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Abstract: Unlike apoptosis, pyroptosis, necroptosis, and ferroptosis are recently identified modes of programmed cell death (PCD) 
with unique molecular pathways. Increasing evidence has indicated that these PCD modes play a crucial role in the pathogenesis of 
various non-malignant dermatoses (a group of cutaneous disorders), including infective dermatoses, immune-related dermatoses, 
allergic dermatoses, benign proliferative dermatoses, etc. Moreover, their molecular mechanisms have been suggested as potential 
therapeutic targets for the prevention and treatment of these dermatoses. In this article, we aim to review and summarize the molecular 
mechanisms of pyroptosis, necroptosis, and ferroptosis and their roles in the pathogenesis of some non-malignant dermatoses. 
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Introduction
Skin disorders are classified as non-malignant and malignant dermatoses based on their etiology and pathogenesis. Non- 
malignant dermatoses include infective dermatoses, immune-related dermatoses, allergic dermatoses, benign proliferative 
dermatoses, etc. Although a majority of non-malignant dermatoses are nonlethal, they may affect the aesthetics and 
quality of life of the afflicted patients, making them vulnerable to the harmful psychological impact. Therefore, the 
pathophysiology of these dermatoses has been the focus of dermatology research in recent years.

Cell death mechanisms are divided into programmed cell death (PCD) and necrotic cell death in recent years. 
Previously, apoptosis was considered to be the only mode of PCD; however, several studies in the last decade have 
identified other forms of PCD, including pyroptosis, necroptosis, and ferroptosis. Pyroptosis occurs mainly through the 
activation of various caspases, including inflammasome-mediated caspase-1, leading to shear and polyaggregation of 
various gasdermin family members, including gasdermin D (GSDMD), thereby inducing cell perforation and death.1 

Tumor necrosis factor (TNF), Toll-like receptors (TLRs), interferon (IFN), and other mediators are the primary factors 
causing necroptosis. Activation of necroptosis by the ligands of cell death receptors requires the kinase activities of 
receptor-interacting protein (RIP)-1, RIP3, and mixed lineage kinase domain-like protein (MLKL), which are the key 
downstream mediators of necroptosis.2 Lastly, ferroptosis, caused by the accumulation of iron-dependent lipid peroxides, 
was first proposed in 2012.3 There is increasing evidence that ferroptosis is initiated by the incorporation of poly-
unsaturated fatty acids (PUFA) into cell membranes, and its susceptibility is associated with many biological processes, 
including metabolic pathways of amino acids, iron and polyunsaturated fatty acids, and synthesis pathways of GSH, 
phospholipids, NADPH and CoQ10. Above all, ferroptosis is a type of metabolism-related PCD.4 Furthermore, several 
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studies have highlighted the correlation between necroptosis, pyroptosis, and ferroptosis and occurrence and development 
of both malignant and non-malignant dermatoses and it has been discovered that these types of PCD could be applied as 
the potential targets to treat the dermatoses effectively and safely. In this review, we discuss the molecular mechanism of 
necroptosis, pyroptosis, and ferroptosis and their roles in the pathogenesis of non-malignant dermatoses.

We obtained the associated studies from the Embase, PubMed, Cochrane Library, and Google Scholar databases and 
conducted a literature search using a list of Key Medical Subject Headings (MeSH) terms, including (“pyroptosis” 
[MeSH Terms] OR “pyroptosis”) AND (“necroptosis” [MeSH Terms] OR “necroptosis”) AND (“ferroptosis” [MeSH 
Terms] OR “ferroptosis”) and an outcome of interest (“non-malignant” AND (“dermatoses” OR “skin diseases” [MeSH 
Terms] OR (“skin” AND “diseases”) OR “skin diseases” OR “dermatoses”)). All the manuscripts included in this study 
were published before January 31, 2023, without language restrictions.

