRP-1) to mitochondria to trigger mitochondrial fission in the keratinocyte. In addition, the re-
cruitment of DRP-1-dependent mitochondrial fission via the voltage-dependent anion channel 1 (VDAC1)/hexokinase 2 (HK2)-
mediated opening of the mitochondrial permeability transition pore (mPTP)-triggered cytochrome c release. These effects 
ultimately induce activation of the intrinsic mitochondrial apoptotic pathway and contribute to the pathogenesis of SJS/TEN.
Conclusions: Targeting the galectin-7/TRPM2/Zn2+/DRP-1 signaling pathway in keratinocytes presents a prospective thera-
peutic strategy for mitigating SJS/TEN in the future.

1   |   Introduction

Stevens–Johnson syndrome (SJS) and toxic epidermal necrolysis 
(TEN) are rare, acute, and life-threatening mucocutaneous dis-
eases that are nearly always drug-related [1, 2]. They are a con-
sequence of extensive keratinocyte apoptosis that results in the 
separation of significant areas of skin at the dermal–epidermal 
junction, producing the appearance of scalded skin. Considered 
as part of the same spectrum of diseases, SJS has skin detach-
ment on less than 10% of the body surface area (BSA), whereas 
TEN is defined as the area of denuded skin greater than 30% of 
BSA; the range of 10%–30% is known as SJS-TEN overlap.

To date, the mechanism of keratinocyte apoptosis in SJS/TEN is 
not fully understood. Previous studies have shown that certain 
pathogenic factors, including the extrinsic apoptosis pathway: 
Fas–Fas ligand (FasL) interactions and TNF-α; granule exocy-
tosis pathway: perforin/granzyme and granulysin, play an im-
portant role in triggering apoptosis of keratinocytes in SJS/TEN 
[3, 4]. Recent research also implicates intrinsic apoptosis as an 
alternate pathway in mediating keratinocyte cell death in SJS/
TEN [5, 6]. In mice, subcutaneous injection of a small molecule 
inhibitor of apoptosis (IAP) antagonist drug (smac-mimetic, 
SM) induced TEN-like cutaneous inflammation, epidermal de-
tachment, and histological features of TEN [7]. Our group has 
shown that the intrinsic pathway is activated by plasma exoso-
mal miR-375-3p via downregulation of the X-linked inhibitor of 
apoptosis protein (XIAP), leading to mPTP opening, which ini-
tiates a signaling cascade that leads to cell death [6].

During apoptosis, one of the steps is the fragmentation of mito-
chondria, and recent evidence indicates that mitochondrial fis-
sion is critical for apoptotic promotion [8, 9]. In particular, DRP-1 
mediates mitochondrial fission, leading to mPTP opening, cy-
tochrome c release, and subsequently initiates mitochondrial-
dependent cellular apoptosis [10]. In our previous study, a shift 
of mitochondrial dynamics towards fission has been observed 
in SJS/TEN lesions [6]. Since mitochondrial homeostasis is an 
essential housekeeping function to maintain cell viability and 
excessive mitochondrial fission provokes apoptosis [11], we 
hypothesized that aberrant mitochondrial fission may also in-
fluence the execution of keratinocyte apoptosis in SJS/TEN. 
However, the mechanisms regarding regulating their aberrant 
mitochondrial fission and the subsequent apoptosis process are 
still insufficiently understood.

For assessment of mitochondrial fission and apoptosis mecha-
nisms, here we perform proteomic analysis of BF-derived exo-
somes from SJS/TEN patients, EM patients, and suction surgery 
blisters from healthy individual groups. We identified galectin-7 

as a candidate molecule for driving mitochondrial fission and the 
subsequent apoptosis process. Importantly, the TRPM2 channel 
in keratinocytes was activated by galectin-7 from BF-derived 
exosomes from SJS/TEN patients, which altered intracellular 
Zn2+ homeostasis, leading to aberrant recruitment of DRP-1 and 
excessive mitochondrial fission. These findings raise the excit-
ing perspective of targeting the galectin-7/TRPM2/Zn2+/DRP-1 
pathway as a novel therapeutic strategy to treat SJS/TEN.

2   |   Results

2.1   |   Characterization of BF-Derived Exosomes 
From SJS/TEN Patients

Patients with SJS/TEN exhibit multiple erythematous macules 
evolving into bullae and epidermal detachment on the limbs 
(Figure 1A). The histopathology of SJS/TEN is characterized by 
a subepidermal cleft with overlying confluent necrosis of the epi-
dermis (Figure 1B). SJS/TEN BF was an immune-rich reservoir 
devoid of stromal subsets [12], and exosomes participate in the de-
velopment of allergic diseases [13, 14]. Therefore, the exosome-rich 
fraction was purified from BF of SJS/TEN patients with a standard 
protocol of ultracentrifugation steps (Figure 1C). Using transmis-
sion electron microscopy (TEM), we observed the typical ‘cup-
shaped’ vesicles of exosomes ~100 nm in diameter (Figure  1D). 
Western blotting analysis indicated that the exosomes were positive 
for the CD9, CD63, TSG101, and CD81 markers (Figure 1E). The 
average particle sizes lay within the expected 30–200 nm range by 
Nano-Flow Cytometry (NanoFCM) (Figure 1F). Subsequently, the 
specific antibody captured on each ExoView chip spot was used 
for antibody capture-based immobilization of exosome samples for 
further probing with fluorescently labeled antibodies (Figure 1G). 
Single particle interferometric reflectance imaging sensing (SP-
IRIS) analysis indicated that the sizes of the Con Exo and TEN 
Exo were similar (Figure 1H). Immuno-colocalization imaging in-
dicated that TEN Exo had more CD9-, CD63-, and CD81-positive 
exosomes than the Con Exo (p < 0.001) (Figure 1I,J). Moreover, the 
higher percentages of CD81+/CD9+, CD63+/CD81,+ and CD63+/
CD81+/CD9+ cells in the TEN-Exo group compared with those in 
the Con-Exo group (p < 0.05) (Figure 1K,L). Interestingly, greater 
numbers of monocyte-derived CD14+/CD63+, Natural killer (NK) 
cell-derived CD56+/CD63+, and cytotoxic T-cell-derived CD8+/
CD63+ exosomes were present in the TEN-Exo group (p < 0.001) 
(Figure 1M). These data showed that TEN Exo contained higher 
numbers of CD63-, CD81-, and CD9-positive nanoparticles.

We further investigated whether BF-derived exosomes from 
SJS patients (SJS Exo) and TEN patients (TEN Exo) have dif-
ferent pathogenic signatures regarding keratinocyte apoptosis. 
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FIGURE 1    |     Legend on next page.
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The results showed that both SJS Exo and TEN Exo can pro-
mote keratinocyte apoptosis. Specifically, SJS Exo dramatically 
downregulated cell viability and ATP levels, but upregulated 
intracellular reactive oxygen species (ROS) and caspase-3 ac-
tivity in keratinocytes (p < 0.01) (Figure  S1A–D). Importantly, 
TEN Exo significantly reduced human keratinocyte viability 
and ATP levels relative to SJS Exo (Figure  S1A,B). Moreover, 
intracellular ROS and caspase-3 activity were upregulated in 
the TEN Exo group compared with the SJS Exo group (p < 0.01) 
(Figure S1C,D). In addition, TEN Exo also upregulated cleaved 
CAS-3, CAS-9, BAX, and poly (ADP-ribose) polymerase (PARP) 
but substantially downregulated BCL-2 compared to those with 
the SJS Exo group (Figure  S1E). Together, these data suggest 
that TEN Exo promoted more apoptotic effects in keratino-
cytes relative to SJS Exo, but SJS Exo and TEN Exo have similar 
pathogenic signatures.

