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A B S T R A C T   

Atopic dermatitis (AD), also known as atopic eczema, is a common but also complex chronic, itchy skin condition 
with underlying inflammation of the skin. This skin ailment is prevalent worldwide and affects people of all ages, 
particularly children below five years of age. The itching and resulting rashes in AD patients are often the result 
of inflammatory signals, thus necessitating a closer look at the inflammation-regulating mechanisms for putative 
relief, care and therapy. Several chemical- as well as genetically-induced animal models have established the 
importance of targeting pro-inflammatory AD microenvironment. Epigenetic mechanisms are gaining attention 
towards a better understanding of the onset as well as the progression of inflammation. Several physiological 
processes with implications in pathophysiology of AD, such as, barrier dysfunction either due to reduced filaggrin 
/ human β-defensins or altered microbiome, reprograming of Fc receptors with resulting overexpression of high 
affinity IgE receptors, elevated eosinophil numbers or the elevated IL-22 production by CD4 + T cells have 
underlying epigenetic mechanisms that include differential promoter methylation and/or regulation by non- 
coding RNAs. Reversing these epigenetic changes has been verified to reduce inflammatory burden through 
altered secretion of cytokines IL-6, IL-4, IL-13, IL-17, IL-22 etc, with benefit against AD progression in experi
mental models. A thorough understanding of epigenetic remodeling of inflammation in AD has the potential of 
opening avenues for novel diagnostic, prognostic and therapeutic options.   

1. Atopic Dermatitis: an introduction 

Atopic dermatitis (AD), commonly referred to as atopic eczema, is an 
inflammatory chronic skin condition that is characterized by rashes 
covering several parts of the body [1]. “Dermatitis” refers to a condition 
of the skin and “atopic” relates to diseases caused by allergic reactions. 
AD often relapses starting commonly in children five years of age, and 
occasionally carrying on to adulthood [2]. AD has a very high preva
lence compared to other non-fatal skin conditions, where it affects 
15–20% of all children and upto 10% of adults, with 95% of those 
affected experiencing an early onset below the age of five [1,3–5]. 

During a flare, AD becomes a red, itchy rash. Many different physical 
and internal factors can trigger an eczema flare-up. The resulting 
inflammation causes increased blood flow and the urge to itch [6]. 
Eczema flares are part of the agonizing itch-scratch cycle. It is hard to 
fight the physical and psychological components that drive the 
itch-scratch cycle. Scratching provides transient relief but can lead to 
more inflammation and even skin infections. Clinical management of AD 
is challenging with no known cure. Prevalence varies across races, 
genders and geographical regions. Targeting neuroimmune circuits and 
individual signaling pathways seems to be an option for the control of 
pruritus in AD [7]. Different environmental factors such as hygiene 
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products and pollution can contribute to the acquisition of this disease. 
In recent years, and with the industrial boom, the incidence of AD has 
increased many folds [2]. Not only does AD negatively impact the 
quality of life for both patient and the family, but also the financial 
burden of treatment has proved to be a problem. Also, the prevalence of 
AD seems to be on a rise in industrialized nations [4] as well as the 
developing economies [8,9], which remains a cause for worry. AD onset 
and progression is further concerning because AD-derived cytokines can 
potentially lead to systemic inflammatory diseases as well as malig
nancies [10]. Hence, there is a need to better understand this disease so 
that novel treatments can be found. 

2. Inflammation in Atopic Dermatitis 

AD is an important chronic or relapsing inflammatory skin disease 
that often precedes asthma and allergic disorders [11]. Underlying 
chronic inflammation is a source of lesions and itch; the primary signs 
and symptoms of atopic dermatitis [12,13]. Thus, the process of 
inflammation is intricately linked with onset and progression of AD. The 
immune system protects human body from pathogens. When the body 
encounters foreign bodies such as toxic compounds, pathogens, 
damaged cells etc., immune system triggers the initiation of healing axis 
[14]. Such a trigger to the immune system could be beneficial or even 
harmful. Acute inflammation heals injuries and reduces infection, but 
chronic inflammation has the potential to damage cells and organs. The 
physical manifestation of the underlying effects of vascular and immune 
cell responses includes heat, redness, pain, and swelling. Additionally, 
nature of inflammatory diseases causes them to be associated with 
comorbidities [15]. 