Introduction to Pyroptosis, Necroptosis, and Ferroptosis
Definition and Characteristics
Pyroptosis, also known as cellular inflammatory necrosis, was first identified in 2001 by Cookson et al5,6 as the caspase- 
1-dependent cell death of macrophages.7 The morphological characteristics and molecular mechanism of pyroptosis are 
distinct from those of apoptosis and necrosis. Pyroptosis occurs primarily through the activation of various caspases, 
including inflammasome-mediated caspase-1, leading to shear and polyaggregation of various gasdermin proteins, such 
as GSDMD, further inducing cell perforation and cell death.8 Furthermore, compared with apoptosis, pyroptosis occurs 
much faster and is followed by a release of abundant pro-inflammatory cytokines. During pyroptosis, this nuclei undergo 
shrinkage and DNA breakdown, while the cells swell and develop bulges and pores on the cell membrane, disrupting its 
integrity of cell membrane and causing the release of cellular contents, eventually leading to inflammation.9

In contrast, necroptosis is activated by the ligands of cell death receptors, including TNF, TLRs, and IFN, and 
requires the kinase activities of some key downstream mediators, such as receptor-interacting protein kinases (RIPK1), 
RIPK3, and MLKL.10–12 It is characterized by cell swelling and cell membrane rupture, causing an outflow of 
cytoplasmic material, inflammatory response, and tissue damage.13,14

Lastly, ferroptosis is activated by the accumulation of reactive oxygen species (ROS) and iron (Fe2+) lipid peroxidation 
and by the incorporation of PUFAs into the cell membrane.15,16 Under abnormal cellular antioxidant conditions, Fe2+ 

accumulation can induce the Fenton reaction to produce excessive ROS (especially hydroxyl free radicals), which further 
react with PUFAs on the cell membrane. This causes the disruption of cell membrane integrity and disintegration of the cell 
membrane, thus activating ferroptosis.3,17 Ferroptosis is characterized by plasma membrane integrity damage, cytoplasmic 
and organelle swelling, and chromatin condensation. Furthermore, mitochondrial morphology changes significantly during 
ferroptosis, with the shrinkage of linear grain volume, increase in membrane density, reduction/disappearance of the ridge, 
and rupture of the outer membrane. Additionally, ferroptosis is accompanied by cell shedding and aggregation and an 
increase in intracellular autophagosomes, which are distinct from the morphological features of necrosis and apoptosis.3,18

Molecular Mechanisms
Pyroptosis is primarily regulated by caspase-1, -4, -5, and -11-dependent signaling pathways.19,20 Among these, the 
caspase-1-dependent signaling pathway is known as the classical inflammasome signaling pathway, in which the 
pathogen- or damage-associated molecular patterns activate the corresponding pattern recognition receptors, Nod-like 
receptor protein (NLRP1b and NLRP-3), NLR CARD domain-containing protein 4 (NLRC4), absent in melanoma 2 
(AIM2), or Pyrin. The activation of NLRP3 and NLRC4 inflammasome also requires never-in-mitosis-A-related kinase 7 
and ligand-bound neuronal apoptosis inhibitory protein.21,22 Upon activation, the inflammasome recruits apoptosis- 
associated speck-like protein (ASC) and caspase-1 to form a macromolecular complex. To initiate pyroptosis.23 

Caspase-1 directly lyses GSDMD, after which the cleaved N-terminal GSDMD fragment forms a pore in the host cell 
membrane to regulate the release of cytoplasmic contents.24,25 Additionally, the N-terminal fragment activates the 
NLRP3 inflammasome to induce caspase-1-dependent cleavage of pro-interleukin (IL)-1β and pro-IL-18 precursors to 
form IL-1β and IL-18. The caspase-4, -5, and -11-dependent signaling pathways, respectively, are also known as caspase- 
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1 independent signaling pathways or non-classical inflammasome signaling pathways and these pathways can directly 
lyse GSDMD and activate pyroptosis26 (Figure 1).