2.2   |   Proteomic Analysis of BF-Derived 
Exosomes Obtained via Suction Surgery in 
Healthy Individuals or From Patients With EM 
and SJS/TEN

To elucidate the mechanisms underlying the apoptotic effect of 
BF-derived exosomes from SJS/TEN patients, we analyzed their 
protein content by mass spectrometry (MS). Proteomic analy-
sis of differentially expressed proteins among Con Exo, EM 
Exo, and TEN Exo (The SCORTEN from No. 1–3 TEN patients 
were 1, 2, 3, respectively) was performed. The volcano plot in 
Figure 2A-C shows a total of 204 differentially expressed pro-
teins (142 upregulated and 62 downregulated) between the TEN 
Exo and Con Exo groups based on a fold change > 2 and p < 0.05. 
Moreover, there were 22 upregulated proteins and 21 downreg-
ulated proteins in the TEN Exo group compared with the EM 
Exo group. Using WoLF PSORT software, the majority of the 
detected exosomal proteins were predicted to accumulate in 
the cytosol, extracellular space, and mitochondria (Figure 2D). 
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway 
annotation revealed that these differentially expressed proteins 
were related mainly to apoptosis and mitochondrial dynamics 
(Figure 2E). Notably, galectin-7 was the most prevalent protein 
found in TEN Exo in comparison to EM Exo and Con Exo. Thus, 
galectin-7 was selected for further examination in subsequent 
investigations.

2.3   |   Galectin-7-siRNA-Exo-Fect Exosomes 
Suppress Keratinocyte Apoptosis In Vitro via a 
Mitochondrial-Dependent Pathway

We sought to investigate the potential involvement of galec-
tin-7 in keratinocyte apoptosis in SJS/TEN patients. We first 
transfected human primary keratinocytes with Galectin-7-
siRNA and validated the transfection efficiency by western 
blotting (Figure  S2A). Notably, Galectin-7-siRNA–loaded 
TEN Exo (the SCORTEN from No. 2 and TEN patient was 2) 
significantly enhanced keratinocyte viability while reducing 
intracellular ROS and keratinocyte apoptosis levels (p < 0.05) 
(Figure  S2B–E). The close link between mitochondrial ab-
normalities and apoptosis prompted an investigation into 
mitochondrial functions. The results showed that Galectin-
7-siRNA–loaded TEN Exo hindered mitochondrial mem-
brane potential (MMP) collapse, boosted ATP production, 
and lowered the adenosine diphosphate (ADP)/ATP ratio, 
and decreased the mitochondrial reactive oxygen species 
(mtROS) levels, collectively indicating mitochondrial dys-
function (p < 0.05) (Figure  S2F–I). In addition, the delivery 
of Galectin-7-siRNA–loaded TEN Exo resulted in a reduction 
of BAX, BAK, cleaved CAS-3, CAS-9, and PARP levels while 
concurrently enhancing BCL-2 expression in keratinocytes 
(Figure S2J). Accordingly, galectin-7–loaded TEN Exo signifi-
cantly reduced keratinocyte viability while increasing intra-
cellular ROS levels and apoptosis (p < 0.05) (Figure S3A–E). In 
addition, galectin-7–loaded TEN Exo promoted MMP collapse, 
elevated the ADP/ATP ratio, and decreased ATP production 
(Figure S3F–H). Galectin-7–loaded TEN Exo also upregulated 
levels of BAX, BAK, cleaved CAS-3, CAS-9, and PARP, while 
downregulating BCL-2 levels in keratinocytes (Figure S3I).

In addition, we detected whether the other proteins in TEN 
Exo mediated the apoptotic effects of keratinocytes. The KEGG 
pathway annotation indicates that S100A9 and PDCD6 from 
TEN Exo may participate in the apoptosis pathway. However, 
S100A9 or PDCD6-siRNA–loaded TEN Exo (the SCORTEN 
from No. 2 and TEN patient was 2) could not change keratino-
cyte viability, ATP level, caspase-3 activity, and the expression 
levels of apoptosis-related proteins compared with control-
siRNA–loaded TEN Exo (Figure  S4A–G). These data suggest 
that galectin-7 specifically facilitates keratinocyte apoptosis via 
a mitochondrial-dependent pathway.

FIGURE 1    |    Characterization of BF-derived exosomes from SJS/TEN patients. (A) The blisters and erosions of patients with SJS/TEN. (B) 
Hematoxylin and eosin (H&E) staining shows the skin lesions of patients with SJS/TEN. (C) Flow chart for the exosome purification procedure based 
on differential ultracentrifugation. (D) Electron micrographs. (E) Western blotting analysis confirmed the presence of exosome marker proteins. (F) 
Size distribution of BF-derived exosomes determined using a Flow NanoAnalyzer. (G) Schematic diagram of the sensitive multimarker detection 
method for exosomes captured on a microarray chip. (H) The size distribution. (I, J) The number of exosome marker-captured subpopulations was 
analyzed by SP-IRIS analysis. (K, L) Immune-colocalization of the exosomes was determined by SP-IRIS. The chips were coated with antibodies 
against anti-human CD81, CD63, and CD9. Anti-mouse IgG was used as the negative control. Fluorescent antibodies against CD81, CD63, and CD9 
were used for the analysis of colocalization. (M) Particle counts of captured CD14+, CD56+, CD8+, and CD19+ BF-derived exosomes from suction sur-
gery in healthy individuals and SJS/TEN sample conditions on both CD63 and IgG capture spots. Con Exo, exosome obtained from suction surgery 
in healthy individuals; EM Exo, exosome from patients with EM; and TEN Exo, exosome from patients with SJS/TEN. Bar = 100 μm. The BF-derived 
exosomes were obtained from three patients with EM or SJS/TEN and three suction surgeries in healthy individuals, with each patient and suction 
surgery undergoing three biological replicates. ns, not significant. *p < 0.05, **p < 0.01, ***p < 0.001.
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2.4   |   Identification of Galectin-7-Interacting 
Proteins by GST Pull-Down and LC–MS/MS 
Analysis

To further explore the specific molecules to which galectin-7 
binds to promote keratinocyte apoptosis, we conducted a GST 
pull-down assay combined with LC–MS/MS to identify the 
proteins that interact with galectin-7. Purified GST and GST-
galectin-7 proteins were subjected to SDS-PAGE and visualized 
by Coomassie brilliant blue staining. GST and GST-galectin-7 
showed predominant bands at the expected molecular weight 
(Figure 3A). Among the 20 potential candidates, TRPM2 was 
distinguished by 2 unique peptides. Furthermore, the differen-
tially expressed proteins were enriched mainly in the cell death 
pathway (Figure  3B–D). To verify this relationship, we per-
formed rigid protein–protein docking between galectin-7 and 
TRPM2. As shown in Figure 3E, galectin-7 and TRPM2 form 
hydrogen bonds through amino acid residues such as ARG 134-
GLN 433 and GLN 129-SER 421, revealing that the galectin-7 
and TRPM2 proteins form a stable protein docking model. The 
conformation of the ligand–protein complex also suggested that 
galectin-7 is stably bound to the TRPM2 protein at the active site, 
as determined by root-mean-square deviation (RMSD) analysis 
(Figure 3F). To corroborate these results and to confirm the in-
teraction between galectin-7 and TRPM2, a duolink PLA was 
performed with keratinocyte and transfected with Galectin-7-
siRNA or a negative control. As shown in Figure 3G, red fluo-
rescence was found in the cytoplasm of the keratinocyte, which 
displayed hybridized and amplified antibody-linked nucleo-
tide strands revealing the interaction between galectin-7 and 
TRPM2. Moreover, the relative fluorescence intensity of PLA 
was decreased after transfection with Galectin-7-siRNA. We 
also demonstrated that the galectin-7 and TRPM2 complex was 
stably associated in HaCaT cells, and these interactions were 
activated mainly in mitochondria (Figure 3H).