In AD, not only is immune system dysfunctional, the main factor 
leading to pathogenesis of this disease, but it causes further complica
tions after the disease manifests [16]. Many pro-inflammatory factors, 
such as IL-17 and IL-2, facilitate the immune reaction in AD. These 
factors impair the skin barrier, which makes it more sensitive to aller
gens and inflammation, and this initiates disease acquisition. Comor
bidities associated with AD are digestive complications, and these occur 
due to the excessive growth of pathogenic bacteria in the gut [16] which 
is marked by the loss of immune tolerance, and a decrease in the stim
ulation of regulatory T (Treg) cells. The effects of AD on the immune 
system also include elevated levels of serum immunoglobulin E (IgE), an 
increase in Th2 cytokines and thymic stromal lymphopoietin (TSLP) and 
increase in T cells expressing cutaneous lymphocyte-associated antigen 
[16]. Genetic mutations related to inflammations have been noticed to 
be specific to patients with AD. These include mutations in the genes 
SPINK5, SPINK5, IgE receptor FcεRb, NOD1, NOD2, IL-4, − 5, − 9, − 10, 
− 12, − 13, − 18, -31, TSLP, TLR24 and TLR29 [16]. It would be 
important to mention here that our recent clinical study suggests that 
targeting IL-12/23 pathway does not provide any benefit to AD patients 
[17]. Clinical verification such as this is important to make an impact on 
patient outcome. Many other inflammation related cytokines are being 
suggested for their putative role in AD-associated inflammation. IL-33 
inhibition has been associated with triggering the initial immune 
response in AD inflammation [18]. IL-1 family cytokines induced by 
NLRP1 inflammasome play a role in AD pathogenesis [19]. IL-4 and 
IL-13 remain the cornerstones of inflammation in AD [20,21] and the 
role of a Q576->R576 polymorphism in the IL-4 receptor alpha has been 
shown to predispose to significantly increased inflammation and severe 
AD [22]. In the context of inflammation, even the use of certain nano
particles, the delivery components of several medications, can induce 
inflammation [23] thus necessitating the need to fully understand 
inflammation in drug design and delivery. 

Being an inflammatory skin disease, the inflammation in AD has 
been a central point for discussion in hundreds of publications, if not 
more. It is beyond the scope of this review to provide a detailed back
ground information on the inflammation in AD and the various mech
anistic details. A number of review articles are available on the subject 

