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Abstract. CaMKII is a calcium‑activated kinase, proved to be 
modulated by oxidation. Currently, the oxidative activation of 
CaMKII exists in several models of asthma, chronic rhino-
sinusitis with nasal polyps, cardiovascular disease, diabetes 
mellitus, acute ischemic stroke and cancer. Oxidized CaMKII 
(ox‑CaMKII) may be important in several of these diseases. 
The present review examines the mechanism underlying the 
oxidative activation of CaMKII and summarizes the current 
findings associated with the function of ox‑CaMKII in inflam-
matory diseases. Taken together, the findings of this review 
aim to improve current understanding of the function of 
ox‑CaMKII and provide novel insights for future research.
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1. Introduction

CaMKII is a multi‑polymer serine threonine kinase consisting 
of 12 subunits. Each subunit contains three conserved domains: 
i) A catalytic domain in an amino terminal, which supplies 
the binding site for adenosine triphosphate (ATP) and multiple 

substrate enzymes; ii) a central autoregulatory domain, which 
has different models of post‑translational modifications and 
exhibits a suppressive effect by the mimic sequence of substrate 
enzyme; iii) a carboxy‑terminal association domain, which has 
the subunits of oligomerization to produce holoenzyme and the 
variable sites of a variety of splice variants. Typically, the pseu-
dosubstrate sequence of the autoregulatory domain maintains 
the basal kinase activity levels at 100‑1,000‑fold lower than the 
activity level stimulated by calcified calmodulin (Ca2+/CaM) (1).

The autoinhibitory region has residues that mimic a protein 
or nucleotide substrate. They interact with the catalytic domain 
and block the ATP‑ and substrate‑binding pockets (1,2). The 
binding of an allosteric activator, such as Ca2+/CaM, alters the 
configuration of the autoinhibitory region, allowing access to 
the catalytic site (1). The sustained activation of the enzyme 
results in autophosphorylation at Thr287 (3). This leads to 
a 1,000‑fold increase in the affinity of CaM, and generates 
Ca2+/CaM‑independent enzyme activity (3). The activation of 
CaMKII further triggers the exchange of subunits between the 
holoenzymes, including the inactive ones, thus enabling the 
calcium‑independent activation of new holoenzymes (4).

The activation of CaMKII is improved by reactive oxygen 
species (ROS), leading to cardiovascular disease, inflamma-
tion and cancer. The present review summarizes the current 
findings associated with the function of oxidized CaMKII 
(ox‑CaMKII) in inflammatory diseases, including asthma, 
identifies important gaps in current knowledge and suggests 
novel approaches for future research (Table I).

2. CaMKII is activated by ROS

Erickson et al (5) was the first to observe that the activity and 
oxidation of CaMKII are enhanced in the myocardium under 
conditions of pressure, such as hypertrophy and infarction. 
Furthermore, the inhibition of CaMKII has been implicated 
in a reduction in the death rate of cardiomyocytes and an 
improvement of poor left ventricular remodeling. Of note, 
the level of ROS is decreased, suggesting that the inhibition 
of CaMKII hinders its oxidative role (5). ROS are produced 
by NADPH oxidase and mitochondria‑oxidized methionine 
at 281 and 282, promoting autonomic enzyme activity (6). 
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However, the suppressive role of pseudosubstrates requires 
the initial binding of Ca2+/CaM (7). The removal of ROS by 
inhibiting any of the pathways results in a marked decrease 
in the expression of oxidative CaMKII (ox‑CaMKII) (8,9). 
Several other factors, including hyperglycemia  (8), excess 
intracellular Na+ load (10), cardiac glycoside toxicity (11), and 
a variety of cytokines, including endotoxin (12), angiotensin II 
(Ang II) (13) and aldosterone (14), are able to enhance the 
expression of ox‑CaMKII in the myocardium.