2.5   |   Skin Lesions and BF or BF-Derived Exosomes 
From SJS/TEN Patients Show Increased Levels 
of Galectin-7 and TRPM2

In order to clarify whether galectin-7 and TRPM2 could partic-
ipate in the pathogenesis of SJS/TEN, we then explored the ex-
pression of galectin-7 and TRPM2 in vivo. First, IHC and western 
blotting revealed that the levels of galectin-7 and TRPM2 were 
significantly increased in the epidermis of SJS/TEN lesions (The 
SCORTEN from No. 1–3 TEN patients were 1, 2, 3, respectively; 
The SCORTEN from No. 5 SJS patient was 2) compared with those 
of patients with EM or maculopapular drug eruption (MPE) and 
healthy individuals (Figure  4A,B). Interestingly, we found that 
the expression levels of galectin-7 and TRPM2 in the epidermis 
of TEN patients were clearly higher compared to patients with 
psoriasis and atopic dermatitis (AD) (Figure  4C). Moreover, 

galectin-7 and TRPM2 expression in the epidermis of TEN pa-
tients was significantly reduced after system corticosteroids 
(Figure  4D) or TNF inhibitor Etanercept treatment (p < 0.01) 
(Figure  S5A,B). TRPM1 was also a member of the family of 
melastatin-related TRPM channels. To further elucidate whether 
TRPM1 could be involved in the pathogenesis of SJS/TEN, we de-
tected the expression level of TRPM1 in vivo. The results showed 
that TRPM1 expression was not changed in SJS/TEN patients 
relative to EM, MPE patients, and healthy individuals, as indi-
cated in Figure S5C,D. In addition, the BF-derived exosomes and 
BF from SJS/TEN patients presented obviously higher galectin-7 
levels than those from patients with EM and those obtained via 
suction surgery in healthy individuals (p < 0.01) (Figure S5E,F). 
We also observed that galectin-7 levels in TEN Exo were higher 
relative to SJS Exo (p < 0.05) (Figure S5G). Moreover, these lev-
els were positively correlated with the disease severity of BSA 
and the severity-of-illness score for toxic epidermal necrolysis 
(SCORTEN) in SJS/TEN patients (Figure  S5H–K). These data 
indicated that galectin-7 and TRPM2 may be associated with the 
pathological mechanisms of SJS/TEN.

2.6   |   TRPM2 Promotes Keratinocyte Apoptosis 
In Vitro via a Mitochondrial-Dependent Pathway

To prove whether TRPM2 could mediate the apoptotic effect 
of keratinocytes in  vitro, we first transfected human primary 
keratinocytes with TRPM2-siRNA or negative control siRNA 
and confirmed the transfection efficiency by western blotting 
(Figure S6A). Notably, TRPM2-siRNA or an inhibitor (clotrima-
zole) significantly increased keratinocyte viability and decreased 
intracellular ROS levels (Figure S6B–D). TRPM2-siRNA or an in-
hibitor decreased the ADP/ATP ratio and keratinocyte apoptosis, 
and hindered MMP collapse (p < 0.05) (Figure S6E–G). In addi-
tion, TRPM2-siRNA or an inhibitor reduced the levels of BAX, 
BAK, cleaved-CAS-3, CAS-9, and PARP (Figure S6H). Moreover, 
compared with those from healthy individuals, the mitochondria 
from patients with TEN lacked cristae (Figure S6I).

To further elucidate whether TRPM2 inhibition can attenuate 
the apoptotic effects mediated by galectin-7 on keratinocytes, 
we transfected galectin-7 plasmid-pretreated TEN Exo with 
TRPM2-siRNA or TRPM2 inhibitor. Notably, TRPM2-siRNA 
or an inhibitor significantly upregulated keratinocyte viability 
and ATP levels, dramatically decreased intracellular ROS lev-
els, caspase-3 activity, and the expression levels of BAX, BAK, 
cleaved-CAS-3, CAS-9, and PARP from galectin-7-mediated 
apoptotic effects on keratinocytes (p < 0.05) (Figure  S7A–E). 
Therefore, TRPM2 inhibition can attenuate the apoptotic effects 
mediated by galectin-7 on keratinocytes. These results demon-
strated that exosomal galectin-7 entered into keratinocytes, 
combined with TRPM2, and induced keratinocyte apoptosis via 
a mitochondrial-dependent pathway.

FIGURE 2    |    Proteomic analysis of BF-derived exosomes obtained from suction surgery in healthy individuals and patients with EM or TEN. (A) 
Volcano plot of differentially expressed proteins among Con Exo, EM Exo, and TEN Exo. Each group consists of three patients, with each patient 
undergoing three biological replicates. (B, C) Heatmap and number of differentially expressed proteins among Con Exo, EM Exo, and TEN Exo. Each 
group consists of three patients, with each patient undergoing three biological replicates. (D, E) Subcellular location and KEGG pathway analysis of 
differentially expressed proteins among Con Exo, EM Exo, and TEN Exo.
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FIGURE 3    |     Legend on next page.
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2.7   |   Galectin-7/TRPM2 Contributes to Disruption 
of the Mitochondrial Structure and Function

In order to determine how galectin-7 and TRPM2 induce kerat-
inocyte apoptosis, we focused on changes in the mitochondrial 

structure and function. First, we revealed that the mitochondrial 
DNA (mtDNA) copy number and transcripts were decreased 
after treatment with TEN Exo, but treatment with TRPM2- or 
Galectin-7-siRNA–loaded TEN Exo reversed these changes 
(Figure  5A). The electron transport chain complex (ETCx) is 

FIGURE 4    |    Galectin-7 and TRPM2 protein expression in vivo. (A) Galectin-7 and TRPM2 immunostaining. Bar = 100 μm. (B) Western blotting 
showing the expression of galectin-7 and TRPM2 in the epidermis of skin biopsy samples from healthy individuals and patients with EM or TEN. (C) 
Western blotting showing the expression of galectin-7 and TRPM2 in the epidermis of skin biopsy samples from healthy individuals and patients with 
AD, psoriasis, or TEN. Densitometry was used to measure the expression levels of galectin-7 and TRPM2 relative to those of GAPDH. (D) Galectin-7 
and TRPM2 expression in the epidermis of TEN patients before and after treatment with system corticosteroids. The data are representative of at least 
three independent experiments. ns, not significant. *p < 0.05, **p < 0.01, ***p < 0.001.