that the readers can refer to [6,10,24–29]. The investigations on 
inflammation in AD keep being reported and we provide a very brief 
overview of literature that has emerged on the topic in last couple of 
months that is probably not yet covered in any review article on the 
subject. In particular, recent research on AD is tending towards testing 
the effectiveness of several putative agents/drugs for the control / 
treatment of AD, all with the central premise that these agents modulate 
inflammation and could therefore be protective against AD. A lot of in 
vitro laboratory work has been published but there also are studies that 
have employed in vivo models to study inflammation in AD, and the 
protective effects of novel therapeutic agents. Some examples that have 
been recently reported (Table 1) are Lycium barbarum extract [30], a 
component of tea from oriental eastern medicine, edible bird’s nest [31], 
an east Asian delicacy, ethanol extract of Grewia tomentosa Juss. [32], a 
shrub from Asia, Angelica Yinzi [33], a component of traditional med
icine, β-caryophyllene [34], a naturally occurring agonist of cannabi
noid receptor 2, bisdemethoxycurcumin [35], a component of turmeric 
spice, wheatgrass (Triticum aestivum L.) and aronia (Aronia melanocarpa) 
extracts [36], hot water extract of seaweed Sargassum horneri [37], 
ethanol extract of herbal medicine component Vigna angularis [38] and 
D-mannose [39] that inhibit proinflammatory cytokines produced by 2, 
4-dinitrochlorobenzene (DNCB) in an experimental mouse model of AD; 
the calcium-based antimicrobial peptide compounds [40] and Cortex 
Dictamni [41], a traditional Chinese medication, that suppress inflam
matory mediators and inflammatory cytokines in dinitrofluorobenzene 
(DNFB)-induced AD mouse model; flavone oroxylin A [42], from flow
ering plant Scutellaria baicalensis that protects against proinflammatory 
cytokines in a 1-chloro-2,4-dinitrobenzene (CDNB)-induced in vivo AD 
model; orismilast [43], a phosphodiesterase 4 (PDE4) inhibitor, that 
suppresses pro-inflammatory cytokines in a chronic oxazolone-induced 
in vivo ear skin inflammation model; oxymatrine that inhibits 
JAK-STAT3 pathway and reduces inflammation in a carbotriol-induced 
mouse AD model [44] and nuclear transport checkpoint inhibitor [45] 
and IRAK4 inhibitors [46] that suppresses inflammation in 
calcipotriol-induced AD model. These reports, in addition to exploring 
the AD-suppressing potential of novel formulations, also suggest an 
important role of chemicals-induced animal models. But such models 
are not the only models available for AD research as a number of 
alternate models are also being investigated to ‘more accurately’ mimic 
AD. For example, Torilis japonica extract [47] has been shown to protect 
against pro-inflammatory cytokines and matrix metalloproteinases in a 
3D skin model and chestnut family Castanea sativa [48] has been shown 
to restore membrane integrity and decrease Staphylococcus aureus-in
duced effects in a reconstructed human skin AD model. Additionally, 
genetically modified mouse models are also being studied to understand 
inflammation in AD. Examples include mice with keratinocyte-specific 
deletion of Ddx5 that makes them more susceptible to skin inflamma
tion [49] and the FADS mice [50] that have Ikk2 deleted in facial skin 
fibroblasts leading to AD-like facial skin inflammation and scratching 
behavior i.e. ‘facial AD with scratching’ or FADS. 

3. The epigenetics of Atopic Dermatitis 

Molecular and genetic markers of inflammation have traditionally 
been the focus of research. Recently, the role of epigenetics as the basis 
of inflammation has been recognized [51]. The research on epigenetics 
has now moved from pre-clinical biomarker discoveries to translational 
studies as well as clinical trials [52,53] and epigenetic changes are now 
being targeted even in the personalized/precision medicine strategies 
[54]. Epigenetics is the study of changes in gene expression that are 
heritable and caused by events other than the change in DNA/gene 
sequence [55]. The incidence of skin related diseases has increased with 
industrialization and pollution because these environmental factors 
alter epigenetic regulation [56]. Gene expression is controlled by 
non-coding RNAs, DNA methylation and histone modification [57–59]. 
In AD, there has been evidence of altered genetic and epigenetic 
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expression in immune cells, which contributes to disease pathogenesis 
[56,60]. It has been observed that infants expressing low levels of Treg 
cells have a higher risk of developing AD [56]. Reduced expression of 
Treg cells can be caused by exposure to tobacco smoke, which correlates 
with increased expression of miR-223, and increased methylation of 
FOXP3 gene [56,61,62]. 

Methylation is an important epigenetic event that determines the 
expression of genes [63,64]. Several attempts have been made to look at 
differential DNA methylation in AD patients, as compared to healthy 
controls. In one such study that performed genome-wide methylation 
profiling to compare DNA methylation in 12 AD patients and 6 healthy 
volunteers, a significantly different methylation profile was observed for 
the AD patients, when compared to healthy controls [65]. In peripheral 
blood mononuclear cells, there is an increased expression of FcεRI and 
IgE genes (through reduction in DNA methylation), and this alters the 
sensitivity to allergens. In one of the early studies providing an epige
netic basis of AD, demethylation of FCER1G promoter was reported 
when DNA methylation of monocytes from 10 AD patients and 10 
healthy controls was evaluated [66]. Global DNA methylation analysis 
showed a global hypomethylation, in general, as well as a local hypo
methylation of FCER1G promoter in AD patients leading to increased 
expression of the high affinity IgE receptor, FcεRI, on monocytes (Fig. 1). 
This study provided the epigenetic basis of increased IgE levels in AD 
patients, as there is a positive correlation between higher levels of IgE 
and the severity of AD [67], leading to the evaluation of IgE-targeting 
omalizumab in several clinical studies [3]. The mechanism of FCER1G 
demethylation was studied in a later study as well [68]. As a further 
proof of differential methylation and epigenetics in AD, significantly 
different methylation patterns were observed for various CpG sites in 
lesional epidermis from AD patients, compared to epidermis from 
healthy controls [69]. These differentially methylated CpGs partly 