Methionine sulfoxide is the initial oxidation status of 
methionine, and methionine sulfoxide reductase A (MsrA) 
dynamically decreases the expression of ox‑CaMKII by 
reducing the methionine residues, thus portraying the revers-
ibility of the oxidative activation. Another novel mechanism 
underlying the autonomous activation of CaMKII can be 
observed in diabetes. Hyperglycemia causes the O‑linked 
N‑acetylglucosamine modification of CaMKII at Ser279/280, 
activating it even at a low Ca2+ levels  (15). β‑adrenergic 
receptor signaling in cardiomyocytes results in the activation of 
CaMKII via a direct pathway, which involves the role of nitro-
sylation at C290. This NO‑induced independent activation of 
CaMKII downstream to β‑adrenergic signaling is responsible 
for increased sarcoplasmic reticulum‑mediated Ca2+ leak and 
arrhythmogenesis. In fact, NO can also suppress the activation 
of CaMKII through the nitrosylation of C273, thus revealing 
the dual effects of NO on the activity of CaMKII (16‑19). 
The phosphorylation of Ser26, a residue located within the 
ATP binding site of CaMKIIγ, has been shown to shut off the 
activity of CaMKII in vascular tissues, thus terminating its 
sustained activation (20). Of note, methionine pairs are the 
most recent activators in vertebrate evolution, whereas S280, 
T287, C273, Ser26 and C290 are earlier activators, which also 
exist in invertebrate organisms. This indicates that M281/282 
has physiological advantages in connection to the redox 
signal, but may have potential disadvantages in connection to 
excessive ROS caused by ox‑CaMKII in several diseases.

Four isoforms (α, β, γ and δ) of CaMKII have been 
identified in Homo sapiens (21). The alternative splicing of 
these isoforms results in the further expansion of CaMKII 
types by generating splice variants (22). These enzymes are 
differentially expressed in tissues. While CaMKIIα and β 
are predominantly present in the brain, the γ and δ isoforms 
are expressed in various tissues (21,23,24). The γ isoform has 
been investigated most in the vasculature (25‑27) and the δ 
isoform in cardiac tissues (12,14,28‑30). All isoforms share 
89‑93% sequence similarity in their catalytic and autoregula-
tory domains (21). All isoforms have autophosphorylation sites, 
although their location differs marginally (Thr286 in α and 
Thr287 in β, γ and δ) in the core regulatory and CaM‑binding 
domains (Thr305/306 in α and Thr306/307 in β, γ and δ). 
Whereas all other isoforms have paired methionine residues 
within the self‑inhibiting areas of the regulatory regions, the 
α isoform has cysteine‑methionine residues, all of which are 
able to autonomously activate Ca2+/CaM during oxidation (5). 
In its resting state, without Ca2+/CaM binding, CaMKII is 
almost inactive, as the self‑inhibitory region of the regulatory 
and catalytic domains combine and inhibit the release of ATP. 
However, M281/282 oxidation transforms the hydrophobic 
residues into hydrophilic species, which tend to bind to become 
involved in the substrate binding site, even without Ca2+/CaM 

binding (6). The following summarizes the role of ox‑CaMKII 
in inflammatory diseases.

3. Role of ox‑CaMKII in inflammatory diseases

Ox‑CaMKII promotes acute ischemic stroke. Acute ischemic 
stroke is the process of rapid loss of neurological function 
as a result of insufficient blood flow to affected brain areas. 
According to the model of transient cerebral ischemia, ROS 
aggravate the severity of stroke, resulting in neurological 
disorders (31). It has been reported that MsrA, an antioxidant 
enzyme that can reverse methionine oxidation, decreased the 
ROS‑induced activation of nuclear factor (NF)‑κB in endothe-
lial cells by inhibiting the oxidation of methionine residues in 
the regulatory region of CaMKII (32). CaMKII is the upstream 
protein kinase of NF‑κB, which has been shown to modulate 
the activation of NF‑κB in myocardial ischemia/reperfusion 
injury (5,12). The treatment of human umbilical vein endothe-
lial cells (HUVECs) with H2O2 leads to CaMKII Met281/282 
oxidation. This means that ROS can lead to the oxidation and 
activation of CaMKII. To confirm that the stimulatory effect 
of CaMKII Met281/282 oxidation can induce the activation 
of NF‑κB in endothelial cells, HUVECs were infected with 
oxidation‑resistant CaMKII tandem mutants with methionine 
at Met281/282. The results showed that the overexpression of 
CaMKII at Met281/282 almost inhibited the H2O2‑induced 
activation of NF‑κB to inhibit cerebral ischemia/reperfusion 
injury. The administration of the CaMKII inhibitor KN‑93 
also protected MsrA‑/‑ mice from exacerbated neurological 
deficits following cerebral ischemia/reperfusion injury. In 
conclusion, with the assistance of ROS, ox‑CaMKII can cause 
NF‑κB to aggravate neurovascular inflammation and brain 
tissue injury in ischemic stroke (32).

