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Abstract 

Autoimmune diseases and cancers, two seemingly unrelated diseases, have been threatening human 
health, and many of them have no cure. By identifying pathological inflammation as the driving cause of 
uncontrolled cell proliferation in both classes of diseases, and differentiating autoimmune disorders and 
cancers by whether the cell death programs are under control, we propose the attenuation of prolonged 
inflammation via maintaining mitochondrial reduction-oxidation (redox) homeostasis being a possible 
cure of both diseases. Importantly, we propose the feasibility of applying cold atmospheric plasma (CAP) 
in treating autoimmune disorders and cancers given its redox-modulatory nature, which not only extends 
the medical utilities of CAP to autoimmune diseases and all other inflammation-driven disorders, but also 
positions the efficacy of CAP against cancer cells to its suppressive role on prolonged inflammation. Our 
insights may open an innovative avenue towards a unified view on the molecular mechanism driving the 
diversified types of medical miracles of CAP and what CAP can do in the field of plasma medicine. 
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Introduction 
Immune system disorders are caused by 

abnormally low or high activity of the immune 
system. While immune deficiency renders the body 
vulnerable to infections, immune over-activity is 
typically associated with autoimmune diseases as 
antibodies produced by the immune system attack 
and damage its own tissues instead of fighting against 
infections, the process of which develops 
inflammation. Typical therapeutic strategies for 
autoimmune disorder control are based on systemic 
immunosuppression that, although ameliorate 
symptoms, are typically associated with long-term 
adverse effects and require continuous oral or 
injectable medications that imposes economic burden 
to the patients. Thus, despite current medication 
advances, cure of autoimmune diseases remains 

elusive, and patients still suffer from progressive 
disability with shortened life span and comorbidity 
due to, possibly, weakened immunity.  

Cancers can be considered as chronic metabolic 
and immune disorders featured with 10 hallmarks 
that can be summarized to ‘uncontrolled 
proliferation’, ‘evading programmed cell death’, 
‘tumour angiogenesis and metastasis’, 
‘reprogrammed metabolism’, ‘genome instability’, 
‘avoiding immune destruction’, and 
‘tumour-promoting inflammation’ [1]. Among these 
features, ‘tumour-promoting inflammation’ together 
with ‘genome instability’ are considered enabling 
characteristics. While many targeted therapeutics 
aiming to suppress oncogenes and restore the activity 
of tumour suppressors towards enhanced genome 
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stability have been launched on the market, they 
suffer from, e.g., unavoidable adverse effect and 
limited therapeutic spectrum, that render the call for 
novel onco-therapeutic design pertinent and urgent. 

Autoimmune disorders and cancers are two 
faces of aberrant immune responses. That is, the 
immune system mistakes one’s own tissues as foreign 
invaders in autoimmune diseases, but misses the 
actual attack on malignant cells in cancers. 
Interestingly, disorders associated with false positive 
(autoimmune diseases) and false negative (cancers) 
immune responses are both featured with abnormal 
inflammation, rendering attenuation of pathological 
or prolonged inflammation a promising remedy for 
maintaining immune-homeostasis and a possible 
solution for resolving both types of diseases (Figure 
1). 

By interrogating the molecular cause and cellular 
consequence of inflammation, we identify 
mitochondrial net reactive oxygen species (ROS) as 
the recruiter of cytokines to the inflammatory loci and 

abnormal M1 macrophage polarization as the driving 
force of pathological inflammation that leads to 
uncontrolled cell proliferation, and differentiate 
autoimmune diseases and cancers by cells’ ability in 
breaking the control on programmed cell death. 
Importantly, we emphasize the importance of 
maintaining reduction-oxidation (redox) homeostasis 
in preventing disorders including autoimmune 
diseases and cancers by attenuating inflammation, 
and forecast the possible use of cold atmospheric 
plasma (CAP) in treating such diseases using psoriasis 
and melanoma as the examples. 

Redox homeostasis is vital in maintaining 
normal cellular functionalities 

The occurrence of many physiological events 
such as cell signaling and protein folding depends on 
redox homeostasis, and many pathological conditions 
have been associated with redox imbalance [2, 3].  

 

 
Figure 1. Critical stages during physiological inflammation and its associations with autoimmune disorders and cancers. Take ‘wound healing’ as the example, 
‘hemostasis’, ‘inflammation’, ‘proliferation’, ‘remodeling’ are four stages that occur in the proper sequence and time frame. The first stage in wound healing is ‘hemostasis’ that can 
last for two days. During this stage, blood vessels constrict to reduce the blood flow (known as vasoconstriction), and clotting factors are released at the wound site to coagulate 
with fibrin and form a blood clot that can act as a seal between the broken blood vessels to prevent blood loss. The second phase of wound healing is ‘Inflammation’ that can last 
for 7 days or longer, and involves phagocytic cells that release ROS. During this phase, white blood cells and some enzymes enter the wound area to remove infection. The third 
phase is ‘proliferation’ that can last for 4 days to up to 3 weeks or more. In this stage, inflammatory cells undergo apoptosis, granulation tissue forms, angiogenesis starts, wound 
contracts, and epithelialization occurs. The fourth phase is ‘remodeling’ that may occur over months or years. During this phase, the new tissue gradually becomes stronger and 
more flexible, and collagen production continues to build the tensile strength and elasticity of the skin. An improper transition from inflammation to proliferation may lead to 
pathological consequences. Specifically, when pro-inflammatory cytokines such as IL1β and TNFα take a dominant role over anti-inflammatory cytokines such as TGFβ, IL10, IL4 
and IFNβ, inflammation is prolonged that can lead to uncontrolled proliferation, a typical manifestation of many diseases including autoimmune diseases and cancers. This figure 
is redrawn and adapted under the terms and conditions of Creative Commons Attribution (CC-BY) license from [106]. 
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Redox balance is critical for proteins to pertain 
normal functionalities, as increased levels of oxidants 
for a certain duration may oxidize spatially adjacent 
-SH groups to disulfides that possibly affect protein 
activities. For instance, the antioxidant protein 
thioredoxin 1 (TRX1) is enzymatically active if 
harboring two -SH groups at cysteine (Cys)32 and 
Cys35, but becomes inactivated if -SH groups at these 
two positions were oxidized to disulfides [4], and 
increased TRX1 protein oxidation was observed in 
more invasive human prostate cancer cells [5]. 
However, while the development of human prostate 
cancer cells favors an oxidizing environment, a 
reducing condition was found in human breast cancer 
tissues [6], suggesting the importance of redox 
equilibrium in maintaining the healthy state of cells. 
Redox fluctuation has also been reported to affect 
protein functionality through affecting protein 
post-translational modifications (PTMs) such as 
phosphorylation, methylation, acetylation, 
sumoylation, nitrosylation, nitration and 
glutathionylation. For instance, enhanced ROS has 
been shown to perturb the gene expression profile of 
nuclear factor erythroid 2-related factor 2 (NRF2), a 
transcription factor (TF) of glutathione peroxidase 4 
(GPX4) and the primary master of cellular redox 
homeostasis [7, 8].  

Redox equilibrium may affect the stability of 
proteins, as an oxidizing condition favors disulfide 
bond formation towards enhanced protein stability 
and a reducing environment favors -SH groups [9]. 
For instance, NRF2 is ubiquitinated under normoxic 
conditions, but stabilized in response to oxidative 
stress towards accelerated cancer progression [10]. 

Redox homeostasis is vital in regulating the 
transcription of genes responsible for redox stress 
adaption, as redox-sensing Cys residues are often 
located within the region required for DNA binding 
of redox-regulated TFs. For instance, the promoter 
regions of redox-regulated genes typically contain an 
anti-oxidant responsive element (ARE), a cyclic AMP 
responsive element (CRE), and specificity protein-1 
(SP-1) sites required for activating TFs such as AP-1, 
nuclear factor kappa B (NFκB), NRF2, TP53 [11, 12].  

Mitochondria net ROS plays pivotal roles 
in regulating redox homeostasis  

Redox homeostasis is dynamically regulated 
through the glutathione and thioredoxin systems that 
serve as two parallel yet non-redundant axes to allow 
sufficient vulnerability of cells to respond to cellular 
stress. While the glutathione system is defined as the 
relative concentrations of glutathione (GSH) and its 
oxidized, disulfide-bonded dimer glutathione 
disulfide (GSSG) [13, 14], the thioredoxin system 

refers to the cysteine/cystine (Cys/Cyst) couple.  
Redox homeostasis is regulated at the level of 

subcellular compartments, among which 
mitochondria is the most reducing and thus most 
susceptible to oxidation in response to cellular stress 
[15]. Thus, mitochondria perform multiple essential 
tasks that depend on redox modulation such as 
energy production for cell proliferation and death 
signal sensing for cell fate determination. As the 
primary cellular oxygen consumers, mitochondria 
contain numerous enzymes capable of transferring 
single electrons to oxygen towards the production of 
superoxide anion (O2−), one key type of reactive 
oxygen and nitrogen species (RONS). These redox 
enzymes include, e.g., aconitase (ACO) and 
α-ketoglutarate dehydrogenase (KGDH) from the 
tricarboxylic acid (TCA) cycle, the electron-transport 
chain (ETC) complexes I to III, pyruvate 
dehydrogenase (PDH) and glycerol-3-phosphate 
dehydrogenase (GPDH), dihydroorotate 
dehydrogenase (DHOH), monoamine oxidases A and 
B (MAOA/B), and cytochrome b5 reductase (B5R) [13] 
(Figure 2). The transfer of electrons to oxygen is more 
likely to occur when these redox enzymes are charged 
with sufficient electrons and have high energy 
transfer potential or, in other words, high 
mitochondrial membrane potential.  