correlated with differentially regulated genes involved in epidermal 
differentiation and innate immune response. Differential methylation 
brings to forefront the role of DNA methyltransferases, the enzymes that 
catalyze methylation of genes by adding methyl groups. In a study that 
evaluated human as well as mice models of AD, reduced DNA methyl
transferase 1 (DNMT1) levels were observed in AD and the low DNMT1 
expressing AD patients exhibited higher itch, compared to AD patients 
with relatively higher DNMT1 [70]. 

Integrity of skin is critical and the skin barrier dysfunction is an 
initial step and a pathological feature in the development of AD (Fig. 2) 
[5,71]. Skin barrier is subjected to regulation by environmental and 
exogenous factors thus raising the possibility of being regulated epige
netically [72]. Among the many factors responsible for the integrity of 
skin barrier, a role of human β-defensins has been suggested as they are 
localized in epithelium and act as protective barriers [73]. Reduced 
expression of these human β-defensins can, therefore, have a deleterious 
effect resulting in AD. In support of an epigenetic regulation, specifically 
the promoter methylation, methylation frequencies at CpG3 and CpG4 
in lesional vs. non-lesional skin samples of patients with severe AD and 
the same methylation frequencies between these paired tissues and 
control skins from healthy volunteers without AD history were 
compared [74]. Significantly higher methylation was observed in AD 
lesional skins, as compared to both non-lesional as well as control skins. 
Further, in vitro investigations within this study established that 
methylation of CpG sites with the promoter of human β-defensin-1 led to 
approximately 86% reduced promoter activity, thus resulting in reduced 
expression. 

Another factor that has attracted a lot of attention for its role in 
barrier function of AD is filaggrin (FLG) [75,76]. FLG is important for 
the maintenance of membrane function and therefore its reduced 
expression is seen in AD [77]. An epigenetic reason for the 

Table 1 
Recent reports on regulation of AD-associated inflammation: evidence from in vivo studies.  

Agent Origin Model Tested Major Findings Reference 

Lycium barbarum extract Tea component from oriental eastern 
medicine 

DNCB-treated 
BALB/c mice 

Oral administration reduced inflammatory 
cytokines and chemokines 

Bak et al.[30] 

Edible bird’s nest Chinese delicacy DNCB-treated 
C57BL mice 

Topical application reversed DNCB-induced 
skin damage and scratching behavior 

Lai et al.[31] 

Ethanol extract of Grewia tomentosa 
Juss. 

An Asian shrub DNCB-treated 
BALB/c mice 

Topical administration reduced mRNA levels of 
inflammatory cytokines and inhibited NF-κB 
signaling 

Lee et al.[32] 

Angelica Yinzi Component of traditional Chinese medicine DNCB-treated 
C57BL mice 

Oral administration reduced AD lesions and 
infiltration of mast cells 

Liu et al.[33] 

β-caryophyllene Plants-derived agonist of cannabinoid 
receptor 2 

DNCB-treated 
BALB/c mice 

Topical administration reduced skin 
inflammation 

Ahn et al.[34] 

Bisdemethoxy-curcumin Component of turmeric spcie DNCB-treated 
BALB/c mice 

Oral administration reduced inflammation and 
inhibited NF-κB signaling 

Wang et al. 
[35] 