Ox‑CaMKII promotes cardiovascular disease. The sources 
of ROS within cardiac myocytes include mitochondria, 
NADPH oxidase, xanthine oxidase and uncoupled nitric 
oxide synthases  (33). The production of ROS increases in 
myocardial infarction (MI) and heart failure (34). Enhanced 
oxidative stress leads to NF‑κB‑mediated cytokine release 
and contributes to inflammation (35). It also causes myocar-
dial contractile dysfunction and remodeling, leading to heart 
failure (36). Ox‑CaMKII levels are also elevated in condi-
tions of increased oxidative stress, including MI (5,12,14), 
arrhythmia (11,14,37,38), vascular smooth muscle migration 
and cell apoptosis  (14,39,40), and acute myocardial isch-
emia (41). The inhibition of ox‑CaMKII blunts the expression 
of inflammatory genes (6).

The expression of ox‑CaMKII was found to be enhanced 
following Ang II exposure in a model of MI, in addition to 
myocardial death, dysfunction and unfavorable left ventricular 
function (5). The level of ox‑CaMKII is particularly enhanced 
during the initial 24 h following MI, depending on the genera-
tion of ROS by regulating innate immune adaptors, including 
Toll‑like receptor 4 and myeloid differentiation factor‑88 
(MyD88)  (12). However, MyD88‑deficient mice exhibited 
reduced expression of ox‑CaMKII, myocardial hypertrophy 
and increased mortality due to MI, and reduced transcrip-
tion levels (12). Furthermore, infusion aldosterone enhances 
myocardial ROS and ox‑CaMKII and leads to MI, and 
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ox‑CaMKII and matrix metalloproteinase 9 mediate the acti-
vation of myocyte enhancer factor 2, which causes myocardial 
rupture (14). These results demonstrate that the expression of 
ox‑CaMKII is enhanced following Ang II and aldosterone 
injections, and induces MI.

Ox‑CaMKII is a vital modulator of ROS cardiac glycosides, 
which can trigger an arrhythmogenic response to myocyte 
Ca2+ signaling. It has been reported that digitoxin (DGT) 
treatment enhances the expression of ox‑CaMKII in wide‑type 
(WT) mice  (11). Accordingly, an increasing expression of 
ox‑CaMKII is observed with the phosphorylation of RyR2 
at Ser2814. Of note, the arrhythmogenic responses of DGT 
are significantly reduced in myocytes from mice without this 
site (RyR2‑S2814A mice), suggesting that ox‑CaMKII serves 
a vital role in RyR2 CaMKII phosphorylation in arrhythmo-
genic responses of DGT. Sinoatrial node (SAN) dysfunction 
causes bradycardia and leads to damaged conduction speed or 

conduction block. Hypertension and heart failure can induce 
SAN dysfunction accompanied by increased myocardial ROS. 
Ox‑CaMKII has been shown to be increased in the SAN 
myocardium by performing patient gene detection, indicating 
that ox‑CaMKII can serve as a potential marker for those 
with heart failure and SAN dysfunction (14). Furthermore, 
ox‑CaMKII is enhanced in patients with atrial fibrillation 
(AF), compared with those with a sinus rhythm, which is 
consistent with the results obtained from mice injected with 
Ang II. Knock‑in mice lacking the critical oxidation M281/282 
sites in CaMKIIδ (MM‑VV) showed reduced AF following 
Ang II injection (37,38).

Vascular smooth muscle (VSMC) proliferation and migra-
tion are important in the response to vascular injury. Previous 
reports have shown ox‑CaMKII to be critical to VSMC 
proliferation and migration, as MM‑VVδ mice lacked this 
vascular remodeling response (14,40). Preventing the oxidative 

Table I. Ox‑CamKII promotes the development of multiple diseases.

Author, year	D isease	R elevant functions	 (Refs.)