Ferroptosis is regulated by several metabolic events, including autophagy, lipid synthesis, and mitochondrial 
tricarboxylic acid (TCA) cycle, and signaling pathways, including the E-cadherin-NF2-Hippo pathway, glucose- 
regulated adenosine 5‘-monophosphate (AMP)-activated protein kinase (AMPK) signaling pathway, and p53- and 
BRCA1 associated protein 1 (BAP1)-associated tumor suppressive pathways.27 PUFA-binding phospholipids, which 
are mediated by the long chain of fatty acyl-CoA synthase family 4 (ACSL4) and a variety of enzymes, are required for 
phospholipid peroxidation and ferroptosis.28–30 Cellular Fe2+ content, which is regulated by transferrin receptor-mediated 
iron input and autophagy-mediated ferritin degradation, is another important factor in ferroptosis. Additionally, ferrop-
tosis can be induced by an imbalance in the intracellular reduction–oxidation (REDOX) homeostasis. For instance, under 
deficiency of reducing agents (such as cysteine), cellular metabolism, especially mitochondrial oxidative metabolism, 
leads to ROS accumulation, thus triggering ferroptosis.31 Furthermore, glutamine catabolism plays an important role in 
cysteine-deficient ferroptosis, possibly by replenishing cysteine via mitochondrial TCA cycle.32 Several transcriptional 
regulators and signal transduction pathways regulate cellular ferroptosis sensitivity by regulating lipid synthesis, iron 
homeostasis, cell metabolism, and oxidative stress processes. For instance, AMPK signaling inhibits ferroptosis by 
inhibiting lipid synthesis, while glucose promotes ferroptosis by antagonizing AMPK function. The E-cadherin-NF2- 
Hippo signaling pathway inhibits ferroptosis by weakening Yes-associated protein (YAP)-mediated transcription, includ-
ing TfR and ACSL4.16 Furthermore, tumor suppressors, p5333 and BAP134, reduce cystine input in the cells by inhibiting 

Figure 1 The molecular mechanisms of pyroptosis and ferroptosis. 
Abbreviations: ACSL4, acyl-CoA synthetase long-chain family member 4; LPCAT3, lysophosphatidylcholine acyltransferase 3; DMT1, divalent metal transporter 1; TFR1, 
transferrin receptor 1; Glu, glutamate; SLC3A2, solute carrier family 3 member 2; SLC7A11, solute carrier family 7 member 11; GSH, glutathione; GPX4, glutathione 
peroxidase 4; BSO, L-buthionine-(S,R)-sulfoximine; Se, selenium; RSL3, RAS-selective lethal 3; FIN, ferroptosis inducer; ML, molecular libraries; BH4, tetrahydrobiopterin; 
GCH1, GTP cyclohydrolase-1; FSP1, ferroptosis suppressor protein 1; RTAs, radical-trapping antioxidants; ASC, apoptosis-associated speck-like protein containing a caspase 
recruitment domain; GSDMD, gasdermin-D; IL-1β/18, interleukin-1β/18.
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the transcriptional activity of solute carrier family 7 member 11 (a subunit of the system XC
− cystine/glutamate reverse 

transporter), thereby sensitizing cells to ferroptosis35,36 (Figure 1).
The necroptosis is divided into three stages: (1) the formation of complex I, (2) formation of complex IIa, and (3) 