Mitochondria also contain an extensive 
antioxidant defense system to detoxify generated ROS 
that are tied to the redox state of mitochondria. The 
antioxidant defense system is comprised of 
non-enzymatic and enzymatic components. While 
non-enzymatic components include α-tocopherol 
(aTCP), coenzyme Q10, cytochrome C, and GSH, 
recognized antioxidant enzymes include manganese 
superoxide dismutase (MnSOD), catalase (Cat), GPX4, 
phospholipid hydroperoxide glutathione peroxidase 
(PGPX), glutathione reductase (GR), peroxiredoxins 
3/5 (PRX3/5), glutaredoxin 2 (GRX2), TRX1 and 
thioredoxin reductase 2 (TRXR2) [13] (Figure 2). 

When the mitochondria are structurally and 
functionally intact, little net ROS is produced given its 
effective antioxidant defense system that balances out 
generated ROS. When the antioxidant defense system 
of the mitochondria is impaired, net free radicals are 
generated that can further damage mitochondria, 
leading to a vicious cycle and, consequently, an 
increasing amount of transferable electrons and 
various forms of ROS. For example, the Fe–S cluster in 
ACO is easily inactivated by O2−, and the iron is 
released once this occurs, leading to the production of 
hydroxyl radical (‧OH), O2−, singlet oxygen (¹O2), and 

peroxynitrite (ONOO−), which further amplify 
oxidative damage, all of which are important ROS. 
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Figure 2. Diagram illustrating mitochondria redox homeostasis. Events involved in ROS generation and anti-oxidant defense are marked with red and green stars, 
respectively. Proteins taking part in pro- and anti-oxidant events are symbolized in ‘red’ and ‘blue’, respectively. Proteins playing non-oxidative roles are marked with ‘grey’. 
Mitochondrial enzymes known to generate ROS include pyruvate dehydrogenase (PDH), aconitase (ACO), α-ketoglutarate dehydrogenase (KGDH), electron transport chain 
complex I (ETC-I) to III (ETC-III), glycerol-3-phosphate dehydrogenase (GPDH), dihydroorotate dehydrogenase (DHOH), monoamine oxidase (MAO), cytochrome b5 
reductase (B5R). When these enzymes are abundantly charged and the mitochondrial membrane potential is high, electrons are transferred to oxygen towards ROS generation. 
Mitochondria also contain a large anti-oxidant defense system to maintain the ROS balance in mitochondria. Non-enzymatic components of this anti-oxidant system include 
α-tocopherol (αTCP), coenzyme Q10 (Q10), cytochrome C (cytoC) and glutathione (GSH), which are symbolized using ‘light blue’. Enzymatic components include manganese 
superoxide dismutase (MnSOD), catalase (Cat), glutathione peroxidase (GPX), phospholipid hydroperoxide glutathione peroxidase (PGPX), glutathione reductase (GR), 
peroxiredoxins (PRX3/5), glutaredoxin (GRX2), thioredoxin (TRX2), and thioredoxin reductase (TRXR2), isocitrate dehydrogenase (IDH), malic enzyme (ME) and nicotinamide 
nucleotide transhydrogenase (NNTH), which are represented in ‘dark blue’. When mitochondria redox homeostasis is perturbed, net ROS is produced that can damage 
mitochondria, leading to decreased anti-oxidant ability and increased ROS generation that can further damage mitochondria (panel B). Additional annotations: GSSG, glutathione 
disulfide; LOH, lipid hydroxide; LOOH, lipid hydroperoxide; o, oxidized state; r, reduced state. This figure is redrawn and adapted with permission from [13]. 

 

Redox disequilibrium triggers pathological 
inflammation 

Cytokines are primary mediators of 
inflammation 

Inflammation refers to a response to external or 
internal stimuli that results in tissue repair under the 
physiological condition or undesirable immune 
responses under the pathological condition [16]. 
Cytokines and chemokines, among other factors, are 
known to mediate inflammation. While chemokines 
such as chemokine (C-X-C motif) ligand 8 (CXCL8) 
are small cytokine-like proteins activating immune 
cells during inflammation and attracting them to the 
sites of inflammation, cytokines play the primary 
roles [17]. 

Cytokines can be pro-inflammatory or 
anti-inflammatory. Typical pro-inflammatory 
cytokines include, e.g., interleukin 1β (IL1β) and 
tumor necrosis factor α (TNFα), and function by 
inducing adhesion molecules and chemokine 
expression that recruit leukocytes [18]. Specifically, 
IL1β is a potent activator of leukocytes capable of 
enhancing the killing efficacy of NK cells and 

macrophages, inducing T cell proliferation and B cell 
antibody production, and triggering the expression of 
additional cytokines such as TNFα, IL1β, IL2, IL3, IL6, 
and interferon γ (IFNγ). TNFα is an inducer of 
inflammatory mediators such as IL1β, IL6, 
granulocyte-macrophage colony-stimulating factor 
(GM-CSF) [19, 20], chemokines, and adhesion 
molecules, and is a recruiter as well as a stimulator of 
leukocytes to the site of inflammation for cytokine 
production [21, 22] and ROS generation. 
Anti-inflammatory cytokines include TGFβ, IL10, IL4, 
and members of type I IFNs especially IFNβ. One 
typical mechanism causing the anti-inflammatory 
properties of these cytokines is their down-regulatory 
effects on the activating endothelial cells and M1 
macrophages. For instance, IFNβ antagonizes the 
effects of IL1β in several systems including the 
activation of M1 macrophages and IL6 induction [23]. 
IL4 was found to reduce the release of IL12, a cytokine 
critical for inducing T helper 1 (Th1) response. IL10 is 
an inhibitor of activated M1 macrophages that 
counteract the effects of IFNγ. IFNβ blocks 
endothelial cell activation mediated by 
pro-inflammatory cytokines [24].  
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Redox disequilibrium triggers pathological 
inflammation via macrophage M1 polarization  

Physiological inflammation is self-limiting, 
whereas pathological inflammation runs out of 
control on NFκB signaling and Nod-like receptor 
family pyrin domain containing 3 (NLRP3) 
inflammasome, two archetypal drivers of the 
inflammatory response [16].  

Endogenous ROS have been proposed capable of 
regulating immune cell functionality, proliferation 
and differentiation, including macrophage 
polarization. Macrophages can be pro- or 
anti-inflammatory depending on their states, i.e., 
while M1 macrophages are pro-inflammatory, M2 
cells are anti-inflammatory. Specifically, M1 
macrophages are activated during inflammatory 
response to eliminate environmental offenses by 
releasing ROS and activating pro-inflammatory T 
cells. Net mitochondrial free radicals can stimulate the 
production of pro-inflammatory cytokines such as 
IL1β by activating NFқB, a redox-dependent TF, or 
through the production and stabilization of GSH; and 
cleaves IL1β into its active form by releasing TRX1 
towards the activation of leucine-rich repeat pyrin 
domain containing 3. These cytokines, once being 
released to the extracellular milieu, condition the 
activity of other bystander cells and cause 
inflammation that, in turn, activate M1 macrophages 
towards more ROS production [25] (Figure 3). In 
addition, M1 macrophages suppress the 
anti-inflammatory response under low oxygen 
conditions by producing nitric oxide (NO) that 
down-regulates the expression of forkhead box P3 
(FOXP3), a TF capable of promoting the expression of 
anti-inflammatory regulatory T cells (Tregs); and M2 
macrophages play an opposite role and exert an 
inhibitory activity on M1 cells. 

Therefore, macrophages, being the dominating 
producers of RONS, are prone to oxidative 
modifications regarding their polarization and 
functionalities. As redox reactions represent a vital 
part of the physiological and pathological repertoire 
of macrophages, redox disequilibrium may easily 
reshape the constitution structure of macrophages 
toward sustained inflammation.  

Autoimmune disorder or cancer: 
consequences of pathological 
inflammation 

The goal of inflammation, under the 
physiological state, is to replace injured tissues with 
healthy and regenerated tissues, intrinsically 
connecting it with cell proliferation. Yet, diseases may 
occur once cells proliferate in an uncontrollable 

manner and run into the pathological state.  
Inflammation and proliferation are two critical 

and adjacent stages during wound healing (Figure 1). 
Deregulated transition from the inflammatory to the 
proliferative state is associated with the pathogenesis 
of many diseases. 

As pro-inflammatory cytokines are excessively 
produced and macrophages intend to be attracted at 
the M1 state in response to redox disequilibrium, 
prolonged redox stress may sustain inflammation 
towards uncontrolled proliferation. 

Like the inflow and outflow of water, cell 
proliferation and programmed cell death control the 
two ends of cells. While inflammation triggers 
uncontrolled cell proliferation, programmed cell 
death determines cell fate when cells are attracted into 
the inflammatory state. Specifically, cells are quickly 
updated, easily leading to autoimmune disorders that 
are typically featured with rapid cell growth and 
abnormal cell death, and become malignant when 
their decease paths are completely blocked, 
displaying another critical cancer hallmark, i.e., 
‘evading programmed cell death’ (Figure 3). 