FIGURE 3    |    Galectin-7 forms a stable complex with the TRPM2 protein. (A) SDS-PAGE and western blotting results show several proteins identi-
fied by large-scale GST pulldown. (B) The differential bands were analyzed by LC–MS/MS. (C) Venn diagram of the GST and galectin-7-related pro-
teins. (D) Enrichment pathway analysis of galectin-7-related differentially expressed proteins. (E) Surface diagram of the docking model and residues 
of galectin-7 that interact with the TRPM2 protein (galectin-7, blue; TRPM2, yellow; hydrogen bond interaction, dotted line). (F) Molecular dynamics 
analysis of ligand–receptor complexes. The RMSD reflects the stability of the galectin-7/TRPM2 complex. (G) The duolink PLA was used to detect 
the colocalization and interaction between galectin-7 and TRPM2. Bar = 50 μm. (H) co-IP analysis showed the reciprocal binding of galectin-7 and 
TRPM2 in HaCaT cells. C, Cytoplasm; M, Mitochondria; ns, not significant. **p < 0.01.
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FIGURE 5    |    Galectin-7 or TRPM2 siRNA protects mitochondrial function in keratinocytes. (A–E) Human primary keratinocytes were incubated 
with Galectin-7 or TRPM2-siRNA–loaded TEN Exo for 48 h. (A) qRT-PCR analyses of the mtDNA copy number. The transcript level of mtDNA is re-
flected by two different components: ND1, encoded by the light chain of mtDNA, and COX II, encoded by the heavy chain of mtDNA. (B) Protein ex-
pression of the mitochondrial ETCx. (C) The changes in ETCx I, II, and III activities were measured spectrophotometrically. (D) HIS-SIM recording 
of the mitochondrial morphology and cristae of human primary keratinocytes labeled with PKMO. Bar = 100 μm. (E) The protein expression levels of 
DRP-1, MFF, MFN-2, and MFN-1 were analyzed via western blotting. The data are representative of at least three independent experiments. ns, not 
significant. *p < 0.05, **p < 0.01, ***p < 0.001.
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encoded mainly by mtDNA. TEN Exo reduced the content and 
function of ETCx, but TRPM2- or Galectin-7-siRNA–loaded TEN 
Exo increased the content and function of ETCx (Figure 5B,C). 
In parallel, compared with TEN Exo treatment, TRPM2 or 
galectin-7–loaded TEN Exo treatment further decreased the 
mtDNA copy number, ETCx content, and mitochondrial biogen-
esis (p < 0.05) (Figure S8A–D).

Imbalanced mitochondrial dynamics are associated with a 
range of diseases that are broadly characterized by impaired 
mitochondrial function and increased cell death [15]. The ef-
ficiency of mitochondrial respiration and cellular growth de-
pends on the cristae shape [16]. Therefore, we stained human 
primary keratinocytes using PK Mito Orange (PKMO) and cap-
tured individual mitochondrial cristae. Hessian-structured il-
lumination microscopy (HIS-SIM) revealed that mitochondria 
in a normal keratinocyte exhibited a highly ordered lamellar 
crista architecture across the entire mitochondrial network and 
a long tubular, branched mitochondrial network (Figure 5D). 
In contrast, treatment with TEN Exo led to significant frag-
mentation of the network into small rounded fragments in the 
majority of cells, and the crista arrangements appeared to be 
less regular or lacked cristae (Figure  5D); however, TRPM2- 
or Galectin-7-siRNA–loaded TEN Exo reversed these changes 
(Figure 5D).

Mitochondrial fission is induced by the translocation of DRP-1 
from the cytosol to the mitochondria [10]. Our results showed 
that TEN Exo significantly promoted and inhibited the over-
lap among DRP-1, cytochrome c, and mitochondria compared 
with that obtained with the control treatment. However, in 
the TRPM2- or Galectin-7-siRNA–loaded TEN Exo groups, 
the number of DRP-1 or cytochrome c foci on the mitochon-
dria was clearly decreased or increased, respectively, as re-
vealed by immunofluorescence analysis and western blotting 
(Figure  S9A,B). Phosphorylation at serine 616 (DRP-1 S616) is 
associated with increased DRP-1 activity (pro-fission), whereas 
phosphorylation at serine 637 (DRP-1 S637) has the opposite ef-
fect (antifission) [10]. The data showed that TEN-Exo treatment 
increased the phosphorylation of DRP-1 at ser616 and decreased 
that at ser637 (Figure  5E). However, these changes were re-
versed by treatment with TRPM2- or Galectin-7-siRNA–loaded 
TEN Exo (Figure 5E). In addition, we found that TRPM2 and 
galectin-7 strongly reduced the expression of proteins related to 
mitochondrial fusion, including mitofusin 1 (MFN1) and mito-
fusin 2 (MFN2) (Figure  5E). Furthermore, IHC revealed that 
the expression of the mitochondrial electron transfer chain such 
as NADH dehydrogenase [ubiquinone] 1 beta subcomplex sub-
unit 8 (NDUFB8), succinate dehydrogenase enzyme B (SDHB), 
ubiquinol-cytochrome c reductase core protein 2 (UQCRC2); 
mitochondrial biogenesis biomarkers such as PPAR-gamma co-
activator 1alpha (PGC-1α), nuclear respiratory factor 1 (NRF1), 
mitochondrial transcription factor A (TFAM), and MFN-2 were 
downregulated in the skin lesions of SJS/TEN patients com-
pared with those of patients with EM or MPE and healthy indi-
viduals. In contrast, the expression of DRP-1 and mitochondrial 
fission factor (MFF) were upregulated in the skin lesions of SJS/
TEN patients compared with those of patients with EM or MPE 
and healthy individuals (Figures  S10–S12). Taken together, 
these data demonstrated that TEN Exo induced an imbalance 
in mitochondrial dynamics, leading to excessive mitochondrial 

fission via galectin-7/TRPM2 upregulation and subsequent 
DRP-1 recruitment to mitochondria.

2.8   |   TRPM2 Induces an Increase in the Zn2+ Level 
in Mitochondria

Studies have shown that TRPM2 activation increases the cytoso-
lic Ca2+ and Zn2+ levels [17]. Accordingly, we treated HaCaT cells 
with a TRPM2 plasmid and isolated mitochondria. Inductively 
coupled plasma mass spectrometry (ICP–MS) showed that the 
Zn2+ level in mitochondria was higher than the other ion levels 
(Figure  6A). The levels of serum Zn2+ were also significantly 
higher in SJS/TEN patients than in patients with EM and healthy 
individuals (p < 0.01) (Figure 6B). Intriguingly, the Zn2+ concen-
tration in mitochondria was lower in the TRPM2-siRNA–loaded 
TEN-Exo groups than in the control group (Figure 6C).

Because mitochondria can sequester free Zn2+, mitochondrial 
fission was prevented by Zn2+ chelation [18], and we speculated 
that there would be changes in the mitochondrial Zn2+ concen-
tration in SJS/TEN keratinocytes. To test this hypothesis, we 
examined the effect of TEN Exo on the mitochondrial Zn2+ dis-
tribution by staining HaCaT cells with PK-Zinc and MitoTracker 
Red to label Zn2+ (green) and mitochondria (red), respectively. 
The presence of numerous yellow puncta in the merged images 
of TEN Exo-treated cells indicated the presence of Zn2+ in frag-
mented mitochondria (Figure  6D,E). We next examined the 
role of TRPM2 in the TEN Exo-induced increase in the mito-
chondrial Zn2+ concentration. The data suggested that TRPM2 
siRNA inhibited the redistribution of Zn2+ to mitochondria 
(Figure 6D,E). These results indicate that the TRPM2 channel-
mediated mitochondrial Zn2+ increase.