formation of complex b (necrosome)37 (Figure 2). When stimulated by internal or external necrosis signals, TNF binds 
to TNFR to form membrane complex I with RIPK1 to initiate necrosis. Complex I formation also involves TNF 
receptor-associated factor (TRAF)-2, cellular inhibitor of apoptosis protein 1/2 (clIAP1/2), and linear ubiquitin chain 
assembly complex (LUBAC).38 Ubiquitination of RIPK1 by clIAP and LUBAC is the key to activating nuclear factor 
kappa-B (NF-kB) and suppressing apoptosis and necrosis pathways.39,40 RIPK1 is activated after the membrane 
complex I formation, which initiates necrosis. Simultaneously, caspase-8, Fas-associated death domain proteins, and 
cylindromatosis (CYLD) combine with complex II to form complex IIa.38 As a key regulatory factor, caspase-8 
activates the downstream caspase pathway to conduct apoptosis and cleaves RIPK1 and RIPK3 to inhibit necrosis. 
However, when caspase-8 activity is blocked, complex IIa transforms into complex IIb (necrosome), with RIPK1 and 
RIPK3 as the main components. The pseudo-kinase proteins, MLKL are phosphorylated at Ser358 by RIPK3 to form 
oligomers, which are then transferred from the cytoplasm to the cell membrane. Thereafter, the N-terminus of these 
MLKL oligomers insert into the cell membrane and bind to the lipid phosphatidylinositol to form pores, thus 
disrupting cell membrane integrity and causing cell destruction and necroptosis.10 Furthermore, some non-classical 
pathways of TLR activation in necroptosis include RIP-mediated activation of RIPK1 via TRAF and direct interaction 
between RIPK3 and TRAF without RIPK1.41

Figure 2 The molecular mechanism of necroptosis. 
Abbreviations: TNF, tumor necrosis factor; TNFR1, TNF receptor 1; TRAF2, TNF receptor-associated factor 2; TRAF5, TNF receptor-associated factor 5; TRADD, 
TNFR1-associated death domain protein; cIAP, cellular inhibitor of apoptosis protein; RIP1, receptor interacting protein-1; RIP3, receptor interacting protein-3; Lys63-Ub, 
lysine-63 ubiquitinated protein; CYLD, cylindromatosis; cFLIP, cellular FLICE-like inhibitory protein; FADD, Fas-associated protein with death domain; DISC, death-inducing 
signaling complex; NF-κB, nuclear factor kappa-B; MAPKs, mitogen-activated protein kinases.
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The Roles of Pyroptosis, Necroptosis, and Ferroptosis in Non-Malignant Dermatoses
Infective Dermatoses
Staphylococcus aureus (S. aureus) Infection 
Majority of the skin infections are caused by S. aureus. Recurrent S. aureus infections cause non-healing diabetic foot 
ulcers (DFUs) characterized by unresolved inflammation. Additionally, intracellular S. aureus may induce antimicrobial 
resistance causing DFU recurrence.42 In mice, perforin-2, an innate effector molecule, limits the transmission of skin 
infection and dissemination of S. aureus.43–45 A clinical study conducted by Pastar et al46 evaluating DFU patients 
receiving standardized care revealed that intracellular S. aureus accumulated in the DFU epidermis and triggered the 
activation of AIM2-inflammation and pyroptosis; however, there were no clinical infection signs owing to significant 
inhibition of perforin-2. S. aureus, that resided within the epidermis of DFU, triggered the activation of AIM2- 
inflammasome and pyroptosis. Furthermore, compared to healing DFUs, non-healing DFUs were characterized by 
increased AIM2-inflammasome and ASC-pyroptosome associated with IL-1β induction. Lastly, Pastar et al46 found 
that perforin-2 inhibition, intracellular S. aureus accumulation and pyroptosis activation led to prolonged inflammation 
and inhibition of DFU healing. Liu et al47 indicated that GSDMD may promote pathogen control and prevent tissue 
damage by inhibiting the chemokine ligand 1 (CXCL1)–chemokine receptor 2 (CXCR2) axis, thus having a positive 
effect against S. aureus infections. Furthermore, Kitur et al48 found that excessive inflammatory signaling, at both 
systemic and local levels, contributed to morbidity and mortality in S. aureus-mediated infections. Studies also revealed 
that S. aureus can activate necroptosis in skin and systemic infections, suggesting that necroptosis induction during 
S. aureus infection is a key host response, necessary to promote bacterial clearance and limit inflammatory responses, 
especially IL-1β production.49,50