Example autoimmune disorders include, e.g., 
rheumatoid arthritis, inflammatory bowel disease, 
type I diabetes mellitus, multiple sclerosis, 
Guillain-Barre syndrome, chronic inflammatory 
demyelinating polyneuropathy, myasthenia gravis, 
psoriasis, scleroderma, Graves’ disease, Hashimoto’s 
thyroiditis, vasculitis, and systemic lupus 
erythematosus, depending on the organ where the 
immune system attacks. Cancers can be classified by 
the loci where the initial malignancy occurs or 
grouped by the molecular patterns that capture their 
developmental paths. Focusing on skin disorders and 
using psoriasis and melanoma as the examples, we 
explain the role of cell death in stratifying diseases 
initiated from the same loci into autoimmune 
disorders and cancers, and how cytokines are solicited 
by excess net mitochondrial ROS and dictated by 
abnormal M1 macrophage polarization to promote 
cell growth as a result of redox disequilibrium. 

Psoriasis is a skin autoimmune disorder caused 
by chronic inflammation and characterized by 
significantly reduced number of apoptotic cells than 
normal epidermis of healthy individuals [26]. 
Multiple inflammatory cytokines including IL17, IL23, 
TNFα, IFNγ, IL1β, IL6, IL22, IL26, IL29 and IL36 have 
been reported to mediate the pathogenesis of psoriasis 
[27], with the IL23/IL17 axis and TNFα signaling 
playing the most essential roles [28]. Specifically, 
keratinocytes release self-nucleotides and 
anti-microbial peptides such as LL37 to form 
self-nucleotides-LL37 complexes in response to 
external insults, which activates myeloid dendritic 
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cells by acting on Toll-like receptors in plasmacytoid 
dendritic cells. Myeloid dendritic cells produce 
pro-inflammatory cytokines such as TNFα, IL12 and 
IL23 to stimulate the activities of Th1, Th17 and Th22 

cells, and release additional cytokines such as IL1, 
IL17, IL22. IL17 stimulates the proliferation of 
keratinocytes and produces TNFα to recruit 
immunocytes that forms a positive feedback loop [29]. 

 

 
Figure 3. Illustration on the mechanistic cause of autoimmune disorders and cancers and their differentiation regarding the life/death control. Abnormal 
M1 macrophage polarization, among other possible mechanisms, promotes cell inflammation, with cytokines being the primary mediators. Primary cytokines capable of priming 
M1 polarization are TNFα and IFNɤ, and major cytokines triggering M2 differentiation are IL4, IL10 and IL13. M1 macrophages secrete cytokines such as IL1β, IL6, IL12, IL23, and 
M2 macrophages produce cytokines such as TGFβ and IL10. Activated macrophages present antigens to CD4+ T cells to activate the adaptive immune system, where cytokines 
play vital roles in modulating the distribution of T cell sub-cohorts. Primarily, IL12, IL4, IL23, IL2 trigger T helper 1 (Th1), Th2, Th17 and T regulatory (Treg) cell polarization, 
respectively, which produce IFNɤ, IL4/5, IL17/22, as well as TGFβ and IL10. Cytokines are the primary mediators of the interplay between the innate and adaptive immune 
responses. For example, both Treg and M2 produce TGFβ and IL10 that are associated suppressed immunity; Th17 is associated with activated immunity that can be primed by 
IL23, a cytokine secreted by M1; Th1 secretes IFNɤ that primes macrophages toward the M1 state; and Th2 produces IL4 that potentiates macrophages toward the M2 state. 
Prolonged inflammation causes uncontrolled cell proliferation, which leads to autoimmune disorders or cancers depending on, e.g., whether programmed cell death is under 
control. In this diagram, the inflow represents ‘cell proliferation’ and the outflow symbolizes ‘cell death’. When both cell growth and cell death are accelerated as compared with 
that under the normal condition, cells are under fast turnover, leading to autoimmune disorders such as type I diabetes and multiple sclerosis. When cell growth is increased but 
cell death is decreased, excess cells are accumulated, leading to autoimmune diseases such as psoriasis and autoimmune lymphoproliferative syndrome. When cell growth is out 
of control and cell death is evaded, cell burden forms that can even migrate to other places, forming cancers. CAP can be a possible cure of autoimmune disorders and cancers 
by attenuating inflammation. 
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Therefore, attenuating inflammation has been 
proposed as an effective strategy for treating psoriasis 
and, accordingly, inhibitors of IL17, IL23 and TNFα 
such as secukinumab, ustekinumab and infliximab 
have been launched in clinics for psoriasis treatment 
[30, 31]. Signalings known to drive the initiation and 
progression of psoriasis are canonical oncological 
pathways fostering uncontrolled cell proliferation 
such as mitogen-activated protein kinase (MAPK) or 
triggering cancer-associated inflammation such as 
NFκB and JAK/STAT (Janus kinase-signal 
transducers and activators of transcription). These 
pathways are redox sensitive [32]. ROS can activate 
the MAPK cascades by activating receptors such as 
apoptosis signal-regulating kinase 1 (ASK1). While 
reduced thioredoxin binds to the N-terminal of ASK1 
to inactivate it in the absence of oxidative stress, 
oxidized thioredoxin is dissociated from ASK1 that 
allows it to oligomerize, autophosphorylate, and 
become activated when exposed to the oxidative 
stress [33]. ROS can activate or inhibit the NFκB 
pathway by facilitating or inhibiting the degradation 
of IkappaB (IκB) through modulating its upstream 
kinases such as IkappaB kinase (IKK), or by 
controlling the expression of NFκB-regulated genes 
through modulating the nuclear translocation of the 
NFκB heterodimers [34]. ROS often activates NFκB 
signaling in the cytoplasm, but inhibits NFκB activity 
in the nucleus [35]. ROS can trigger the formation and 
nucleus translation of STAT1-STAT3 dimer by 
activating JAK2 and tyrosine kinase 2 (TYK2), which 
leads to the expression of genes under JAK/STAT 
regulation [32].  

Melanoma cells also express a variety of 
cytokines and chemokines that vary during disease 
progression. While the expression of IL6 and IL8 is 
associated with early melanoma, TGFβ, IL1 and 
GM-CSF are highly secreted by advanced melanoma 
cells, with TGFβ being diagnostic of patient metastasis 
[36]. Keratinocytes release IL1, IL3, IL6 and IL8, and 
secrete TNFα and GM-CSF to adapt the tumor 
microenvironment to a condition favorable for 
melanocyte proliferation and tumorigenesis [37]. In 
addition, cytokines and chemokines such as IL6 and 
IL8 and CXCL1 participate in the crosstalk between 
cancer-associated fibroblasts and melanoma cells 
through paracrine signaling [38].  

The fact that psoriasis shares some signaling 
profiles with melanoma and, in particular, pathways 
driving uncontrolled cell proliferation and 
inflammation, enlightens us to propose the following 
hypothesis. Both psoriasis and melanoma are 
inflammation-driven disorders, and featured by fast 
cell growth and abnormal cell death. One giant 
discrepancy between both diseases lies in ‘cell death’. 

While psoriasis has reduced cell death, programmed 
cell death in melanoma totally runs out of control (i.e., 
evading death signals). Thus, can we consider 
psoriasis a disease having acquired several hallmarks 
of cancers (i.e., uncontrolled cell proliferation, chronic 
inflammation), and become cancerous once the 
genome integrity is further interrogated? That is to 
say, psoriasis has already harbored some mutations 
on pivotal genes controlling cell growth, and may 
progress into skin cancer if additional oncogenes or 
tumor suppressors controlling cell death were 
mutated. If this hypothesis held true, can drugs for 
skin cancer treatment be applicable to psoriasis and 
vice versa? On the other hand, we may assume 
therapeutics targeting inflammation, alone or in 
combination with other agents, function well in 
treating both psoriasis and skin cancer.  

Cold atmospheric plasma: possible cure 
of autoimmune disease and cancer via 
attenuating inflammation  

Redox modulation has emerged as a promising 
approach in treatments for various diseases. This 
strategy hinges on manipulating the redox states 
within cells, which are crucial for numerous cellular 
processes and can influence disease progression. 
There are some approaches to redox modulation that 
can be employed in the treatment of these diseases, 
such as CAP, Photodynamic Therapy (PDT) and 
nanotechnology-based therapies [39-44]. In this 
section, we will use CAP as an example to illustrate its 
potential as a cure for autoimmune disorders and 
cancers through the attenuation of inflammation. 

Cold atmospheric plasma conveys medical use 
by attenuating inflammation 

CAP, being the fourth state of matter, is partially 
ionized plasma composed of various RONS including 
short-lived species such as ‧OH, ‧O2−, ‧NO, and 
long-lived species such as ozone (O3) and hydrogen 
peroxide (H2O2) [45]. It has been widely used in many 
areas of the medical sector, e.g., hemostasis [46], 
sterilization [47], disinfection [48] and, importantly, 
anti-inflammation [49]. CAP has also been found to 
selectively kill cancer cells without harming their 
healthy peers, namely ‘selectivity against cancers’ 
[50]. Though different CAP ejection sources and 
parameter configurations were used, consecutive 
documents have been reported on the success of using 
CAP in treating various types of cancers such as triple 
negative breast cancer [51], prostate cancer [52], 
bladder cancer [53], pancreatic cancer [54], liver 
cancer [55], and melanoma [56]. In clinics, CAP has 
been succeeded in securing the life of a 75-year 
late-stage pancreatic cancer patient in 2016, and 
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curing a 33-year old rare relapsed incurable peritoneal 
sarcoma patient in 2019 [57]. The first clinical trial 
approved by FDA (NCT4267575) employing CAP as 
an onco-therapeutic approach saved the lives of 17 out 
of 20 late-stage solid cancer patients in 2021 [58]. 
However, CAP has not been largely launched to the 
bedside due to the lack of guidelines on its dose 
determination and [45], importantly, consensus on the 
molecular mechanisms driving its anti-cancer efficacy 
of CAP. 