Gu et al, 2016	A cute ischemic stroke	O x‑CaMKII can induce nuclear factor‑κB to	 (32)
		  exacerbate neurovascular inflammation and
		  cerebral tissue damage in ischemic stroke.
Erickson et al, 2008; Singh et al, 2012; 	 MI	O x‑CaMKII is increased by Ang II and	 (5,12,14)
He et al, 2011		  aldosterone and induces MI.
Ho et al, 2014; Swaminathan et al, 2011; 	 Arrhythmias	 Ox‑CaMKII is increased in atrial fibrillation	 (11,13,37,38)
Purohit et al, 2013; Wagner et al, 2011		  in the presence of Ang II and a key mediator
		  of the cardiac glycoside reactive oxygen 
		  species‑induced arrhythmogenic effects on
		  myocyte Ca2+ handling.
He et al, 2011; Zhu et al, 2014; 	 Vascular disease	O x‑CaMKII is involved in vascular smooth	 (14,39,40)
Scott et al, 2012		  muscle responses to injury and may provide
		  feedback information for cellular redox
		  balance.
Rajtik et al, 2016	A cute myocardial	O x‑CaMKII induces the development of	 (41)
	 ischemia/reperfusion	 acute myocardial ischemia/reperfusion injury.
	 injury
Luo et al, 2013	D iabetic mellitus	O x‑CaMKII causes higher mortality rates in	 (8)
		  diabetic patients with MI.
Hart et al, 2015	 Breast cancer	O x‑CaMKII as a key signal for breast cancer	 (51)
		  cells and CaMKII inhibition may have
		  therapeutic benefit in types of cancer relying
		  on glycolysis for selective advantage over
		  non‑tumor cells.
Qu et al, 2017	A sthma 	O x‑CaMKII is predominantly present in the	 (64)
		  epithelium (9) Ox‑CaMKII significantly
		  promotes asthma through mast cell activation.
Wang et al, 2018	CR SwNP	 ox‑CaMKII is involved in KYN/AhR	 (69)
		  signaling‑mediated mast cell activation in
		CR  SwNP.

Ox‑CaMKII, oxidized CaMKII; Ang II, angiotensin II; MI, myocardial infarction; CRSwNP, chronic rhinosinusitis with nasal polyps.
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activation of CaMKII decreased VSMC migration and apop-
tosis. Furthermore, the mRNA levels of CaMKIIγ and ‑δ were 
clearly enhanced in MM‑VVδ mice, when compared with WT 
VSMCs, suggesting that the expression of CaMKII is regu-
lated by ROS (14,39). These findings show that ox‑CaMKII is 
involved in the response of damaged vascular smooth muscle 
and suggests that ox‑CaMKII is able to supply the feedback 
signaling pathway to balance the intercellular redox response.

Ox‑CaMKII is also critical in the development of acute 
myocardial ischemia/reperfusion injury. Ox‑CaMKIIδ is 
downregulated at the end of reperfusion compared with levels 
in ischemia. The NADPH oxidase 2‑ox‑CAMKIIδ signaling 
pathway is unlikely to be involved in the cardioprotective 
obstruction of Ang II receptor type 1 activation, which can be 
inhibited with CaMKII (41).

Ox‑CaMKII promotes diabetes mellitus. Diabetes mellitus is 
a major public health concern that influences >8% of the US 
population (42,43). MI is one of the most important causes 
of mortality in patients with diabetes, with a study reporting 
that MI‑associated mortality rates in patients with diabetes 
are twice those of patients without (42). It has been reported 
that diabetic patients with MI exhibit higher ox‑CaMKII levels 
in their right atrium, compared with non‑diabetic patients 
with MI. In models of diabetic mice with MI, increased SAN 
cell death and fibrosis were present, which was prevented by 
CaMKII inhibition and the oxidation‑resistant CaMKII mutant 
(MM‑VV), highlighting the importance of ox‑CaMKII as a 
cause of higher mortality rates in diabetic patients with MI (8). 
The elevated expression of ox‑CaMKII in diabetes is due to 
increased mitochondrial superoxide production and hypergly-
cemia‑induced ROS production (8). In MM‑VV and WT mice 
treated with streptozotocin and injected with ROS‑targeted 
inhibitor, the expression of ox‑CaMKII was decreased, the 
survival rate of pacemaker cells was enhanced, no significant 
difference was observed in the heart rate, and diabetes‑attrib-
utable mortality was reduced following MI (8), suggesting that 
the ROS‑ox‑CaMKII signaling pathway can induce an increase 
in sudden mortality in diabetic patients following MI.