Group A Streptococcus (GAS) Infection
GAS (also known as Streptococcus pyogenes) can induce several acute skin infections, ranging from superficial skin 
infections, such as skin abscesses, to severe invasive infections.51 LaRock et al52 showed that GAS can secrete SpeB, 
a type of protease virulence factor, which initiates GSDMA-dependent pyroptosis. Considering that GSDMA is primarily 
expressed in skin cells, SpeB-expressing GAS-infected keratinocytes (KCs), would undergo GSDMA-dependent pyr-
optosis. Furthermore, LaRock et al52 indicated that GSDMA is crucial for immunity against GAS-induced invasive skin 
infections. Consistently, Deng et al53 reported that GSDMA acts as a sensor and substrate for GAS SpeB and triggers 
pyroptosis. Additionally, SpeB directly cleaves pro-IL-1β to produce mature IL-1β, which triggers a hyperinflammatory 
response to limit GAS invasion in a caspase-1-independent manner.

Herpes Simplex Virus (HSV) Infection
HSV, belonging to the alpha herpes virus subfamily, is a necrophagous virus that can infect the nervous system, causing 
the neurological diseases. It is transmitted among human body through physical contact and usually results in local 
mucocutaneous damage. There are two main types of HSV, HSV-1 and HSV-2; HSV-1 primarily causes oral and eye 
lesions, while HSV-2 causes genital lesions. Guo et al54 revealed that HSV-1 and HSV-2 R1 proteins suppressed the 
association between RIP1 and RIP3 to inhibit the necroptosis in human cells. The N-terminal RIP homotypic interaction 
motif (RHIM) within R1 binds with the caspase-8-binding domain to activate the necroptosis-independent function of 
RHIM. In another study, Guo et al55 found that Z-DNA binding protein 1 (ZBP1)-targeted antiviral response eliminated 
HSV-1-infected cells and limited viral replication in vitro and in vivo. During natural host infection, HSV-1 utilizes the 
RHIM in ICP6 to inhibit the virus-induced ZBP1/RIPK3/MLKL necrosome-like complex formation but not the TNF- 
induced necrosome. Wang et al56 demonstrated that HSV-1 infection initiated RIP3-dependent necroptosis, which 
required MLKL but not TNFR, TLR3, CYLD, or host RIP homotypic interaction motif-containing protein DNA- 
dependent activator of IFN regulatory factor. HSV-1 ICP6 deletion mutant is unable to induce necroptosis of the cells 
infected by HSV-1. Additionally, ectopic expression of ICP6 could directly activate RIP3/MLKL-mediated necroptosis. 
Mice lacking RIP3 presented severely weakened control of HSV-1 replication, which was associated with severe 
neurological impairment of the central nervous system, including encephalitis. Hu et al57 indicated that HSV-1 initiated 
GSDMD-dependent pyroptosis by activating NLRP3 inflammasomes, resulting in the mature IL-1β production and 
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release of active caspase-1 (p10). Consistently, suppression of the activation of NLRP3 inflammasome inhibited HSV- 
1-induced GSDMD-dependent pyroptosis. Xu et al58 found that viral encephalitis was highly associated with HSV- 
1-induced ferroptosis and oxidative damage in microglia cells and astrocytes of murine brain and that the inhibition of 
ferroptosis by either ferrostatin-1 (Fer-1) or a proteasome inhibitor to prevent Nrf2 degradation alleviated HSV-1-induced 
encephalitis in a mouse model.

Human Papillomavirus (HPV) Infection
HPV is a sexually transmitted DNA virus that is associated with various types of skin warts. Song et al59 found that HPV 
E7 could suppress double-stranded DNA transfection-induced pyroptosis and recruit E3 ligase TRIM21 to ubiquitinate 
and degrade the IFI16 inflammasome, thus inhibiting pyroptosis and promoting self-escaping from immune surveillance. 
Ma et al60 reported that high-risk HPV (hrHPV) infection regulated the expression of (anti-)proliferative genes and RIP3 
to control KC proliferation and resist necroptosis initiation, respectively, via causing the infected KCs to partly inhibit the 
IFN-γ/TNF-αinduced immune pressure, eventually leading to hrHPV immune escape and aggravation of hrHPV-induced 
infection.