2.9   |   The Galectin-7/TRPM2 Complex Induces 
Mitochondrial Fission, Apoptosis, and DRP-1 
Recruitment to Mitochondria Through Modulating 
Zn2+ Dynamics

Previous studies have shown that N,N,N′,N′-tetrakis 
(2-pyridylmethyl) ethylenediamine (TPEN), a specific Zn2+-
chelating agent, effectively suppresses the escalation of neuronal 
cell death [19]. Based on the aforementioned results, we exam-
ined the role of Zn2+ in TEN Exo-induced keratinocyte apoptosis. 
Our findings showed that TPEN markedly decreased keratino-
cyte apoptosis, intracellular ROS levels, and the ADP/ATP ratio 
while enhancing keratinocyte viability and MMP collapse fol-
lowing TEN Exo treatment. Conversely, elevating cytosolic Zn2+ 
levels with the Zn2+-specific ionophore pyrithione (Zn-PTO) sig-
nificantly augmented keratinocyte apoptosis, intracellular ROS 
levels, and the ADP/ATP ratio, while diminishing keratinocyte vi-
ability and MMP collapse (p < 0.05) (Figure 7A–E). Furthermore, 
TPEN decreased the levels of BAX, BAK, cleaved-CAS-3, CAS-9, 
and upregulated BCL-2 expression in keratinocytes, and Zn-PTO 
reversed these changes (Figure S13A).

An increase in mitochondrial Zn2+ triggers mitochondrial 
fragmentation [20]. Our findings indicated that TPEN treat-
ment decreased the phosphorylation of DRP-1 at Ser616 and on 
mito-DRP-1, while increasing phosphorylation at Ser637 and 
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on cyto-DRP-1 (Figure S13B). HIS-SIM and TEM revealed that 
TPEN-treated keratinocytes exhibited a well-organized lamel-
lar crista architecture across their mitochondrial network, 
characterized by elongated tubular branches. In contrast, Zn-
PTO–treated keratinocytes exhibited irregular or absent cris-
tae, leading to the fragmentation of mitochondria into small, 
rounded shapes in most cells (Figure 7F,H).

Mitochondrial fragmentation is initiated by the recruit-
ment of DRP-1 [9]. Our hypothesis posits that the elevation of 

mitochondrial Zn2+ levels, dependent on TRPM2, triggers the 
recruitment of DRP-1. To test this hypothesis, we transfected 
HaCaT cells with DRP-1 green fluorescent protein (GFP) and 
monitored its recruitment from the cytoplasm to the mitochon-
dria. TEN Exo promoted DRP-1 mitochondrial recruitment, as 
assessed by the colocalization of MitoTracker Red fluorescence 
with that of DRP-1-GFP (Figure 7G and Figure S14). Galectin-
7/TRPM2-siRNA suppressed the recruitment of DRP-1-GFP 
in response to TEN-Exo treatment (Figure  S14). These results 
demonstrated that galectin-7/TRPM2 activation leads to DRP-1 

FIGURE 6    |    TEN Exo increases the mitochondrial Zn2+ levels through galectin-7/TRPM2 complex activation. (A) Iron levels in mitochondria 
from HaCaT cells treated with the negative control or TRPM2 plasmid (n = 3). (B) Serum Zn2+ levels in healthy individuals and patients with EM 
or SJS/TEN (n = 20). (C) Zn2+ levels in mitochondria from HaCaT cells treated with Con Exo (100 ng/mL), TEN Exo (100 ng/mL), or Galectin-7 and 
TRPM2-siRNA–loaded TEN Exo (n = 3). (D) Fluorescence images of HaCaT cells costained for Zn2+ (PK-Zinc) and mitochondria (PKMO). Images 
were taken after 48 h of exposure to TEN Exo or Galectin-7 and TRPM2-siRNA–loaded TEN Exo. The boxed regions in the merged images are mag-
nified in the underneath panels. Bar = 200 μm. (E) The percentage of PK-Zinc colocalization with PKMO was calculated from the data in D; the data 
are represented as the mean ± SEMs (n = 3). ns, not significant. *p < 0.05, **p < 0.01, ***p < 0.001.
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12 of 19 Allergy, 2025

FIGURE 7    |    The chelation of Zn2+ prevents TEN Exo-induced apoptosis and mitochondrial function and fission in human primary keratinocytes. 
(A–H) Human primary keratinocytes were treated with BF-derived exosomes obtained by suction surgery in healthy individuals and from TEN 
patients (100 μg/mL) with or without Zn-PTO (2 μM) or TPEN (3 μM). (A) Apoptosis was determined by fluorescence-activated cell sorting (FACS) 
analysis with annexin-V/PI staining. (B) CCK-8 assay. (C) The intracellular ROS levels were analyzed by DCFH-DA. (D) ADP/ATP ratio. (E) JC10 
assay. (F) HIS-SIM recording of the mitochondrial morphology and cristae of human primary keratinocytes labeled with PKMO. Bar = 100 μm. (G) 
Colocalization of DRP-1 and mitochondria. The boxed area in the right panels represents the amplification of the white square. Bar = 200 μm. (H) 
Representative TEM images of the morphological changes in mitochondria in human primary keratinocytes. Bar = 200 μm. The data are reported as 
the means ± SEMs of three independent experiments. ns, not significant. *p < 0.05, **p < 0.01, ***p < 0.001.
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recruitment. Our subsequent inquiry focused on the possible 
contribution of Zn2+ to the recruitment of DRP-1. The chela-
tion of Zn2+ with TPEN markedly inhibited TEN-Exo-induced 
DRP-1-GFP recruitment (Figure 7G). Furthermore, the delivery 
of Zn2+ through Zn-PTO stimulated the mitochondrial recruit-
ment of DRP-1-GFP (Figure 7G). The collective results indicate 
that the galectin-7/TRPM2-mediated elevation of mitochondrial 
Zn2+ concentration promotes DRP-1 recruitment and subse-
quent mitochondrial fragmentation.

2.10   |   DRP-1-Mediated Fission Facilitates HK2 
Separation From Mitochondria via the Induction 
of VDAC1 Oligomerization, Leading to the Opening 
of the mPTP and Triggering Apoptosis

Increased mitochondrial fission results in prolonged opening 
of the mPTP and the release of cytochrome c, which ultimately 
triggers cell apoptosis [21]. Experimental findings demon-
strated that interventions such as DRP-1-siRNA, mitochondrial 
division inhibitor-1 (Mdivi-1), and cyclosporine A (CsA)–loaded 
TEN Exo increased the keratinocyte viability and ATP produc-
tion while preventing MMP collapse, mitochondrial fission, and 
apoptosis (Figures S15 and S16). In order to elucidate the mech-
anism by which fission induces mPTP opening, our first step 
was to monitor changes in HK2. As illustrated in Figure 8A–C, 
the treatment of TEN Exo influenced the relocation of HK2 be-
tween the mitochondria and cytoplasm, resulting in a decrease 
in mitochondria-bound HK2 levels and an increase in cyto-
plasmic HK2. In the magnified image, it is evident that DRP-1-
siRNA promoted the translocation of HK2 to the mitochondria 
(Figure  8C). Interestingly, despite the observed reduction in 
mitochondria-related HK2, there was no alteration in the over-
all HK2 levels in HaCaT cells following TEN Exo treatment 
(Figure 8A). This implies that TEN Exo specifically influenced 
the intracellular distribution of HK2. Due to its direct interac-
tion with VDAC1 to inhibit mPTP opening, we speculated that 
the dissociation of HK2 from mitochondria was attributed to 
changes in VDAC1 resulting from DRP-1-mediated fission. Our 
findings suggested that treatment with TEN Exo significantly 
reduced the content of VDAC1 but enhanced the formation 
of VDAC1 oligomers weighing 69 and 95 kDa (Figure 8D). In 
investigating the impact of VDAC1 oligomerization on HK2 
release into the cytoplasm, our focus was on the protein inter-
actions involving HK2 and VDAC1, as well as VDAC1 dimers 
and multimers. Our results revealed an interaction between 
VDAC1 and HK2 but not between oligomeric VDAC1 and HK2 
(Figure 8E). The findings suggest that DRP-1-mediated fission 
triggers VDAC1 oligomerization, causing the release of HK2 
from the mitochondria. To further substantiate the association 
between VDAC1 oligomerization, HK2 liberation, and mPTP 
opening, VBIT-12 and 3-bromopyruvate (3-BrPA) were utilized 
to inhibit VDAC1 oligomerization and the HK2 interaction, 
with CsA as the negative control group. The results indicated 
that blocking the interaction between HK2 and VDAC1 inhib-
ited mPTP opening, whereas the repression of VDAC1 oligom-
erization increased mPTP opening (Figure 8F). These findings 
demonstrated that DRP-1-mediated fission facilitates the sepa-
ration of HK2 from mitochondria via VDAC1 oligomerization, 
consequently contributing to mPTP opening and keratinocyte 
apoptosis.