To accelerate the rate of translating CAP into 
clinics as an oncotherapy, a plethora of working 
mechanisms have been proposed including, but are 
not limited to, inducing apoptosis/ferroptosis [59, 60], 
arresting migration/invasion [60], causing metabolic 
reprogramming [61], triggering anti-tumour immune 
response [62]. The most plausible theory, so far, states 
that CAP functions by imposing cells with redox 
stress that exceeds the death threshold of cancer cells 
whereas that of normal cells can easily adapt to the 
normal state given their intact antioxidant system 
[63]. Though this theory can well explain the 
selectivity of CAP against the bulk tumor cells as 
cancer cells typically have a higher basal redox level 
than normal cells [64], it becomes helpless when CAP 
was demonstrated to selectively kill cancer stem cells 
that have more robust antioxidant network than 
normal cells.  

Given the intrinsic connections between redox 
homeostasis and inflammation, and the redox nature 
of CAP, we believe that it is the anti-inflammation 
nature of CAP that enables its multifaceted medical 
utilities. Therefore, we foresee an extension of 
miracles CAP so far have demonstrated in the medical 
sector to all pathological manifestations driven by 
prolonged inflammation. Below, we summarize the 
two extreme conditions caused by chronic 
inflammation and subjected to redox regulation, and 
use psoriasis and melanoma as the example 
pathological conditions to support our hypothesis 
with scientific evidence. 

Cold atmospheric plasma plays bidirectional 
roles in maintaining redox homeostasis 

Redox disequilibrium can be caused by both 
oxidative and reductive stresses. As the counterpart of 
oxidative stress, reductive stress can occur in response 
to conditions that shift the balance of the redox 
couples such as GSH/GSSG and Cys/Cyst to a more 
reducing state. Over-expression of components in the 
antioxidant enzymatic system or excess production of 
reducing equivalents may induce alterations in the 
formation of disulfide bonds among proteins that lead 
to modified signaling pathways and transcriptome 
towards reduced mitochondrial function and 

decreased cellular metabolism. Chronic reductive 
stress may, in turn, induce oxidative stress that, again, 
stimulates reductive stress, forming a feedback loop. 
This eventually contributes to the development of 
many inflammation-driven diseases such as 
rheumatoid arthritis and cancer through, e.g., 
abnormal NFқB signaling [65].  

CAP attenuates inflammation via maintaining 
redox homeostasis through two mechanisms, i.e., 
removing the reductive stress by directly elevating 
cellular oxidative level, or triggering the death of cells 
already under oxidative stress by imposing them with 
additional oxidative pressure. In addition, ROS, 
especially H2O2, can act as a second messenger to 
relay or augment signals via creating oxidative 
post-translational modifications (oxPTMs) on the thiol 
group of the amino acid cysteine of ROS-sensitive 
signaling molecules such as phosphatases (Figure 4).  

The induction of oxPTMs is vital in redox 
signaling, given that cysteines constitute only 2% of 
the cellular proteome but participate in most PTMs 
[66]. By forming disulfide bonds, oxPTMs can alter 
protein conformation and function [67]. For instance, 
the disulfide bond bridged between the α- and 
γ-subunits of ATP synthase via Cys294 and Cys103 
reduced ATP production [68]. There are two forms of 
cysteine oxPTMs, i.e., disulfide bonds and 
sulfenylation (S-OH). Disulfide bonds can occur 
inter-molecularly and intra-molecularly between thiyl 
radicals (RS•) of two adjacent free thiols [66]. S-OH 
can react with free thiols of a target protein to form 
disulfide bonds, or be converted to RS• in the 
presence of reduced GSH to form disulfide bonds 
with other thiolates [69] (Figure 4). Another series of 
thiol oxPTMs include sulfenylation, sulfinylation and 
sulfonylation that occur with increased levels of 
cellular oxidative stress. Specifically, free thiols 
undergo sulfenylation to form sulfenic acids to 
mediate redox signaling under low ROS level, 
proceed further to form sulfinic acids via sulfinylation 
when the ROS level increases, and form the final 
irreversible form of thiols, i.e., sulfonic acids, via 
sulfonylation when the oxidative level goes even 
higher (Figure 4). As a reversible process of oxPTM, 
the existence of S-glutathionylation allows cells with 
the plasticity of coping with redox stress and 
signaling [69]. It is worth noting that 
oxPTM-mediated signaling occurs under low cellular 
ROS level, and excessive redox pressure may lead to 
deleterious consequences by forming irreversible 
sulfonic acids and, ultimately, loss of function of 
important proteins in the cell [70]. This not only 
highlights the detrimental effects of increasing 
oxidative stress in cells, but also explains the 
molecular basis of cell death triggered by redox stress.  
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Figure 4. Types of mechanisms driving the role of CAP in attenuating inflammation. (A) Molecular bases on mechanisms CAP may adopt to attenuate inflammation. 
Different types of oxPTMs may occur to the thiol group of the cysteine amino acids in proteins that lead to altered protein structures and functionalities. One important thiol 
oxPTM is the formation of disulfide bonds, both intermolecularly and intramolecularly, which is known to activate or inhibit the function of target proteins. Another series of thiol 
oxPTMs include sulfenylation, sulfinylation and sulfonylation that occur with increased levels of H2O2. Under low H2O2 presence, free thiols undergo sulfenylation to form sulfenic 
acids that mediate redox signaling. With increased oxidative stress, sulfenic acids undergo sulfinylation to form sulfinic acids, the process of which can be reversed in the presence 
of SRXN1. When the oxidative level goes even higher, sulfinic acids undergo further reactions via sulfonylation to form sulfonic acids, the final irreversible form of thiols. Other 
modifications of free thiols include the sulfhydration by H2S, S-nitrosylation induced by reaction nitrogen species, and S-glutathionylation in the presence of GSH. (B) Mechanisms 
CAP may adopt to attenuate inflammation. CAP may attenuate inflammation by removing the reductive stress under low doses or triggering cell death under high doses. Panel 
A is redrawn and adapted under the terms and conditions of Creative Commons Attribution (CC-BY) license from [66]. 

 

Cold atmospheric plasma for treating 
autoimmune disorders: psoriasis as an 
example 

The pathogenesis of autoimmune diseases is 
associated with a consequence of intense episodes of 
inflammation [71]. Incremental evidence has 
demonstrated the efficacy of CAP in treating 
autoimmune disorders such as psoriasis, vitiligo, and 
rheumatoid arthritis [44, 72-81]. Ding C et al. 
demonstrated that in vivo treatment with CAP could 
reduce inflammation and proliferation of synovium in 
adjuvant-induced arthritis rats, inhibit blood flow, 
and improve oxidative stress indicators. In addition, 
ex vivo CAP treatment reduced cell viability, invasion, 
and migration of rheumatoid arthritis fibroblast‐like 
synoviocytes (RA‐FLS) [73]. These findings suggest 
that CAP could have a positive effect on rheumatoid 
arthritis by affecting cell survival and apoptotic 
pathways. Zhai S et al. explored the effectiveness of 
CAP-activated hydrogel in treating vitiligo [77]. 

Below we take psoriasis as an example to discuss the 
possible medical use of CAP in treating autoimmune 
disorders. 

Psoriasis is a typical pathological state of the skin 
as a result of chronic oxidative stress. Excessive ROS 
production may damage DNA, proteins and lipids, 
leading to the secretion of pro-inflammatory 
cytokines, over-activated NFκB and MAPK 
signalings, hyper-stimulated Th1/Th17 cells [82] and, 
importantly, reduced expression of programmed cell 
death ligand 1 (PD-L1) [83]. It is worth noting that 
administrating mice carrying psoriasiform dermatitis 
with the recombinant PD-L1 effectively removed 
psoriatic skin symptoms [84].  

It was reported that macrophages were primed 
to favor M1 to M2 among psoriasis carriers [85], and 
treating the patients with TNF-α inhibitors could 
reduce the disease activity by attenuating the M1 
phenotype [86]. In vivo evidence from murine models 
suggested that treating psoriatic lesions with a TLR7 
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agonist could shift macrophages to a higher M1/M2 
ratio, where excessive stimulation of TLR7 was 
associated with psoriasis pathogenesis [87]. In an in 
vitro study, the transcript level of the gene encoding 
RGC-32, a protein actively participating in M2 
macrophage polarization, was reduced in psoriatic 
lesions, leading to skewed macrophage polarization 
toward the M1 state [88]. Thus strategies capable of 
restoring the abnormal M1/M2 ratio have been 
established and believed to be promising. For 
instance, IL35, a known anti-inflammatory cytokine 
[89, 90], has been shown effective in treating psoriasis 
by tilting the M1/M2 ratio to favor the M2 phase both 
in vitro and in vivo [91]. 