Ox‑CaMKII promotes cancer. The overactivation of CaMKII 
has been shown to promote several types of cancer. CAMKII 
serves an important role in cancer cell proliferation, differen-
tiation and survival, and has been implicated in various types 
of cancer, including lung (44), breast (45,46), prostate (47) 
and colon cancer  (48,49). Cancer cells favor glycolysis in 
low‑oxygen environments to ensure survival, a phenomenon 
commonly known as the Warburg effect (50). Evidence shows 
that CaMKII is a key ROS sensor and that ox‑CaMKII facili-
tates the activation of AMPK phosphorylation at Thr172 (51). 
The use of a CaMKII inhibitor resulted in the dephosphoryla-
tion of AMPK, decreased glycolysis and reduced steady‑state 
ATP levels. It also markedly reduced the survivability of cells 
with a high expression of MnSOD (51). A comparison between 
KN‑93, a CaMKII inhibitor and chemotherapeutic agent, 
paclitaxel and fluorouracil in aggressive breast cancer revealed 
a greater efficacy of KN‑93 (51).

Ox‑CaMKII promotes asthma. Asthma is a chronic airway 
inflammatory disease, typically featuring airway hyperreactivity 

and reversible airflow obstruction, influx and activation of 
inflammatory cells, and release of inflammatory cytokines 
ultimately leading to airway remodeling (52,53). It is a major 
public health burden and is now considered one of the most 
common chronic disorders worldwide (54). The total number 
of individuals with asthma may be as high as 334,000,000. 
Asthma affects  ~8.5% of the total US  population and, 
in 2007, the estimated cost related to medical expenses and 
lost work due to asthma was $56,000,000,000 annually (55). 
High‑oxygen environments, large airway surface area and rich 
blood predispose lungs to oxidative stress. The two primary 
sources of ROS in the lungs are environmental, including 
gaseous and particulate air pollution, and cellular. The main 
sources of cellular ROS are mitochondrial respiration, NADPH 
oxidase and the xanthine/xanthine oxidase system in epithelial 
and inflammatory cells  (52). Increased levels of ROS have 
been detected in the gases exhaled by patients with asthma, 
compared with healthy controls (56). ROS induce goblet cell 
proliferation and metaplasia, and mucus hypersecretion by 
increasing the gene and protein expression of MUC5AC (57). 
They are also implicated in eosinophil recruitment and airway 
hyperresponsiveness (58). However, the exact molecular mech-
anisms linking the ability of ROS to cause several phenotypic 
features of asthma remain to be fully elucidated. The role of 
ox‑CaMKII has been widely examined in heart diseases, and 
the presence of both increased ROS and ox‑CaMKII levels in 
the diseased myocardia has prompted investigations med at 
identifying a potential link between the two in airways.