Immune-Related Dermatoses
Psoriasis
Psoriasis is a chronic inflammatory skin disorder that seriously affects the quality of life of afflicted patients, especially in 
moderate-to-severe cases. Although the pathophysiology of psoriasis has not been fully elucidated, recent advances have 
contributed to investigation of the complex pathways associated with psoriatic lesions for the development of more 
efficient, effective and safe targeted therapies.61 KC death is closely associated with various pathophysiological condi-
tions which amplify the inflammatory cascade in psoriasis. Several studies have revealed that the expression of 
necroptosis effector molecules, RIP1, RIP3, and MLKL, is increased in psoriatic patients, as well as in psoriatic disease 
models. All layers of psoriatic epidermis had the upregulated expression of RIP1 and MLKL, whereas the upper 
epidermis had the main expression of RIP3 and phosphorylated MLKL (p-MLKL). Moreover, imiquimod (IMQ)- 
induced inflammatory response was inhibited and the production of inflammatory factors, including IL-1β, IL-6, IL- 
17A, IL-23a, CXCL1, and CCL20, was significantly downregulated through the application of RIPK1 and MLKL 
inhibitors in HaCaT cells and IMQ mouse models.62 Furthermore, RIPK3 induced skin inflammation in a necroptosis- 
independent mode by controlling the production of neutrophil chemokines/cytokines by KCs, thus promoting psoriasis. 
When treated with IMQ, a significant decrease was observed in lactate dehydrogenase production between mice RIP3−/− 
and RIP3+/+ KCs; however, expression of IL-1β, IL-24, and CXCL2 was significantly decreased in RIP3−/− KCs, 
compared with that in RIPK3+/+ KCs. Moreover, there was a significant reduction in ear swelling and infiltrating 
neutrophil content in the skin of RIPK3−/− mice.63 Some therapeutic drugs, such as convallatoxin and periplogenin, can 
potentially treat psoriasis by inducing necroptosis. These drugs induce oxidative stress and necroptotic cell death in 
HaCaT cells and reduce skin lesions in IMQ-induced psoriasis-like mouse models. Shou et al64 found that the mRNA 
expression of ACSL4, prostaglandin-endoperoxide synthase 2, and transferrin receptor were significantly increased, 
while that of GPX4, ferritin light chain, and ferritin heavy chain 1 was significantly decreased in psoriatic lesions, unlike 
normal skin lesions. The ferroptosis in erastin-treated human primary KCs and IMQ-induced psoriasis model also 
observed the similar tendency. Lipid oxidation in KCs is highly associated with the Th22/Th17 response at a single- 
cell level, and Fer-1, an inhibitor of lipid peroxidation, suppresses ferroptosis-induced alternations in erastin-treated KCs 
and alleviates psoriasiform lesions in IMQ-induced models. In addition, Fer-1 reduces the production of cytokines to 
inhibit inflammatory responses in vitro and in vivo. Increasing evidence indicates that pyroptosis-related genes (PRGs) 
including GSDMD, caspase-1/2, IL-1 family genes, NLRP1, NLRP3, and AIM2, are differentially expressed in psoriasis. 
Therefore, it may be a potential therapeutic target to treat the psoriasis through the intervention in the pyroptosis-related 
signaling pathway. Deng et al65 found that cycloastragenol selectively regulates macrophage function by suppressing the 
NLRP3 inflammasome-mediated pyroptosis, thereby ameliorating psoriatic skin inflammation induced by IMQ in mice. 
Additionally, Miglio et al66 revealed that fumaric acid esters mediated therapeutic effects by inhibiting the NLRP3 
inflammasome-mediated and ATP-triggered pyroptosis of different THP-1 cells.
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Vitiligo
Vitiligo is a common depigmentation disorder that is histologically characterized by melanocyte destruction, which may 
be caused by various mechanisms, including apoptosis and autoimmune damage. Li et al67 found that necroptosis 
markers, like phosphorylated RIP3 and p-MLKL, were upregulated in melanocytes of vitiligo perilesional skin samples, 
while RIP1 was significantly upregulated in hydrogen peroxide-treated melanocytes. Furthermore, they confirmed that 
necroptosis significantly promoted oxidative-stress-induced death of melanocytes via the RIP1 signaling pathway. Wu 
et al68 observed that human epidermal melanocytes (HEMs) were sensitive to ferroptosis and suggested its role in vitiligo 
pathogenesis. An in vitro study found that erastin could induce ferroptosis, while N-acetyl-L-cysteine could inhibit 
ferroptosis in HEMs. Yang et al69 also suggested a potential role of ferroptosis in vitiligo pathogenesis and proposed that 
baicalein could inhibit melanocyte ferroptosis by upregulating GPX4. Altogether, these studies suggest that ferroptosis 
can be a potential therapeutic target for vitiligo treatment.