Presently, CAP has been applied to treat two 
refractory psoriasis subtypes, i.e., palmoplantar 
psoriasis and inverse psoriasis, with great success, 
extending the possible medical application scenarios 
of CAP to autoimmune disease treatment [75, 78]. By 
stimulating the local inflammatory micro- 
environment of psoriasis in HaCaT cells using 
LPS/TNFα and generating mice carrying 
psoriasiform dermatitis using imiquimod, Gan et al. 
found that plasma-activated medium (PAM) 
selectively inhibited hyper-proliferative keratinocytes 
by reducing cytokines TNFα, IL17, IL22, suggestive of 
the anti-inflammatory role of CAP in treating 
psoriasis and enhanced sensitivity of inflammatory 
cells to CAP treatment [74]. Consistent with this 
finding, Lee et al. showed the inhibitory role of CAP 
on the expression of psoriasis-related cytokines and 
chemokines IL6, IL17, IL22, CCL20, CXCL1, and 

suppression on Th17 cell differentiation using a 
psoriasis mice model; also in this study, CAP was 
found capable of enhancing PD-L1 expression in 
HaCaT cells, suggestive of the role of CAP in 
counteracting T cell over-activation [76]. To enable 
sufficient and prolonged CAP supply to the lesion 
area, Kim et al. fabricated a CAP patch to alleviate the 
psoriatic symptoms by restoring the normal 
differentiation of Keratin 1 without specific toxicity, 
and reducing the secretion of inflammatory cytokines 
and chemokines IL1β, IL6, IL8, CCL17 and CCL22 
[80]. Controversially, Zhong et al. reported the role of 
CAP in inducing the expression of pro-inflammatory 
cytokines and chemokines IL6, IL8, TNFα, IL1β, IL10, 
IFNγ as well as reducing the expression of 
anti-inflammatory IL12 in human keratinocyte HaCaT 
cells that, ultimately, leads to reduced keratinocyte 
proliferation as a result of mitochondrial dysfunction 
and lysosome leakage caused by excessive redox 
stress [79].  

Cold atmospheric plasma for treating cancers: 
melanoma as an example  

Tumor-associated inflammation is one hallmark 
of cancer [1]. Being the most life-threatening and 
frequently reported type of skin cancers sensitive to 
CAP treatment, melanoma is originated from 
uncontrolled proliferation of melanocytes where 
multiple signaling cascades controlling cell growth 
and inflammation such as MAPK, 
phosphatidylinositol-3-kinase (PI3K)/AKT, NFκB 
and STAT pathways are activated [92, 93].  

 

 
Figure 5. Illustrative diagrams showing typical devices for CAP generation and PAM preparation. (A) CAP direct-discharge and PAM preparation. (B) CAP 
indirect-discharge and PAM preparation. 
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Mechanisms so far known to explain the efficacy 
of CAP in arresting the aggressiveness of cancers 
include the trigger of programmed cell death and 
attenuation of cancer-associated inflammation [94, 
95]. CAP can induce programmed cell death through 
inducing ROS and causing mitochondrial dysfunction 
in cancer cells [95]. The anti-oxidant system of tumor 
cells is more fragile and susceptible to the influence of 
ROS than their healthy peers, inhibition of which 
leads to decreased GSH/GSSG ratio and perturbed 
mitochondrial redox homeostasis that, ultimately, 
trigger the death of malignant cells [64]. CAP was 
demonstrated to selectively induce apoptosis via 
ASK1- and/or unfolded protein response (UPR)- 
mediated pathways in melanoma cells without 
harming that of normal melanocytes by imposing cells 
with additional ROS [96, 97]. Mina et al. reported that 
CAP caused melanoma cell autophagy by increasing 
the mRNA expression of LC3 and ATG5 using B16 
cells as the tumor model [98]. In addition, CAP was 
shown capable of inducing immunogenic cell death 
(ICD) of melanoma cells and releasing 
tumor-associated antigens in situ towards stimulated 
anti-tumour immunity and, accordingly, a portable 
CAP device was established to prolong the survival of 
tumor-bearing mice by activating T cell-mediated 
anti-tumour immune response in vivo [99]. Also, CAP 
suppressed cancer-associated inflammation by 
re-polarizing macrophages towards the M2 state or 
guiding M0 macrophage differentiation towards the 
M2 state to foster an anti-inflammatory environment, 
provided that M2 macrophages are more robust than 
M1 cells in tolerating mitochondrial stress [100].  

Conclusion 
Through delineating the relationship between 

inflammation, redox equilibrium, macrophage 
polarization and the biochemical features of CAP, and 
taking two primary inflammation-driven diseases, 
i.e., autoimmune disorders and cancers, as the 
examples, we propose prolonged inflammation being 
the cause of many diseases including those 
exemplified. This is consistent with the fact that 
chronic inflammation is the sign of many 
autoimmune diseases and the cause of many 
precancerous lesions. Being a critical step in 
physiological inflammation, inappropriate 
inflammation-proliferation transition may position 
cells into a hyper-growth condition that, easily, leads 
to autoimmune disorders or cancers, the pathogenesis 
of which highly depends on the controllability of their 
death programs. Importantly, we propose the 
paramount role of mitochondrial redox equilibrium in 
preventing pathological inflammation and, 
consequently uncontrolled cell growth, which may be 

regulated by M0 differentiation, among other possible 
mechanisms of action. That is, cells are easily 
conditioned under a pro-inflammatory environment 
if M0 favored the M1 state, and under an 
anti-inflammatory condition if M2 macrophages 
dominated. As a redox modulatory tool, the 
molecular mechanism of CAP in selectively killing 
cancer cells has been positioned to its intrinsic efficacy 
in attenuating pathological inflammation. This has 
substantially extended the medical scenarios feasible 
for CAP application to encompass all inflammation- 
driven disorders including autoimmune diseases and 
possibly other pathological syndromes driven by 
chronic inflammation such as atopic dermatitis that 
has already been witnessed with evidence [101].  

It is worthwhile to mention that with CAP direct 
or indirect charge (Figure 5), it may be difficult to 
reach deep lesions regarding its clinical launch. Yet, 
CAP can be prepared in the form of other states such 
as liquid and semi-liquid to substantially expand the 
scenarios feasible for its medical use (Figure 5). 
Depending on the materials to be activated, CAP can 
be given different names such as PAM, 
plasma-activated water (PAW), plasma-activated 
Ringer’s lactate solution (PAL) [102], and 
plasma-activated gel (PAG). Take PAM as the 
example, it has been widely used for cell culturing 
and in vivo animal model establishment in plasma 
associated investigations [103]. One unique 
superiority of PAM or similar as compared with CAP 
discharge is that reactive species stored in it can be 
preserved for a relatively long time and be easily 
delivered to internal structures (through, e.g., 
injection, perfusion or rinse) for treating lesions that 
otherwise is difficult to reach. Advanced techniques 
also emerge that currently can store the active 
components of CAP in hydrogels for sustained release 
and reach deep tumors via localized injections [62]. In 
addition, CAP was reported capable of inducing ICD 
and priming the immune response, rendering it 
possible to kill distantly located transformed cells or 
recurrent tumors. As one example, a portable air-fed 
CAP device (namely aCAP) was fabricated to manage 
post-surgical cancers with demonstrated efficacy in 
evoking a strong T cell-mediated immune response 
[104]. Therefore, it is believed that with our 
incremental knowledge on the fundamental cause 
driving various pathogenesis and the 
mechanisms-of-action potentiating the biomedical 
utility of CAP, more advanced forms of CAP will 
become available, alone or in combination with other 
therapeutic modalities or techniques, to truly benefits 
people with the fourth state of matter. Last but not 
least is the dose-dependent nature of redox regulatory 
tools including CAP in human health that may play 
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an opposite role if applied, unintentionally, with 
over-dosage [105], where radical scavengers such as 
ascorbate, carotenoids, spermidine and uric acid can 
be paired with CAP to achieve highly flexible 
regulations on cellular redox homeostasis. 

By exemplifying psoriasis and melanoma, the 
two pathological conditions carefully selected to 
reflect the two extreme conditions caused by 
disrupted redox homeostasis, we uniquely identified 
‘chronic inflammation’ as the fundamental cause 
urging the onset of various clinical syndromes and the 
shared role of disrupted ‘redox homeostasis’ in 
driving these diseases. In addition, insights provided 
here may revolutionize our concept in what CAP can 
do and also explain why CAP can demonstrate its 
various medical miracles (such as successes in treating 
psoriasis and melanoma) towards a unified consensus 
on its molecular mechanism. Through doing this, we 
believe that this paper can truly advance the 
biomedical field by marching towards systematic 
precision medicine. 

Despite the great promise that redox regulatory 
tools such as CAP can make in human health, most 
supportive evidence are on the side of cancers. Given 
the diversified etiological causes and distinct 
pathological manifestations of autoimmune disorders, 
intensive effort is needed to explore the utility, 
molecular mechanism and application protocol of 
CAP in treating different kinds of autoimmune 
diseases.  