3   |   Discussion

It is well known that the basic epidermal pathology in SJS/TEN 
is large-scale epidermal death, which has been convincingly 
shown to be the result of keratinocyte apoptosis [2]. Apoptotic 
cell death can be triggered through extrinsic, granule exocytosis 
pathways and intrinsic pathways [3]. The extrinsic pathway in-
cludes Fas–FasL interactions and TNF-α [3]. The granule exocy-
tosis pathway includes perforin/granzyme and granulysin. The 
intrinsic pathway is initiated from the mitochondria and can 
be influenced by Bcl-2 family members [4]. In SJS/TEN, the in-
trinsic pathway may involve electrophilic toxic drug metabolites 
produced by keratinocytes [22]. Drug metabolites damage the 
mitochondria and produce ROS, which directly damages the cel-
lular components [5]. IAPs are a family of proteins that prevent 
intrinsic apoptosis during cellular stresses. The development of 
drugs that can inhibit IAPs, such as CompA, provides new op-
portunities for inducing TEN-like mouse models [7]. Our group 
has also shown that downregulation of XIAP could promote 
mitochondrial-dependent apoptosis in SJS/TEN patients [6]. In 
the present study, impairment of mitochondrial biogenesis was 
also observed in SJS/TEN lesions, which are considered to con-
stitute a core of mitochondrial dysfunction that subsequently 
initiates an intrinsic mechanism of apoptosis [23]. Therefore, 
targeting the mitochondrial-dependent apoptosis pathway may 
be an attractive therapeutic approach for ameliorating SJS/TEN.

Multiple findings have suggested that large quantities of exo-
somes are enriched in body fluids [24]. Small extracellular ves-
icles (sEV) in triple-negative breast cancer (TNBC) patients' 
plasma could induce mitochondrial stress and initiate relentless 
intrinsic apoptosis [25]. Recent investigations have revealed that 
body fluids-derived exosomes promoted mitochondrial dysfunc-
tions and subsequently increased cell apoptosis/necrosis [26]. BF, 
as a special body fluid in skin diseases, is a valuable biological 
resource because it provides a means for assessing biomarkers 
that capture the proteome at the site of skin lesions [12]. BF-
derived exosomes contain a mixture of vesicles originating from 
different sources [13]. Our data showed that a greater number 
of monocyte-derived CD14+/CD63+, NK-derived CD56+/CD63+, 
and cytotoxic T-cell–derived CD8+/CD63+ exosomes were pres-
ent in the TEN-Exo group. Recent studies have revealed that not 
only T cells and NK cells but also monocytes are involved in the 
pathogenesis of SJS/TEN [27]. Therefore, we speculated that T 
cells, NK cells, and monocytes may be the sources of BF-derived 
exosomes in SJS/TEN patients. However, the potential mecha-
nisms of exosomes secreted into the BF in the context of SJS/
TEN remain to be explored.

Exosomal proteins are more stable than regular secretory pro-
teins in body fluids, which makes them perfect candidates as 
novel biomarkers [28]. In our work, we found that BF-derived 
exosomes from SJS/TEN patients promoted keratinocyte apop-
tosis. The determinants of BF-derived exosomes from SJS/TEN 
patients that trigger keratinocyte pathological change are en-
riched in apoptosis signaling pathways. Importantly, galectin-7 
was the most abundant protein in BF-derived exosomes from 
SJS/TEN patients. In one study [29], galectin-7 exhibited higher 
levels in the release of peripheral blood mononuclear cells 
(PBMCs) from SJS/TEN patients than EM and MPE patients. 
Disease onset (Day 1) in patients with SJS/TEN was defined as 
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FIGURE 8    |     Legend on next page.
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the day when mucocutaneous and/or ocular lesions occurred. 
Hama et al. [29] collected the serum samples of SJS/TEN before 
the onset of SJS/TEN. The data showed that serum galectin-7 
levels in patients with SJS/TEN at Days −7 to −1 and Days 1 
to 7 after onset were significantly higher than those of patients 
with EM and MPE [29]. In the present study, we concluded that 
BF or BF-derived exosomes from SJS/TEN patients exhibit in-
creased levels of galectin-7 and that these levels are positively 
correlated with disease severity. galectin-7 is a keratinocyte-
specific marker often found in all layers of the epidermis and 
is involved in apoptotic responses [30]. Our results also found 
that galectin-7 was dramatically increased in the epidermis of 
SJS/TEN skin lesions and was significantly lower after systemic 
corticosteroids or TNF inhibitor etanercept treatment. Our re-
sults further confirm the possible contribution of galectin-7 to 
the etiology of SJS/TEN. However, the increased levels of galec-
tin-7 were not found in the other keratinocyte death-related blis-
tering diseases such as staphylococcal scalded skin syndrome 
(SSSS) and bullous systemic lupus erythematosus (BLE). We 
would conduct a more detailed investigation into whether galec-
tin-7 participated in these diseases in future research. Therefore, 
galectin-7 may be a specific therapeutic target in SJS/TEN and a 
promising potential biomarker for diagnosis.

Deciphering the network of galectin-7-interacting proteins is 
necessary to better understand the key function of galectin-7 
in apoptosis initiation. Here, we focused on TRPM2, which 
we characterized as a novel galectin-7-interacting protein in 
HaCaT cells. Yamamoto and Shimizu [31] reported that TRPM2 
is expressed on the surface of keratinocytes. Our data suggested 
that the TRPM2 expression levels were significantly upregu-
lated in the epidermis of patients with SJS/TEN. In addition, 
TRPM2 was diffusely distributed within mitochondria, as in-
dicated by the colocalization of TRPM2 and the mitochondrial 
marker TOM20 [32]. Our findings clearly highlight the pres-
ence of a new galectin-7/TRPM2 complex in mitochondria at a 
steady state. Interestingly, TRPM2 has been shown to regulate 
the cell death pathways [31]. Since TRPM2 channels are acti-
vated by oxidative stress and correlated with levels of apoptosis 
[20]. In noncancerous cells, TRPM2 emerges as a viable thera-
peutic target for conditions such as inflammation, stroke, and 
diabetes due to the protective effects elicited following TRPM2 
antagonism [33–35]. Our study revealed that either TRPM2 
siRNA or an inhibitor could attenuate the apoptotic effects 
mediated by galectin-7 on keratinocytes. These results suggest 
that the binding of galectin-7 to TRPM2 may constitute a new 
target for enhancing keratinocyte apoptosis. Therefore, target-
ing TRPM2 could be used as a viable strategy to treat SJS/TEN 
patients in the future. However, the underlying mechanism 
through which this complex governs apoptosis in SJS/TEN has 
not been determined.