It is well‑known that the level of ROS is elevated in asthma. 
CaMKII is a critical ROS sensor. A study showed that smooth 
muscle CaMKIIδ facilitates allergen‑induced airway hyper-
responsiveness and inflammation (59). However, detection of 
ox‑CaMKII in the bronchial epithelium and smooth muscle 
revealed that it mainly exists in the epithelium rather than 
in the smooth muscle, and that ox‑CaMKII is enhanced in 
patients with severe asthma compared to total CaMKII (9). 
Increased ox‑CaMKII levels were also detected in ovalbumin 
(OVA)‑treated mice compared with vehicle‑treated mice; 
there was no marked difference in total CaMKII. In addi-
tion, the expression of ox‑CaMKII was found to be elevated 
further in patients with severe asthma compared with either 
patients with mild asthma or healthy individuals, suggesting 
that ox‑CaMKII can be used to not only diagnose asthma, but 
also determine its severity (9). The P47 gene encodes NADPH 
oxidase, which is required for the production of ROS (60). 
P47‑/‑ OVA mice exhibited a lower expression of ROS and 
ox‑CaMKII compared with WT OVA mice. These findings 
indicated the crucial role of P47‑induced NADPH oxidase in 
ROS generation and the production of ox‑CaMKII. Compared 
with WT OVA mice, P47‑/‑ mice exhibited a significant decline 
in goblet cell proliferation, bronchial epithelium thickness, 
more positive MUC5AC airway cells, mRNA expression of 
MUC5AC, airway eosinophilia and one of the eosinophil 
chemoattractant molecules (Ccl‑11), when compared with 
WT OVA mice. These changes were similar to those observed 
following corticosteroid use  (61). These results indicated 
that NADPH oxidase‑derived ROS serve a vital role in the 
phenotypic features of asthma and CaMKII oxidation. The 
antioxidant enzyme MsrA reduces CaMKII by reversing 
the paired oxidation of Met281/282  (32,62). Compared 
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with WT OVA mice, MsrA‑/‑ OVA mice exhibited a marked 
enhancement in goblet cell proliferation, bronchial epithelium 
thickness, positive MUC5AC airway cells, mRNA expression 
of MUC5AC, airway eosinophilia and Ccl‑11, when compared 
with WT OVA mice  (9). NF‑κB is a major modulator of 
asthma progression, inflammatory signaling and expression 
of MUC5AC  (63). OVA mice expressing NF‑κB reporter 
exhibited a notable increase in NF‑κB levels compared with 
saline‑treated mice. However, the genetic manipulation of 
pathways for ROS generation and CaMKII oxidation affected 
the levels of NF‑κB. MsrA‑/‑ exhibited an increase in NF‑κB, 
indicating that the effects of NF‑κB signaling pathways lie 
downstream of ROS and ox‑CaMKII in the pathogenesis of 
asthma (9).

The γ‑aminobutyric acid type A  (GABA) receptors 
present in the pulmonary epithelial cells exhibit a markedly 
increased expression when sensitized and challenged with 
OVA. Chloride currents (ICl) activity in the bronchial epithe-
lium is mostly due to these GABA receptors; an increase in 
ICl activity was observed in OVA mice compared with that in 
the tracheal epithelial cells of saline‑treated mice. The addi-
tion of GABA receptor antagonist picrotoxin and CaMKII 
inhibitor KN‑93 (8) significantly reduced ICl activity in OVA 
mice but did not further reduce activity if both were intro-
duced in the mice simultaneously, suggesting the existence of 
a pathway for ICl‑mediated goblet cell hyperplasia. ICl activity 
was also enhanced considerably more in cells overexpressing 
ox‑CaMKII than in cells expressing MM‑VV CaMKII 
mutant or those expressing CaMKII when H2O2 was added. 

OVA‑induced ICl activity was decreased in P47‑/‑ OVA mice. 
This indicates the importance of ox‑CaMKII derived from 
NADPH oxidase‑derived ROS in ICl activity. WT OVA mice 
exhibited a marked enhancement in airway hyper‑reactivity 
compared with saline‑treated controls. Transgenic CaMKII 
with inhibitory peptide in OVA epi‑AC3‑I mice reduced 
goblet cell proliferation and bronchial epithelium thickness, 
and increased the mRNA expression of MUC5AC, airway 
eosinophilia, airway hyperreactivity and ICl activity, compared 
with the same features in WT OVA mice (9).

Ox‑CaMKII promotes asthma through the activation of mast 
cells. It has been shown that ox‑CaMKII can be used to not 
only diagnose asthma, but also determine its severity. In the 
present review, the function of ox‑CaMKII in asthma and its 
underlying mechanism were further examined. For the first 
time, the oxidant‑resistant CaMKII MM‑VV was used to 
construct asthma using M281/282 valines (MM‑VVδ) in the 
isotype genetic background of isoform δ mutation in knock‑in 
mice (64). Cockroach allergen (CRE)‑treated MM‑VVδ mice 
exhibited considerably decreased airway inflammation, lower 
airway resistance and lower concentrations of Th2 cytokines, 
compared with CRE‑treated WT mice. The role of ROS 
and/or ox‑CaMKII in the activation of mast cells remains to 
be elucidated. It was demonstrated that ox‑CaMKII modulates 
the migration and activation of mast cells in the lung tissues of 
CRE‑exposed mice, thus promoting the occurrence of asthma.