Abbreviations 
ROS: reactive oxygen species; redox: 

reduction-oxidation; CAP: cold atmospheric plasma; 
TRX1: thioredoxin 1; Cys: cysteine; PTMs: 
post-translational modifications;  NRF2: nuclear factor 
erythroid 2-related factor 2; TF: transcription factor; 
GPX4: glutathione peroxidase 4; ARE: anti-oxidant 
responsive element; CRE: cyclic AMP responsive 
element; SP-1: specificity protein-1; NFκB: nuclear 
factor kappa B; GSH: glutathione; GSSG: 
disulfide-bonded dimer; Cys/Cyst: cysteine/cystine; 
O2−: superoxide anion; RONS: reactive oxygen and 
nitrogen species; ACO: aconitase; KGDH: 
α-ketoglutarate dehydrogenase; TCA: tricarboxylic 
acid; ETC: electron-transport chain; PDH: pyruvate 
dehydrogenase; GPDH: glycerol-3-phosphate 
dehydrogenase; DHOH: dihydroorotate 
dehydrogenase; MAOA/B: monoamine oxidases A 
and B; B5R: cytochrome b5 reductase; aTCP: 
α-tocopherol; MnSOD: manganese superoxide 
dismutase; Cat: catalase; PGPX: phospholipid 
hydroperoxide glutathione peroxidase; GR: 
glutathione reductase; PRX3/5: peroxiredoxins 3/5; 
GRX2: glutaredoxin 2; TRXR2: thioredoxin reductase 

2; ‧OH: hydroxyl radical; ¹O2: singlet oxygen; ONOO−: 
peroxynitrite; CXCL8: chemokine (C-X-C motif) 
ligand 8; IL1β: interleukin 1β; TNFα: tumor necrosis 
factor α; IFNγ: interferon γ; GM-CSF: 
granulocyte-macrophage colony stimulating factor; 
Th1: T helper 1; NLRP3: Nod-like receptor family 
pyrin domain containing 3; NO: nitric oxide; FOXP3: 
forkhead box P3; Tregs: regulatory T cells; MAPK: 
mitogen-activated protein kinase; JAK/STAT: Janus 
kinase-signal transducers and activators of 
transcription; ASK1: signal regulating kinase 1; IκB: 
IkappaB; IKK: IkappaB kinase; TYK2: tyrosine kinase 
2; PDT: Photodynamic Therapy; O3: ozone; H2O2: 
hydrogen peroxide; oxPTMs: oxidative 
post-translational modifications; S-OH: sulfenylation; 
RS•: thiyl radicals; RA‐FLS: rheumatoid arthritis 
fibroblast‐like synoviocytes; PD-L1: programmed cell 
death ligand 1; PAM: plasma-activated medium; 
PI3K: phosphatidylinositol-3-kinase; UPR: unfolded 
protein response; ICD: immunogenic cell death; PAW: 
plasma-activated water; PAL: plasma-activated 
Ringer’s lactate solution; PAG: plasma-activated gel. 

Acknowledgements 
Funding 

This study was funded by the National Natural 
Science Foundation of China (Grant No. 81972789). 

Author contributions 
XD conceptualized the insights and prepared the 

manuscript. SF contributed in manuscript 
preparation. YZ provided the financial support. 

Competing Interests 
The authors have declared that no competing 

interest exists. 

References 
1. Hanahan D. Hallmarks of Cancer: New Dimensions. Cancer Discov. 2022; 12: 

31-46. 
2. Lennicke C, Cocheme HM. Redox metabolism: ROS as specific molecular 

regulators of cell signaling and function. Mol Cell. 2021; 81: 3691-707. 
3. Ushioda R, Nagata K. Redox-Mediated Regulatory Mechanisms of 

Endoplasmic Reticulum Homeostasis. Cold Spring Harb Perspect Biol. 2019; 
11: a033910. 

4. Nagarajan N, Oka SI, Nah J, Wu C, Zhai P, Mukai R, et al. Thioredoxin 1 
promotes autophagy through transnitrosylation of Atg7 during myocardial 
ischemia. J Clin Invest. 2023; 133: e162326. 

5. Rodriguez-Garcia A, Hevia D, Mayo JC, Gonzalez-Menendez P, Coppo L, Lu J, 
et al. Thioredoxin 1 modulates apoptosis induced by bioactive compounds in 
prostate cancer cells. Redox Biology. 2017; 12: 634-47. 

6. Jorgenson TC, Zhong W, Oberley TD. Redox imbalance and biochemical 
changes in cancer. Cancer Res. 2013; 73: 6118-23. 

7. Dodson M, Castro-Portuguez R, Zhang DD. NRF2 plays a critical role in 
mitigating lipid peroxidation and ferroptosis. Redox Biology. 2019; 23: 101107. 

8. Pillai R, Hayashi M, Zavitsanou AM, Papagiannakopoulos T. NRF2: KEAPing 
Tumors Protected. Cancer Discov. 2022; 12: 625-43. 

9. Butturini E, Butera G, Pacchiana R, Carcereri de Prati A, Mariotto S, Donadelli 
M. Redox Sensitive Cysteine Residues as Crucial Regulators of Wild-Type and 
Mutant p53 Isoforms. Cells. 2021; 10: 3149. 

10. Zhang J, Xu HX, Zhu JQ, Dou YX, Xian YF, Lin ZX. Natural Nrf2 Inhibitors: A 
Review of Their Potential for Cancer Treatment. Int J Biol Sci. 2023; 19: 3029-41. 



Int. J. Biol. Sci. 2024, Vol. 20 
 

 
https://www.ijbs.com 

5448 

11. Lee S, Kim SM, Lee RT. Thioredoxin and thioredoxin target proteins: from 
molecular mechanisms to functional significance. Antioxid Redox Signal. 2013; 
18: 1165-207. 

12. Raghunath A, Sundarraj K, Nagarajan R, Arfuso F, Bian J, Kumar AP, et al. 
Antioxidant response elements: Discovery, classes, regulation and potential 
applications. Redox Biology. 2018; 17: 297-314. 

13. Lin MT, Beal MF. Mitochondrial dysfunction and oxidative stress in 
neurodegenerative diseases. Nature. 2006; 443: 787-95. 

14. Jones DP, Go YM. Redox compartmentalization and cellular stress. Diabetes, 
Obesity and Metabolism. 2010; 12 Suppl 2: 116-25. 

15. Feleciano DR, Arnsburg K, Kirstein J. Interplay between redox and protein 
homeostasis. Worm. 2016; 5: e1170273. 

16. No authors listed. A current view on inflammation. Nat Immunol. 2017; 18: 
825. 

17. Cambier S, Gouwy M, Proost P. The chemokines CXCL8 and CXCL12: 
molecular and functional properties, role in disease and efforts towards 
pharmacological intervention. Cell Mol Immunol. 2023; 20: 217-51. 

18. Malkov MI, Lee CT, Taylor CT. Regulation of the Hypoxia-Inducible Factor 
(HIF) by Pro-Inflammatory Cytokines. Cells. 2021; 10: 2340. 

19. Tracey KJ, Cerami A. Tumor necrosis factor: a pleiotropic cytokine and 
therapeutic target. Annu Rev Med. 1994; 45: 491-503. 

20. Zentella A, Manogue K, Cerami A. The role of cachectin/TNF and other 
cytokines in sepsis. Prog Clin Biol Res. 1991; 367: 9-24. 

21. Harjunpaa H, Llort Asens M, Guenther C, Fagerholm SC. Cell Adhesion 
Molecules and Their Roles and Regulation in the Immune and Tumor 
Microenvironment. Front Immunol. 2019; 10: 1078. 

22. Hughes CE, Nibbs RJB. A guide to chemokines and their receptors. FEBS 
Journal. 2018; 285: 2944-71. 

23. Sabir N, Hussain T, Shah SZA, Zhao D, Zhou X. IFN-beta: A Contentious 
Player in Host-Pathogen Interaction in Tuberculosis. Int J Mol Sci. 2017; 18: 
2725. 

24. Huynh HK, Oger J, Dorovini-Zis K. Interferon-beta downregulates 
interferon-gamma-induced class II MHC molecule expression and 
morphological changes in primary cultures of human brain microvessel 
endothelial cells. J Neuroimmunol. 1995; 60: 63-73. 

25. Petrarca C, Viola D. Redox Remodeling by Nutraceuticals for Prevention and 
Treatment of Acute and Chronic Inflammation. Antioxidants (Basel). 2023; 12: 
132. 

26. Krawczyk A, Miskiewicz J, Strzelec K, Wcislo-Dziadecka D, Strzalka-Mrozik 
B. Apoptosis in Autoimmunological Diseases, with Particular Consideration 
of Molecular Aspects of Psoriasis. Med Sci Monit. 2020; 26: e922035. 

27. Medovic MV, Jakovljevic VL, Zivkovic VI, Jeremic NS, Jeremic JN, Bolevich 
SB, et al. Psoriasis between Autoimmunity and Oxidative Stress: Changes 
Induced by Different Therapeutic Approaches. Oxid Med Cell Longev. 2022; 
2022: 2249834. 

28. Dainichi T, Kitoh A, Otsuka A, Nakajima S, Nomura T, Kaplan DH, et al. The 
epithelial immune microenvironment (EIME) in atopic dermatitis and 
psoriasis. Nat Immunol. 2018; 19: 1286-98. 

29. Greb JE, Goldminz AM, Elder JT, Lebwohl MG, Gladman DD, Wu JJ, et al. 
Psoriasis. Nature Reviews Disease Primers. 2016; 2: 16082. 

30. Tokuyama M, Mabuchi T. New Treatment Addressing the Pathogenesis of 
Psoriasis. Int J Mol Sci. 2020; 21: 7488. 

31. Ruiz de Morales JMG, Puig L, Dauden E, Canete JD, Pablos JL, Martin AO, et 
al. Critical role of interleukin (IL)-17 in inflammatory and immune disorders: 
An updated review of the evidence focusing in controversies. Autoimmunity 
Reviews. 2020; 19: 102429. 

32. Zhou Q, Mrowietz U, Rostami-Yazdi M. Oxidative stress in the pathogenesis 
of psoriasis. Free Radic Biol Med. 2009; 47: 891-905. 

33. Psenakova K, Hexnerova R, Srb P, Obsilova V, Veverka V, Obsil T. The 
redox-active site of thioredoxin is directly involved in apoptosis 
signal-regulating kinase 1 binding that is modulated by oxidative stress. FEBS 
Journal. 2020; 287: 1626-44. 