Mitochondria are highly dynamic organelles whose morphol-
ogy and constitution are continually changed by fission and 
fusion processes [8]. During the progression of apoptosis, mi-
tochondrial networks are dramatically reorganized from long 
filamentous interconnected tubules into small punctate spheres 
[36]. Because apoptotic cells exhibit a high fission/fusion ratio, 
fission is believed to be an essential part of the apoptotic process 
[9]. Recent studies have provided mounting evidence that the in-
hibition of DRP-1-mediated fission prevents the progression of 
apoptosis [10], suggesting that mitochondrial fission may also be 
a driver of apoptosis. In contrast, the knockdown of mitochon-
drial fusion proteins such as MFN-2 or optic atrophy-1 (OPA-1) 
increases susceptibility to apoptosis [37]. Considering the im-
portance of these processes, abnormalities in mitochondrial 
dynamics and apoptosis occur early during the pathogenesis 
of diseases such as neurodegenerative diseases and cancer [38]. 
Here, we demonstrated that the skin lesions of patients with SJS/
TEN exhibit reduced MFN-2 expression and increased DRP-1 
expression. These results indicate that abnormal mitochondrial 
dynamics contribute to SJS/TEN pathology.

To gain insight into the underlying mechanism, we first ex-
amined the roles of Ca2+, Zn2+, and Mg2+ because the intra-
cellular concentrations of these ions are increased by TRPM2 
activation [39]. Our results demonstrated that the Zn2+ level 
in mitochondria was higher than that of the other ions in the 
TRPM2-overexpression group. In addition, the serum Zn2+ con-
centration was significantly higher in SJS/TEN patients than 
in patients with EM and healthy individuals. To obtain better 
insight into how Zn2+ might affect mitochondrial dynamics, we 
used TPEN, which chelates Zn2+ and is sufficient to prevent mi-
tochondrial fragmentation. This role of Zn2+ was further sup-
ported by the finding that the delivery of Zn2+ through the zinc 
ionophore Zn-PTO clearly induced mitochondrial fragmenta-
tion. Furthermore, TEN Exo induced an increase in mitochon-
drial Zn2+ and the inhibition of TRPM2 channels prevented this 
increase. In addition, mounting evidence suggests that loss of 
the MMP, depletion of ATP, and increase in apoptosis are closely 
associated with mitochondrial fission [40]. Our results indicate 
that TEN Exo caused a decrease in the MMP and an increase 
in apoptosis, and these effects were prevented by TPEN pre-
treatment. Therefore, we conclude that the TRPM2-mediated 
increase in mitochondrial Zn2+ leads to mitochondrial frag-
mentation, the associated loss of the MMP, and the induction 
of apoptosis.

To further get mechanistic insight into how TRPM2 signal-
ing regulates mitochondrial fragmentation, we examined the 
recruitment of DRP-1-GFP to mitochondria. In the present 
study, we found that TEN Exo increased DRP-1-GFP recruit-
ment to mitochondria, and this recruitment was inhibited by 

FIGURE 8    |    DRP-1 axis deficiency inhibits mPTP opening in HaCaT cells via a reduction in VDAC1 oligomerization and subsequent HK2 sepa-
ration from the mitochondria. (A–C) The subcellular location of HK2 was determined via western blotting and immunofluorescence. Densitometry 
was used to quantify the expression levels of HK2 relative to those of GAPDH and COXIV. Bar = 200 μm. (D) Evaluation of VDAC1 oligomerization 
via ethylene glycol bis-based cross-linking and immunoblotting using anti-VDAC1 antibodies. (E) HK2 and VDAC1 interactions were assessed by 
co-IP. (F) mPTP opening by VBIT-12 and 3-Brpa, which are inhibitors of VDAC1 oligomerization and the HK2 interaction, respectively. CsA, an 
mPTP blocker, was used as the negative control. The data are representative of at least three independent experiments. ns, not significant. *p < 0.05, 
**p < 0.01, ***p < 0.001.
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TRPM2-siRNA. Thus, the galectin-7/TRPM2 complex medi-
ates TEN Exo-induced mitochondrial fission by promoting 
DRP-1 recruitment to mitochondria. Our data also showed 
that the chelation of Zn2+ with TPEN prevented the recruit-
ment of DRP-1-GFP to mitochondria. In addition, the direct 
delivery of Zn2+ via Zn-PTO induced the recruitment of DRP-
1-GFP and mitochondrial fission. These results support a 
novel role for Zn2+ in DRP-1-GFP recruitment and mitochon-
drial fission.

In mitochondria-mediated cell apoptosis, the opening of the 
mPTP plays a pivotal role [41]. Recent studies have shown 
that the association of VDAC1 with HK2 contributes to the 
inhibition of apoptosis through repression of the formation 
of the mPTP [42]. Once proapoptotic signals from diverse up-
stream pathways converge, HK2 dissociates from VDAC1 and 
subsequently binds to the BCL2 family proapoptotic protein 
BAX, which alters the mPTP conformation to an open state 
and results in apoptosis [43]. Our results showed that DRP-1-
mediated fission contributes to the dissociation of HK2 from 
mitochondria, leading to excessive opening of the mPTP, cy-
tochrome c release, and caspase activation. Interestingly, no 
change in the total expression of HK2 in HaCaT cells was de-
tected after TEN-Exo treatment. Therefore, it is reasonable to 
hypothesize that the decrease in the content of mitochondrial 
HK2 is mediated by its low affinity for mitochondria. It has 
been shown that HK2 binds to VDAC1, which is dynamically 
oligomerized [44, 45]. We showed that DRP-1-mediated fission 
can contribute to VDAC1 oligomerization and that VDAC1 
oligomers exhibit decreased affinity for HK2, resulting in the 
separation of HK2 from mitochondria. However, the exact mo-
lecular mechanisms by which fission modifies VDAC1 oligo-
merization remain unclear, and further studies are needed to 
clarify this point.

The research presented here is subject to certain limitations. 
One limitation lies in the difficulty of collecting samples at 
the early disease stage, specifically at the onset of blistering. 
Owing to the disease's rarity, the difficulty in diagnosing it at 
an early stage, and its rapid progression, the patients were al-
ready in an advanced stage upon admission to the hospital. In 
order to obtain early-stage samples from SJS/TEN patients, we 
are currently focusing on collaborating with several dermatol-
ogy departments to expand our sample collection. We aim to 
further investigate the dynamics of galectin-7 expression and 
associated pathway molecules at the early stage of SJS/TEN in 
the future.

In conclusion, we hypothesized that exosomal galectin-7 enters 
keratinocytes, combines with TRPM2 in mitochondria, and 
induces an increase in mitochondrial Zn2+, which leads to en-
hanced recruitment of the fission factor DRP-1 to mitochondria 
to trigger excessive mitochondrial fission. The excessive DRP-
1-dependent mitochondrial fission via VDAC1/HK2-mediated 
mPTP opening promoted cytochrome c release and caspase ac-
tivation, leading to keratinocyte apoptosis in SJS/TEN patients 
(Figure  9). Upon reviewing these findings, it is evident that 
targeting galectin-7, TRPM2, and DRP-1 inhibitors may offer 
innovative therapeutic strategies to impede the progression of 
epidermal apoptosis in patients with SJS/TEN.