Wheatgrass (Triticum aestivum L.) and 
Aronia (Aronia melanocarpa) 
extracts 

Belong to Poaceae and Rosaceae families of 
plants, respectively 

DNCB-treated 
BALB/c mice 

Oral administration restored barrier function 
and suppressed IgE and IL-4 

Lee et al.[36] 

Sargassum horneri A Seaweed DNCB-treated 
BALB/c mice 

Hot water extracts reduced IL-4, IL-5 and IgE Woo et al.[37] 

Vigna angularis Herb component of traditional Asian 
medicine 

DNCB-treated 
BALB/c mice 

Oral administration inhibited pro-inflammatory 
cytokines and chemokines 

Bak et al.[38] 

Calcium-based antimicrobial peptide 
compounds 

Combination of calcium extracted from 
marine shellfish and antimicrobial peptides 

DNFB-treated 
BALB/c mice 

Topical administration reduced scratching 
behavior and inflammatory cytokines 

Liu et al.[40] 

Cortex Dictamni Dried root bark herb of Dictamnus dasycarpus 
Turcz from traditional Chinese medicine 

DNFB-treated mice Reduced skin lesions and inflammatory 
cytokines 

Yang et al. 
[41] 

Flavone oroxylin A Component of Scutellaria baicalensis from 
Asian traditional medicine 

CDNB-treated 
BALB/c mice 

Reduced inflammatory cytokines and 
chemokines 

Lee et al.[42] 

Orismilast A high-potency PDE4 inhibitor Oxazolone-treated 
BALB/c mice 

Oral administration inhibited secretion of 
inflammatory cytokines 

Silverberg 
et al.[43] 

Oxymatrine Component of herbs Sophora flavescens Alt., 
Sophora tonkinensis Gagnep and Sophora 
alopecuroides 

Carbotriol-treated 
C57BL mice 

Intragastric administration reduced 
inflammatory cytokines 

Han et al.[44] 

Nuclear transport checkpoint 
inhibitor 

Anti-inflammatory cell-penetrating peptide Calcipotriol-treated 
C57BL mice 

Topical administration inhibited skin 
inflammation 

Liu et al.[45] 

AD: Atopic Dermatitis, CDNB: 1-chloro-2,4-dinitrobenzene, DNCB: 2,4-dinitrochlorobenzene, DNFB: Dinitrofluorobenzene, IL-4: Interleukin-4, IL-5: Interleukin-5, 
PDE4: Phosphodiesterase-4 
Legends to Figures 
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downregulation of FLG has also been determined to be the increased 
DNA methylation in the critical CpG sites relevant to its expression in AD 
lesional epidermic, as compared to matched non-lesional epidermis of 
patients with severe AD [78]. Thus, differential methylation dictates the 
differential expression of specific genes that play a role in AD. Differ
ential methylation seems to be of relevance to childhood AD [79] as well 
as the increased likelihood of AD diagnosis in infants of atopic mothers 
[80]. 

The barrier dysfunction can be a manifestation of another epigenetic 

event as well; deregulation of microRNAs (miRNAs). A study, that 
focused on miRNA-mediated barrier function, found loss of miR-335 in 
AD lesional skins, compared to healthy skins [81]. The loss of miR-335 
resulted in increased expression of its target SOX6 which mediated the 
disruption of skin barrier. This study also suggested a benefit of using 
belinostat to treat AD, as belinostat could restore miR-335. Incidentally, 
belinostat is a histone deacetylase (HDAC) inhibitor [82] which further 
indicates an involvement of even acetylation, another epigenetic event 
in AD pathogenesis. For few years now, a role of miRNAs in AD has been 

Fig. 1. Demethylation of FCER1G promoter in monocytes of AD patients leads to increased expression of IgE receptor FcεRI, which plays an important role in allergic 
inflammation. 