34. Lingappan K. NF-kappaB in Oxidative Stress. Current Opinion in Toxicology. 
2018; 7: 81-6. 

35. Kabe Y, Ando K, Hirao S, Yoshida M, Handa H. Redox regulation of 
NF-kappaB activation: distinct redox regulation between the cytoplasm and 
the nucleus. Antioxid Redox Signal. 2005; 7: 395-403. 

36. Moretti S, Pinzi C, Spallanzani A, Berti E, Chiarugi A, Mazzoli S, et al. 
Immunohistochemical evidence of cytokine networks during progression of 
human melanocytic lesions. Int J Cancer. 1999; 84: 160-8. 

37. Melnikova VO, Bar-Eli M. Inflammation and melanoma metastasis. Pigment 
Cell and Melanoma Research. 2009; 22: 257-67. 

38. Kolar M, Szabo P, Dvorankova B, Lacina L, Gabius HJ, Strnad H, et al. 
Upregulation of IL-6, IL-8 and CXCL-1 production in dermal fibroblasts by 
normal/malignant epithelial cells in vitro: Immunohistochemical and 
transcriptomic analyses. Biol Cell. 2012; 104: 738-51. 

39. Hu J, Liu S. Modulating intracellular oxidative stress via engineered 
nanotherapeutics. J Control Release. 2020; 319: 333-43. 

40. Huis In 't Veld RV, Heuts J, Ma S, Cruz LJ, Ossendorp FA, Jager MJ. Current 
Challenges and Opportunities of Photodynamic Therapy against Cancer. 
Pharmaceutics. 2023; 15: 330. 

41. Yang D, Lei S, Pan K, Chen T, Lin J, Ni G, et al. Application of photodynamic 
therapy in immune-related diseases. Photodiagnosis Photodyn Ther. 2021; 34: 
102318. 

42. Zhou F, Li M, Chen M, Chen M, Chen X, Luo Z, et al. Redox Homeostasis 
Strategy for Inflammatory Macrophage Reprogramming in Rheumatoid 
Arthritis Based on Ceria Oxide Nanozyme-Complexed Biopolymeric Micelles. 
ACS Nano. 2023; 17: 4358-72. 

43. Guerrero-Preston R, Ogawa T, Uemura M, Shumulinsky G, Valle BL, Pirini F, 
et al. Cold atmospheric plasma treatment selectively targets head and neck 
squamous cell carcinoma cells. Int J Mol Med. 2014; 34: 941-6. 

44. Ding C, Liu Q, Ouyang W, Sun Y, Liu Q, Gao S, et al. Cold atmospheric 
pressure plasma: A potential physical therapy for rheumatoid arthritis 
hyperplastic synovium. Int Immunopharmacol. 2023; 123: 110732. 

45. Brany D, Dvorska D, Halasova E, Skovierova H. Cold Atmospheric Plasma: A 
Powerful Tool for Modern Medicine. Int J Mol Sci. 2020; 21: 2932. 

46. Kurosawa M, Takamatsu T, Kawano H, Hayashi Y, Miyahara H, Ota S, et al. 
Endoscopic Hemostasis in Porcine Gastrointestinal Tract Using CO(2) 
Low-Temperature Plasma Jet. J Surg Res. 2019; 234: 334-42. 

47. Avellar HK, Williams MR, Brandao J, Narayanan S, Ramachandran A, 
Holbrook TC, et al. Safety and efficacy of cold atmospheric plasma for the 
sterilization of a Pasteurella multocida-contaminated subcutaneously 
implanted foreign body in rabbits. Am J Vet Res. 2021; 82: 118-24. 

48. Xu H, Zhu Y, Du M, Wang Y, Ju S, Ma R, et al. Subcellular mechanism of 
microbial inactivation during water disinfection by cold atmospheric-pressure 
plasma. Water Research. 2021; 188: 116513. 

49. Ma L, Chen Y, Gong Q, Cheng Z, Ran C, Liu K, et al. Cold atmospheric plasma 
alleviates radiation-induced skin injury by suppressing inflammation and 
promoting repair. Free Radic Biol Med. 2023; 204: 184-94. 

50. Semmler ML, Bekeschus S, Schafer M, Bernhardt T, Fischer T, Witzke K, et al. 
Molecular Mechanisms of the Efficacy of Cold Atmospheric Pressure Plasma 
(CAP) in Cancer Treatment. Cancers (Basel). 2020; 12: 269. 

51. Xiang L, Xu X, Zhang S, Cai D, Dai X. Cold atmospheric plasma conveys 
selectivity on triple negative breast cancer cells both in vitro and in vivo. Free 
Radic Biol Med. 2018; 124: 205-13. 

52. Hua D, Cai D, Ning M, Yu L, Zhang Z, Han P, et al. Cold atmospheric plasma 
selectively induces G(0)/G(1) cell cycle arrest and apoptosis in 
AR-independent prostate cancer cells. J Cancer. 2021; 12: 5977-86. 

53. Tavares-da-Silva E, Pereira E, Pires AS, Neves AR, Braz-Guilherme C, 
Marques IA, et al. Cold Atmospheric Plasma, a Novel Approach against 
Bladder Cancer, with Higher Sensitivity for the High-Grade Cell Line. Biology 
(Basel). 2021; 10: 41. 

54. Van Loenhout J, Flieswasser T, Freire Boullosa L, De Waele J, Van Audenaerde 
J, Marcq E, et al. Cold Atmospheric Plasma-Treated PBS Eliminates 
Immunosuppressive Pancreatic Stellate Cells and Induces Immunogenic Cell 
Death of Pancreatic Cancer Cells. Cancers (Basel). 2019; 11: 1597. 

55. Li Y, Tang T, Lee H, Song K. Cold Atmospheric Pressure Plasma-Activated 
Medium Induces Selective Cell Death in Human Hepatocellular Carcinoma 
Cells Independently of Singlet Oxygen, Hydrogen Peroxide, Nitric Oxide and 
Nitrite/Nitrate. Int J Mol Sci. 2021; 22: 5548. 

56. Xia J, Zeng W, Xia Y, Wang B, Xu D, Liu D, et al. Cold atmospheric plasma 
induces apoptosis of melanoma cells via Sestrin2-mediated nitric oxide 
synthase signaling. Journal of Biophotonics. 2019; 12: e201800046. 

57. Canady J. Canady Helios Cold Plasma Scalpel Successfully Used by Chaim 
Sheba Medical Center Surgeons to Remove Inoperable Retroperitoneal 
Cancer. Businesswire; 2020. 

58. FDA. Summary FDA IDE #G190165 clinical trials.gov identifier: NCT04267575 
canady helios cold plasma scalpel treatment at the surgical margin & 
macroscopic tumor site. 2021. 

59. Jo A, Bae JH, Yoon YJ, Chung TH, Lee EW, Kim YH, et al. Plasma-activated 
medium induces ferroptosis by depleting FSP1 in human lung cancer cells. 
Cell Death Dis. 2022; 13: 212. 

60. Wang Y, Mang X, Li X, Cai Z, Tan F. Cold atmospheric plasma induces 
apoptosis in human colon and lung cancer cells through modulating 
mitochondrial pathway. Frontiers in Cell and Developmental Biology. 2022; 
10: 915785. 

61. Gandhirajan RK, Meyer D, Sagwal SK, Weltmann KD, von Woedtke T, 
Bekeschus S. The amino acid metabolism is essential for evading physical 
plasma-induced tumour cell death. Br J Cancer. 2021; 124: 1854-63. 

62. Fang T, Cao X, Shen B, Chen Z, Chen G. Injectable cold atmospheric 
plasma-activated immunotherapeutic hydrogel for enhanced cancer 
treatment. Biomaterials. 2023; 300: 122189. 

63. Dai X, Wang D, Zhang J. Programmed cell death, redox imbalance, and cancer 
therapeutics. Apoptosis. 2021; 26: 385-414. 

64. Kim SJ, Kim HS, Seo YR. Understanding of ROS-Inducing Strategy in 
Anticancer Therapy. Oxid Med Cell Longev. 2019; 2019: 5381692. 

65. Sivandzade F, Prasad S, Bhalerao A, Cucullo L. NRF2 and NF-қB interplay in 
cerebrovascular and neurodegenerative disorders: Molecular mechanisms and 
possible therapeutic approaches. Redox Biology. 2019; 21: 101059. 

66. Lee YM, He W, Liou YC. The redox language in neurodegenerative diseases: 
oxidative post-translational modifications by hydrogen peroxide. Cell Death 
Dis. 2021; 12: 58. 

67. Hogg PJ. Disulfide bonds as switches for protein function. Trends Biochem 
Sci. 2003; 28: 210-4. 

68. Wang SB, Foster DB, Rucker J, O'Rourke B, Kass DA, Van Eyk JE. Redox 
regulation of mitochondrial ATP synthase: implications for cardiac 
resynchronization therapy. Circ Res. 2011; 109: 750-7. 

69. Roos G, Messens J. Protein sulfenic acid formation: from cellular damage to 
redox regulation. Free Radic Biol Med. 2011; 51: 314-26. 



Int. J. Biol. Sci. 2024, Vol. 20 
 

 
https://www.ijbs.com 

5449 

70. Chung HS, Wang SB, Venkatraman V, Murray CI, Van Eyk JE. Cysteine 
oxidative posttranslational modifications: emerging regulation in the 
cardiovascular system. Circ Res. 2013; 112: 382-92. 