Other Immune-Related Dermatoses
Alopecia areata (AA) is a chronic and recurrent immune-mediated inflammatory condition of hair follicles that leads to 
non-cicatricial alopecia. Previous studies on AA have revealed the occurrence of three distinct patterns of cell 
degeneration at variable frequencies, including “dark cell” transformation, apoptosis, and necrosis. Jang et al70 investi-
gated the role of necroptosis in AA and found that RIP3 and RIP1 were not associated with the pathogenesis of AA. 
Therefore, further large-scale studies are required to clarify the role of necroptosis in the pathogenesis of AA. Bumiller- 
Bini et al71 found that the associated variants involved in apoptosis and necroptosis, including TNF, TRAF2, protein 
activated kinase 2 (PAK2), and pro-inflammatory cytokines with pemphigus foliaceus, suggested that the death receptor 
pathway acted as a specific role in this condition. Lauffer et al72 investigated the overlap of two interface dermatitis (ID)- 
positive cutaneous diseases, including lupus erythematosus (LE) and lichen planus (LP), and detected a significant 
increase in the epidermal expression of RIP3, which is a key regulator of necroptosis. Furthermore, they also found that 
TCS stimulated KCs to induce phosphorylation of RIP3 and MLKL, depending on the presence of IFN-γ or TNF-α in the 
TCS and short hairpin RNA knockdown of RIP3 can prevent KC cell death stimulated by IFN-γ. Generally, type 
I immunity is related to the two diseases and induces KCs necroptosis.

Allergic Dermatoses
Atopic Dermatitis (AD)
AD is a common chronic inflammatory skin disorder that is mediated by T helper (Th)2 and has a relapsing course. AD 
pathogenesis is mediated by multiple factors, including skin barrier damage, microbial dysbiosis and immune 
dysregulation.73 Han et al74 found that epigallocatechin-3-gallate nanoparticles (EGCG-NPs), extracellular signal- 
regulated kinase (ERK)-1, and ERK2 significantly inhibited the overexpression of RIP1, RIP3, and MLKL in the entire 
epidermal layer, suggesting EGCG-NPs can serve as a promising necroptosis-targeting drug-delivery system for AD 
treatment. Additionally, inhibition of dynamin-related protein 1 (Drp1) is a potential therapeutic strategy for treating 
inflammatory skin conditions. Li et al75 investigated the effect of Drp1 inhibitor, mitochondrial division inhibitor-1 
(mdivi-1), on experimental AD and found that mdivi-1 suppressed the activation of NLRP3 inflammasome and 
pyroptosis, as evidenced by the downexpression of NLRP3, ASC, cleavage of caspase-1, GSDMD-NT, IL-1β, and IL- 
18 in KCs under AD-like inflammation.