Fig. 2. : Epigenetic basis of Skin Barrier Disruption. A number of events leading to skin barrier disruption and dysfunction in AD patients have epigenetic basis. For 
example, promoter hypermethylation of Filaggrin and β-defensins results in their downregulation, as observed in skin lesions of AD patients that are inflamed and 
itchy. Low DNA methyltransferase1 (DNMT1) expression also correlates with itch. Additionally, miR-335 is high in normal skin, and its low expression, resulting in 
de-repression of its target Sox6 leads to disruption of skin barrier. AD skin lesions are also often marked by Staphylococcus aureus colonization. 
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realized [83]. MicroRNA, miR-155, contributes to a constant inflam
matory state and AD aggressiveness, as it is aberrant overexpression 
eventually increases T cell proliferation and T helper type 17 (Th17) 
cells differentiation respectively [84]. Regulation through miRNAs 
represents a type of epigenetic regulation. 

Based on the available literature, there is ample evidence to support 
epigenetic mechanisms for the underlying disease onset and disease 
progression of AD [56,85–93], including some recent reports on 
immune-related epigenetic changes that perturb NF-κB signaling [94] 
and also impact cytokine secretion, particularly IL-22 [95,96]. 

4. Inflammation-epigenetics connection in Atopic Dermatitis 

At this point in the discussion, it is clear that inflammation is integral 
part of AD pathophysiology. Additionally, a role of epigenetic events in 
AD is increasingly being realized which begs the question if there is any 
connection between inflammation and epigenetics in AD, or, simply 
speaking, is there evidence for epigenetic regulation of inflammation in 
AD. As discussed above, promoter hypomethylation i.e. an epigenetic 
event, of FCER1G has been shown to be the mechanism for the over
expression of high affinity IgE receptor, FcεRI, on monocytes of AD 
patients [66]. The receptor FcεRI plays an important role in allergic 
inflammation [97] and its deficiency [98] or specific targeting [99] can 
impact inflammation thus establishing this receptor’s role in inflam
mation. Further, its own regulation through methylation in AD patients 
provides a clue for epigenetic regulation of inflammation in AD. 
Demethylation and overexpression of FCER1G also results in over
expression of related Fc receptor γ subunit (FcRγ)-related receptors in 
human monocytes [68]. The role of FcRγ in inflammation is also known 
[100], as is in general for Fc receptors [101]. Thus, epigenetic over
expression of Fc family receptor mediates inflammation in AD patients. 

Within the area of inflammation and epigenetics in AD, an inter
esting concept that has come up recently is that of the involvement of 
microbiome in AD [102,103]. Numerous microbial species inhabit 
human body and affect normal human health as well as several diseases 
[104–106]. Microbiome affects inflammation and the presence of 
certain bacteria correlates with inflammatory molecules that can 
mediate inflammation in different body tissues [107]. Microbes that 
comprise human microbiome affect mucosal immunity and distal 
inflammation [108]. In AD, microbes on both skin as well as in gut have 
the potential of determining the course of AD [102]. Skin microbiome 
can also play an important role in maintaining barrier function by 
inhibiting pathogenic Staphylococcus aureus colonization and, moreover, 
application of commensal organisms, such as Staphylococcus hominis or 
Roseomonas mucosa can help reduce AD severity [109]. In AD, a reduced 
microbiome diversity correlates with disease severity and the flares of 
AD correlate with expansion of pathogenic microbes [110]. In addition 
to its effect on inflammatory diseases, including AD, microbiome affects 
epigenetic reprograming within the human body as well, with 
microbiome-sensitive changes affecting the major epigenetic events 
such as DNA/histone modifications as well as regulation through 
non-coding RNAs [111]. It is, therefore, not surprising that a role of 
microbiome in epigenetic regulation of AD has been suggested [112]. 