71. Duan L, Rao X, Sigdel KR. Regulation of Inflammation in Autoimmune 
Disease. J Immunol Res. 2019; 2019: 7403796. 

72. Faramarzi F, Zafari P, Alimohammadi M, Golpour M, Ghaffari S, Rafiei A. 
Inhibitory Effects of Cold Atmospheric Plasma on Inflammation and 
Tumor-Like Feature of Fibroblast-Like Synoviocytes from Patients with 
Rheumatoid Arthritis. Inflammation. 2022; 45: 2433-48. 

73. Ding C, Ni L, Liu Q, Zhou C, Wang G, Chu PK, et al. Cold air plasma 
improving rheumatoid arthritis via mitochondrial apoptosis pathway. Bioeng 
Transl Med. 2023; 8: e10366. 

74. Gan L, Duan J, Zhang S, Liu X, Poorun D, Liu X, et al. Cold atmospheric 
plasma ameliorates imiquimod-induced psoriasiform dermatitis in mice by 
mediating antiproliferative effects. Free Radic Res. 2019; 53: 269-80. 

75. Gareri C, Bennardo L, De Masi G. Use of a new cold plasma tool for psoriasis 
treatment: A case report. SAGE Open Medical Case Reports. 2020; 8: 
2050313X20922709. 

76. Lee YS, Lee MH, Kim HJ, Won HR, Kim CH. Non-thermal atmospheric 
plasma ameliorates imiquimod-induced psoriasis-like skin inflammation in 
mice through inhibition of immune responses and up-regulation of PD-L1 
expression. Sci Rep. 2017; 7: 15564. 

77. Zhai S, Xu M, Li Q, Guo K, Chen H, Kong MG, et al. Successful Treatment of 
Vitiligo with Cold Atmospheric Plasma‒Activated Hydrogel. J Invest 
Dermatol. 2021; 141: 2710-9 e6. 

78. Zheng L, Gao J, Cao Y, Yang X, Wang N, Cheng C, et al. Two case reports of 
inverse psoriasis treated with cold atmospheric plasma. Dermatol Ther. 2020; 
33: e14257. 

79. Zhong SY, Dong YY, Liu DX, Xu DH, Xiao SX, Chen HL, et al. Surface air 
plasma-induced cell death and cytokine release of human keratinocytes in the 
context of psoriasis. Br J Dermatol. 2016; 174: 542-52. 

80. Kim N, Lee S, Lee S, Kang J, Choi YA, Park J, et al. Portable Cold Atmospheric 
Plasma Patch-Mediated Skin Anti-Inflammatory Therapy. Advanced Science. 
2022; 9: e2202800. 

81. Wu T, Zhang J, Jing X, Wang Z, Wu Z, Zhang H, et al. Multiple RONS-Loaded 
Plasma-Activated Ice Microneedle Patches for Transdermal Treatment of 
Psoriasis. ACS Appl Mater Interfaces. 2024; 16: 46123-32. 

82. Plenkowska J, Gabig-Ciminska M, Mozolewski P. Oxidative Stress as an 
Important Contributor to the Pathogenesis of Psoriasis. Int J Mol Sci. 2020; 21: 
6206. 

83. Kim DS, Je JH, Kim SH, Shin D, Kim TG, Kim DY, et al. Programmed 
death-ligand 1, 2 expressions are decreased in the psoriatic epidermis. Arch 
Dermatol Res. 2015; 307: 531-8. 

84. Kim JH, Choi YJ, Lee BH, Song MY, Ban CY, Kim J, et al. Programmed cell 
death ligand 1 alleviates psoriatic inflammation by suppressing IL-17A 
production from programmed cell death 1-high T cells. J Allergy Clin 
Immunol. 2016; 137: 1466-76 e3. 

85. Lin SH, Chuang HY, Ho JC, Lee CH, Hsiao CC. Treatment with TNF-alpha 
inhibitor rectifies M1 macrophage polarization from blood CD14+ monocytes 
in patients with psoriasis independent of STAT1 and IRF-1 activation. J 
Dermatol Sci. 2018; 91: 276-84. 

86. Wang H, Peters T, Kess D, Sindrilaru A, Oreshkova T, Van Rooijen N, et al. 
Activated macrophages are essential in a murine model for T cell-mediated 
chronic psoriasiform skin inflammation. J Clin Invest. 2006; 116: 2105-14. 

87. Lu CH, Lai CY, Yeh DW, Liu YL, Su YW, Hsu LC, et al. Involvement of M1 
Macrophage Polarization in Endosomal Toll-Like Receptors Activated 
Psoriatic Inflammation. Mediators Inflamm. 2018; 2018: 3523642. 

88. Kim HJ, Jang J, Lee EH, Jung S, Roh JY, Jung Y. Decreased expression of 
response gene to complement 32 in psoriasis and its association with reduced 
M2 macrophage polarization. J Dermatol. 2019; 46: 166-8. 

89. Wang RX, Yu CR, Dambuza IM, Mahdi RM, Dolinska MB, Sergeev YV, et al. 
Interleukin-35 induces regulatory B cells that suppress autoimmune disease. 
Nat Med. 2014; 20: 633-41. 

90. Shen P, Roch T, Lampropoulou V, O'Connor RA, Stervbo U, Hilgenberg E, et 
al. IL-35-producing B cells are critical regulators of immunity during 
autoimmune and infectious diseases. Nature. 2014; 507: 366-70. 

91. Zhang J, Lin Y, Li C, Zhang X, Cheng L, Dai L, et al. IL-35 Decelerates the 
Inflammatory Process by Regulating Inflammatory Cytokine Secretion and 
M1/M2 Macrophage Ratio in Psoriasis. J Immunol. 2016; 197: 2131-44. 

92. Dantonio PM, Klein MO, Freire M, Araujo CN, Chiacetti AC, Correa RG. 
Exploring major signaling cascades in melanomagenesis: a rationale route for 
targetted skin cancer therapy. Biosci Rep. 2018; 38: BSR20180511. 

93. Eddy K, Shah R, Chen S. Decoding Melanoma Development and Progression: 
Identification of Therapeutic Vulnerabilities. Front Oncol. 2020; 10: 626129. 

94. Khabipov A, Freund E, Liedtke KR, Kading A, Riese J, van der Linde J, et al. 
Murine Macrophages Modulate Their Inflammatory Profile in Response to 
Gas Plasma-Inactivated Pancreatic Cancer Cells. Cancers (Basel). 2021; 13: 
2525. 

95. Yang X, Chen G, Yu KN, Yang M, Peng S, Ma J, et al. Cold atmospheric plasma 
induces GSDME-dependent pyroptotic signaling pathway via ROS generation 
in tumor cells. Cell Death Dis. 2020; 11: 295. 

96. Ishaq M, Kumar S, Varinli H, Han ZJ, Rider AE, Evans MD, et al. Atmospheric 
gas plasma-induced ROS production activates TNF-ASK1 pathway for the 
induction of melanoma cancer cell apoptosis. Mol Biol Cell. 2014; 25: 1523-31. 

97. Zimmermann T, Staebler S, Taudte RV, Unuvar S, Grosch S, Arndt S, et al. 
Cold Atmospheric Plasma Triggers Apoptosis via the Unfolded Protein 
Response in Melanoma Cells. Cancers (Basel). 2023; 15: 1064. 

98. Alimohammadi M, Golpur M, Sohbatzadeh F, Hadavi S, Bekeschus S, Niaki 
HA, et al. Cold Atmospheric Plasma Is a Potent Tool to Improve 
Chemotherapy in Melanoma In Vitro and In Vivo. Biomolecules. 2020; 10: 
1011. 

99. Chen G, Chen Z, Wang Z, Obenchain R, Wen D, Li H, et al. Portable air-fed 
cold atmospheric plasma device for postsurgical cancer treatment. Science 
Advances. 2021; 7: eabg5686. 

100. Trzeciak ER, Zimmer N, Gehringer I, Stein L, Graefen B, Schupp J, et al. 
Oxidative Stress Differentially Influences the Survival and Metabolism of Cells 
in the Melanoma Microenvironment. Cells. 2022; 11: 930. 

101. Bai F, Ran Y, Zhai S, Xia Y. Cold Atmospheric Plasma: A Promising and Safe 
Therapeutic Strategy for Atopic Dermatitis. Int Arch Allergy Immunol. 2023; 
184: 1184-97. 

102. Tanaka H, Nakamura K, Mizuno M, Ishikawa K, Takeda K, Kajiyama H, et al. 
Non-thermal atmospheric pressure plasma activates lactate in Ringer's 
solution for anti-tumor effects. Sci Rep. 2016; 6: 36282. 

103. Azzariti A, Iacobazzi RM, Di Fonte R, Porcelli L, Gristina R, Favia P, et al. 
Plasma-activated medium triggers cell death and the presentation of immune 
activating danger signals in melanoma and pancreatic cancer cells. Sci Rep. 
2019; 9: 4099. 

104. Chen G, Chen Z, Wang Z, Obenchain R, Wen D, Li H, et al. Portable air-fed 
cold atmospheric plasma device for postsurgical cancer treatment. Sci Adv. 
2021; 7: eabg5686. 

105. Dai XF, Zhang ZF, Zhang JY, Ostrikov K. Dosing: The key to precision plasma 
oncology. PLASMA PROCESSES AND POLYMERS. 2020; 17. 

106. Mellott AJ, Zamierowski DS, Andrews BT. Negative Pressure Wound Therapy 
in Maxillofacial Applications. Dentistry journal (Basel). 2016; 4: 30. 

 