Urticaria
Urticaria is a common allergic skin disease, characterized by a sudden onset of wheal, angioedema, or both. Presently, 
studies investigating urticaria and the associated cell death mechanisms are limited. A study by Kambe et al76 revealed 
that abnormal activation of NLRP3 inflammasome in mast cells, associated with IL-1β production in cryopyrin- 
associated periodic syndromes, led to pathogenesis of histamine-independent urticaria. A bioinformatics study on the 
molecular mechanism of PRGs in chronic spontaneous urticaria (CSU), by Peng et al,77 found that IL-β, a PRG, and its 
related molecules might be potential biomarkers associated with CSU occurrence and development.
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Drug Reaction
Both Stevens–Johnson syndrome (SJS) and toxic epidermal necrolysis (TEN) are lethal cutaneous adverse drug reactions 
(CADRs), primarily induced by KC death. Saito et al78 demonstrated that the binding of annexin A1 to the formyl 
peptide receptor 1 (FPR1) triggers necroptosis in TEN. Additionally, Kim et al79 demonstrated the role of necroptosis in 
TEN pathogenesis based on the upregulation of RIP3 expression and positive staining for p-MLKL in the tissue sections 
obtained from TEN patients. Additionally, Kinoshita et al80 suggested another mechanism of neutrophil-triggered 
inflammation in the early stage of SJS/TEN, which proposed that the infiltrating CD8+ T cells in the skin produce 
lipocalin-2 in a drug-specific manner, which triggers the formation of neutrophil extracellular traps in early lesions. 
Neutrophils undergoing NETosis release IL-37, an antimicrobial peptide, which induces FPR1 expression in KCs. FPR1 
expression increases KC sensitivity to necroptosis, further triggering release of IL-37 and expression of FPR1 in the 
surrounding KCs, thus amplifying the necroptotic reaction. Studies found that the NET-necroptosis axis is a unique 
process in adverse CADRs (SJS/TEN) but not in mild CADRs, autoimmune diseases, or neutrophil-associated disorders; 
therefore, further studies are required to investigate the effect of necroptosis in the pathogenesis of TEN, with a particular 
focus on necroptosis-triggering factors.

Benign Proliferative Disease
Keloid
Keloid is an excessive tissue response of the human body to dermal injury characterized by local fibroblast proliferation and 
excessive collagen production. Keloid is the growth of fibers beyond the initial area of injury, invading the adjacent normal 
skin tissue. Lee et al81 confirmed an autophagy defect, via the IL-17-STAT3-HIF-1a axis, in the keloid tissues, which was 
associated with enhanced fibrosis and necroptosis; however, the autophagy defect, necroptosis, and fibrosis were dimin-
ished after the application of HIF-1a inhibitor. Li et al82 investigated the effects hydrogen sulfide (H2S) on skin fibroblast 
proliferation and found that H2S production was impaired in the plasma and skin of keloid patients; however, exogenous H2 

S supplementation could inhibit the proliferation of fibroblasts in keloid tissues and TGF-β1-stimulated fibroblasts in the 
normal skin tissues, which may be associated with oxidative stress alleviation and necroptosis inhibition.

Conclusion and Perspectives
Several studies have reported that the recently identified modes of PCD (necroptosis, pyroptosis, and ferroptosis) play 
significant roles in the occurrence and development of skin diseases. In this study, we reviewed and summarized the 
existing literature on the roles of necroptosis, pyroptosis, and ferroptosis in non-malignant dermatoses. Compared with 
pyroptosis and necroptosis, studies on the role of ferroptosis in dermatoses are limited, possibly owing to its relatively 
recent discovery. Additionally, research on PCD in some non-malignant dermatoses, such as urticarial and pemphigus, is 
still in the preliminary stages. Therefore, further investigations are needed to develop a deeper understanding of the 
specific roles, molecular mechanisms, and regulation of necroptosis, pyroptosis, and ferroptosis and to determine 
prevention and therapeutic strategies for these non-malignant dermatoses.
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