Eosinophils numbers are elevated in AD patients [113,114]. Addi
tionally, eosinophil granule protein levels are elevated in peripheral 
blood and also deposited in the skin lesions, with these elevated levels 
correlating with disease [113]. Eosinophils affect inflammation through 
multiple mechanisms [115,116] and this connects eosinophils with an 
inflammatory disease such as AD. In addition, recent evidence suggests 
eosinophilia under conditions of barrier dysfunction and reduced 
epithelial integrity [117], a correlation that still needs to be more 
carefully examined in AD patients. In a study that sought to evaluate the 
epigenetic changes within eosinophils of AD patients, next-generation 
sequencing-based miRNA profiling was performed using RNA that was 
extracted from eosinophils of AD patients [118]. The evaluation 
included a total of 145 individuals of which 75 presented with AD. A 

number of these individuals were also diagnosed with allergic asthma 
and/or allergic rhinitis leaving 15 individuals with a diagnosis just for 
AD. A total of 18 miRNAs from eosinophils were found to be signifi
cantly different and specific to different conditions, with miR-614 found 
to be specific for AD patients. Incidentally, nothing much is known about 
miR-614 in inflammation or in AD, except for some reports for this 
miRNA in different human cancers, and thus more detailed studies on 
this miRNA might be of interest. 

A recent report has provided further proof for non-coding RNA’s- 
mediated regulation of inflammation in AD. This study focused on 
finding differentially expressed circRNAs (circular RNAs) in PMBCs from 
AD patients, as compared to those from age- and gender-matched 
healthy controls [119]. Among a total of 88750 circRNAs, circRNA 
hsa_circ_0004287 was found to be upregulated in the initial microarray 
analysis comprising of a comparison between 4 AD patients and 4 
healthy controls, followed by validation in 36 AD patients vs. 18 healthy 
controls. The differential hsa_circ_0004287 levels in PBMCs were able to 
discriminate between AD patients and healthy controls, and hsa_
circ_0004287 upregulation was observed in skin lesions from AD pa
tients. However, mechanistically, hsa_circ_0004287 was found to be 
anti-inflammatory in nature and thus its overexpression in AD patients 
might be a feedback response. hsa_circ_0004287 inhibited M1 macro
phage activation which is known to be involved in immune response 
[120] and its overexpression in macrophages reduced skin inflammation 
in an inflammatory skin mice model. hsa_circ_0004287 expression 
negatively correlated with that of IL-6, a well characterized 
pro-inflammatory cytokine [121,122] as well as with long non-coding 
RNA (lncRNA), MALAT1, which has also been associated with inflam
mation [123], thus leading to realization that even though this 
anti-inflammatory circRNA is upregulated in AD, its endogenous levels 
are not enough to reverse AD progression and future investigations 
should focus on further elevating the levels of this circRNA so as to be 
therapeutically relevant in AD. In addition to circRNA, this study thus 
also identified a lncRNA in the regulation of AD-associated inflamma
tion, thus establishing multiple layers of non-coding RNAs mediated 
epigenetic regulation of inflammation in AD. As a validation of these 
findings, MALAT1 downregulation has shown to be the mechanism by 
which inflammation and associated AD can be attenuated in an AD 
mouse model [124]. 

In a more direct evidence of epigenetic regulation of inflammation in 
AD, albeit in a canine model, where canine epidermal keratinocyte 
progenitors cells, CPEK, were pre-stimulated by exposure to interferon 
gamma, followed by inflammatory stimulation by exposing the cells to a 
cocktail of IL-4, IL-13 and IL-31, a number of genes were found 
deregulated [125]. The primary aim of this study was to evaluate 
possible effect of a nutraceutical mixture consisting of luteolin, picea
tannol and cannabidiol (representing flavonoids, stilbenes and canna
binoids) on the inflammation in AD. It was reported that the 
nutraceutical mix downregulated ccl2, ccl17 and tslp genes in the 
inflamed canine keratinocytes. To find an epigenetic basis of these 
altered gene expression, methylation at different CpG sites was evalu
ated for all of these genes and a significantly increased methylation, thus 
explaining the reduced gene expression, was only found at one site for 
tslp. Similar investigations in canine monocyte-macrophages DH82 re
ported a similar effect of nutraceutical mix on ccl2, ccl17 and il31ra 
genes but not the tslp gene. Further, in these cells, an increased 
methylation of at least one CpG site of each of the genes was found. Ccl2 
[126], ccl17 [127], tslp [128], il31ra [129] have all been linked to 
inflammation and, thus, these results provide a direct evidence for 
epigenetic regulation of inflammation in an AD model. 