4   |   Methods

4.1   |   Subjects and Sample Collection

BFs from five SJS patients (two males and three females; average 
age, 44.8 years) and five TEN patients (five males; average age, 
32.6 years) were obtained from the Department of Dermatology 
in the Xijing Hospital of the Fourth Military Medical University, 
Shaanxi, China. The clinical characteristics of the SJS/TEN 
patients are listed in Table S1. This study included BF samples 
from patients who underwent SJS/TEN, EM, or suction surgery. 
Suction surgery refers to a suction method to induce a blister 
in healthy individuals [46, 47]. Serum samples from 12 SJS pa-
tients (four males and eight females; average age, 29.73 years) 
and eight TEN patients (five males and three females; average 
age, 38.14 years) were also obtained from the Department of 
Dermatology in the Xijing Hospital. Skin lesions were excised 
from the skin of three patients who had been pathologically diag-
nosed with SJS/TEN, EM, MPE, psoriasis, or AD. Skin samples 
from control subjects were collected from age- and sex-matched 
healthy individuals undergoing plastic surgery. Besides, all the 
patients were corticosteroid-naive and were taken at the time 
of diagnosis. The detailed contents of the institutional review 
board's ethical approval are shown in Table S2.

4.2   |   SP-IRIS Analysis

SP-IRIS is a technology that enhances nanoparticle scatter sig-
nals by the application of extra-layered substrates (normally ap-
plied silicon oxide). It can detect individual particles captured 
on an antibody microarray. Briefly, 35 μL of exosomes were di-
luted in incubation buffer (IB) (1:1) and incubated on ExoView 
R100 (NanoView Biosciences, Brighton, MA, USA) chips at room 
temperature for 16 h. Notably, the chips were coated with anti-
bodies against anti-human CD81 (CF 555), CD63 (CF 647), and 
CD9 (CF 488A). Anti-mouse IgG was used as a negative control. 
The chips were washed twice with incubation solution, and the 
plates were shaken at 500 rpm. The chips were then stained with 
a fluorescent antibody cocktail for 1 h at room temperature in 
the dark. The fluorophore-conjugated anti-human antibodies 
used included CD14-FITC, CD8-FITC, CD19-APC, and CD56-
APC (eBioscience, San Diego, CA, USA). The chips were washed 
three times, with a final wash conducted with distilled water, and 
then imaged using ExoView Scanner 3.1.4 software (NanoView 
Biosciences).

4.3   |   Duolink Proximity Ligation Assay

PLA technology permits detection of protein–protein interac-
tions in  situ (at distances < 40 nm) at endogenous protein lev-
els. A proximity ligation assay was performed with a Duolink 
PLA Kit (#Duo94104; Thermo Fisher) according to the manu-
facturer's instructions. The HaCaT cells were fixed and incu-
bated overnight with anti-TRPM2 antibody (#166907; Santa 
Cruz; CA, USA) and antigalectin-7 antibody (#ab10482; Abcam; 
Cambridge, MA, USA). After multiple washes, the cells were 
incubated successively with PLA probes, ligation solution, and 
amplification solution at 37°C. Coverslips were mounted, and 
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the images were taken using an Olympus FluoView FV1000 
confocal microscope.

4.4   |   Measurements of the Mitochondrial Cation 
Levels by ICP–MS

Zinc detection through ionomic analyses was performed with 
an inductively coupled plasma (ICP)–MS system (Agilent 
Technologies). ICP–MS can be used to measure elements at 
trace levels in biological fluids. Quantitative analysis was per-
formed employing the internal standard method, which relies 
on the intensity ratio of the mass spectrum signal of the target 
element to be measured and the mass spectrum signal of the 
internal standard element, directly correlating with the con-
centration of the target element. Subsequently, ICP–MS analy-
sis was conducted following homogenization.

4.5   |   Mitochondrial Fragmentation

After applying the specified treatments, primary human keratino-
cytes were incubated with DMEM containing 250 nM PKMO for 

15 min at 37°C. The cells were then washed once with DMEM, and 
images were acquired via Hessian–SIM imaging. The Hessian im-
aging was performed following previously described methods [48].

4.6   |   mtDNA Copy Number, Transcription 
Level Detection, and Respiratory Chain Complex 
Activity Assays

The relative mtDNA copy number was measured by RT-PCR as 
previously described [49]. The ratio of the mitochondrial NADH 
dehydrogenase 1 (MT-ND1) gene in mtDNA to the single copy 
nuclear gene human globulin (HGB) was determined from stan-
dard curves.

The transcript level of mtDNA is indicated by two distinct com-
ponents: ND1 encoded by the light chain of mtDNA, and cyto-
chrome c oxidase subunit I derived from the heavy chain.

The mitochondrial complex I, III, and IV reagents were pur-
chased from Solarbio (Beijing, China), and the activities were 
assessed following the manufacturer's instructions. The primers 
used are listed in Table S5.

FIGURE 9    |    Schematic diagram of the mechanism through which the galectin-7/TRPM2-mediated rise in mitochondrial Zn2+ promotes mito-
chondrial fission and apoptosis in SJS/TEN.

  

NK Cell

Capillary
monocyte

CD8+ T cell

      BF exosome
      BF exosomeCD8+ T cell NK Cell

Exo-Galectin-7

Keratinocyte

SJS-TEN

mPTP opening

Skin

Galectin-7

TR
PM

2

 Zn2+

Zn2+ Cytochrome C  
Releasing

Apaf-1
Caspase-9

Caspase-3

Activation

 Mitochondrial division       
        DRP-1(ser616)

VDAC1

HK2
Dissociation

Mitochondria

Mdivi-1

Apoptosome

 13989995, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/all.16510 by M

eng Fu - Pla A
ir Force M

edical , W
iley O

nline L
ibrary on [05/03/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



18 of 19 Allergy, 2025

4.7   |   Loading Plasmids and siRNAs Into Exosomes

Briefly, 50 μg of exosomes isolated from human BF of SJS/TEN pa-
tients were incubated with Exo-Fect siRNA transfection kit reagent 
(EXFT20A; System Biosciences, CA, USA) and with Galectin-7, 
TRPM2, S100A9, PDCD6, and DRP-1 siRNA (10 pM) or galectin-7, 
TRPM2, DRP-1, or DRP-1-GFP plasmids (1 μg) at 37°C for 10 min, 
placed on ice for 30 min, washed three times with PBS, and centri-
fuged at 2000 g and 4°C for 30 min [50–52]. The cells transfected 
with exosomes were used in the subsequent experiments.

4.8   |   Statistical Analysis

The data were subjected to the Mann–Whitney U test and one-
way ANOVA to compare group means, which were conducted 
with GraphPad Prism software version 6 (GraphPad software). 
Prior to conducting parametric tests, normality of the data was 
checked. Evaluation of Pearson's correlation coefficients was 
conducted, with a significance level set at p < 0.05. The signifi-
cance level (p value) for Pearson's correlation coefficient (R) was 
obtained by a t-test formula: t = R

√

1 − R2

n − 2

 with degrees of freedom 

(df) = n−2. Data are reported as means ± SEMs based on tripli-
cate values obtained from three experiments.
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