In vitro, the enhanced expression of mitochondrial ROS was 
identified in OVA‑treated bone marrow mast cells (BMMCs) 

Figure 1. Ox‑CaMKII promotes asthma through the activation of mast cells. CRE induces the generation of ROS to modulate the ox‑CaMKII activation of mast 
cells, which is dependent on intracellular Ca2+ generation. In particular, ox‑CaMKII regulates mast cell degranulation, histamine release, and the expression 
of LTC4 and IL‑13. Ox‑CaMKII, oxidized CaMKII; CRE, cockroach allergen; ROS, reactive oxygen species; PGD4, prostaglandin 4; LTC4, leukotriene C4; 
IL‑13, interleukin 13.
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compared with that in controls. Similar to mitochondrial ROS, 
the expression of intracellular ROS was markedly decreased 
in MM‑VVδ BMMCs, compared with that in the WT group, 
which is consistent with the previous observations of increased 
ROS production in OVA‑activated mast cells (65). It is note-
worthy that MM‑VVδ mast cells exhibited a decline in mast 
cell degranulation following OVA stimulation, decreased 
histamine release, and decreased expression of leukotriene C4 
and interleukin (IL)‑13, indicating that the promotion of 
mast cell activation by ox‑CaMKII relies on intracellular 
Ca2+ generation.

KN‑93 inhibited OVA‑induced asthma in a previous 
study (9), therefore, KN‑93 was used to further investigate the 
mechanism underlying the effect of CaMKII in the activation 
of mast cells. The results showed that the dose‑dependent 
suppression of IgE regulates mast cell granules and the secre-
tion of IL‑13 in BMMCs and human mast cells  (HMC‑1), 
suggesting that reducing the expression of CaMKII protects 
against allergies caused by mast cell activation. The present 
review is the first time, to the best of our knowledge, that the 
CRE‑ROS‑ox‑CaMKII axis has been linked to the modulation 
of mast cell activation following the progress of asthma and 
allergies (Fig. 1).

Role of ox‑CaMKII in chronic rhinosinusitis with nasal polyps 
(CRSwNP). CRSwNP is an inflammatory sinonasal disease 
with Th2‑skewed eosinophilic inflammation in mast cells, 
which is vital in regulating the environmental antigen‑induced 
pathogenesis of CRSwNP (66). It is known that aryl hydro-
carbon receptor (AhR), a ligand‑induced transcriptional factor, 
triggers the production of ROS and the Ca2+‑reliant activation 
of mast cells (65). AhR can also detect endogenous tryptophan 
metabolites produced by kynurenine (KYN) or indoleamine 
2,3‑dioxygenase and tryptophan 2,3‑dioxygenas,which modu-
late the activation of mast cells (67,68). Our previous study 
examined whether ROS, serving as the upstream of ox‑CaMKII, 
aggravated CRE‑mediated lung inflammation through 
activating mast cells (64). However, the role of ox‑CaMKII 
associated with the KYN/AhR signaling pathway induced by 
mast cell activation in CRSwNP remains unknown. Another 
study reported that KYN activated AhR signaling in CRSwNP, 
and that AhR regulated the generation of ROS and activation 
of mast cells. Furthermore, the expression of ox‑CaMKII was 
considerably increased in the airway epithelial cells and cells 
infiltrating the sinonasal mucosa. In addition, ox‑CaMKII was 
shown to be involved in the KYN/AhR signaling pathway 
and modulate the activation of mast cells in CRSwNP. These 
studies suggested an important function of the KYN/AhR axis 
in mediating the activation of mast cells through ox‑CaMKII 
in the pathogenesis of CRSwNP, although further elucidation 
is required (69).

4. Conclusions

Ox‑CaMKII is a vital sensor of ROS in different diseases, 
which regulates calcium signals and the ROS signaling 
pathway in several subcellular loci. In recent years, ox‑CaMKII 
has been shown to affect immune regulation, particularly 
through regulating the activation of mast cells in asthma and 
CRSwNP. However, global antioxidant treatments are mostly 

unsuccessful. It is imperative to obtain an understanding of 
the mechanisms through which the ROS‑modulated signaling 
pathway leads to the development of related diseases. 
Our recent studies and those of others have supported the 
hypothesis that CaMKII can mediate an effective antioxidant 
treatment for asthma and CRSwNP (64,69). Studies involving 
MM‑VV mice may assist in assessing the therapeutic potential 
of ox‑CaMKII.
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