Dysregulation of immune system is associated with AD progression 
[11]. In particular, the involvement of Th2 cytokines such as IL-4 and 
IL-13 is well known [130,131]. The neonatal thymic T cells, from 
newborns without AD, have been shown to exhibit increased expression 
of IL-17 and IL-10 when exposed to IgG from adult AD patients [132, 
133]. Similarly, the IgG from adult AD patients can also induce 
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production of IL-22 by thymus through its effect on maturation of 
IL-22-producing T cells [96]. IL-22 is emerging as an important target 
for therapy in AD patients as its targeted blockade through fezakinumab 
has shown promise [134,135]. The favorable response to anti-IL-22 
monoclonal antibody makes sense given that IL-22 levels are high in 
AD patients because of the significant increase in IL-22 producing 
CD4 + and CD8 + T cells in AD patients [136]. Further, in addition to its 
increased expression in AD, IL-22 is known to modulate inflammation 
[137], thus making a case for this cytokine in AD and associated 
inflammation. An epigenetic basis of this increased frequency of IL-22 
producing CD4 + cells, through dysregulated miRNAs, has been 
recently reported [96]. Small RNA-seq resulted in the identification of 
five miRNAs (miR-181b-5p, miR-4497, let-7i-5p, miR-342–3p and 
miR-4492) that were upregulated and two miRNAs (miR-130b-3p and 
miR-26a-5p) that were downregulated and could distinguish between 
AD and mock control. miR-181b-5p, with 6.17 folds change was the 
most upregulated miRNA while miR-130b-3p with − 4.5 folds change 
was the most downregulated miRNA. Further, an miRNA-based epige
netic signature of neonatal thymic gamma-delta T cells-secretion of 
IL-22, in response to AD patients’ IgG, has also been evaluated with 
miR-4497 being reported as the most upregulated miRNA and 
miR-130b-3p being the most downregulated miRNA [95]. The modu
lation of these top deregulated miRNAs is important because of their 
reported role in inflammation [138–140]. 

5. Conclusions and future perspectives 

AD is an inflammatory skin disease that affects quality of life. Though 
the contribution of inflammation to its pathophysiology is established, 
research in recent years has begun to unveil underlying epigenetic 
events that affect AD-associated inflammation. Given this newly realized 
importance of epigenetic events in pathophysiology of AD, it makes 
sense to turn to therapies that have the potential of modifying epi
genome [141]. We hope that with the advancements in our under
standing of the epigenetic regulation of AD, therapies that target specific 
epigenetic events, such as the HDAC inhibitors [142] can find a use in 
AD therapy. Use of some of these inhibitors, such as, HDAC inhibitor 
belinostat, might provide a unique opportunity to address two different 
epigenetic events, acetylation and regulation through non-coding RNAs, 
in the treatment of AD. The research involving microbiome in AD is 
surely something to look forward to in the future because of the 
connection of microbiome with barrier dysfunction, inflammation as 
well as epigenetics [143]. Clearly, epigenetic events can be exploited as 
possible diagnostic, prognostic or therapeutic biomarkers. As an 
example, hsa_circ_0004287 is elevated in AD patients even though it is 
anti-inflammatory, which would suggest a feedback mechanism or even 
the initiation of a physiological defense against AD. One glaring gap in 
the knowledge is the understanding of epigenetic mechanisms, if any, 
that regulate inflammation in correlation to JAK-STAT pathway. 
JAK-STAT signaling has been the focus of AD research for a long time 
[144,145] and, moreover, this signaling also influences inflammation in 
AD [145,146], but how, if at all, this JAK-STAT-mediated inflammation 
in AD is epigenetically controlled, is not known. The challenge for future 
research would be to benefit from the emerging cues and develop stra
tegies to potentiate mechanisms by which the various 
inflammation-regulating epigenetic events can be regulated to improve 
the prognosis and outcomes for AD patients. 
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