
Rosacea is a chronic inflammatory disease that mainly 
affects the central facial skin (cheeks, chin, nose, and central 
forehead); it is characterized by flushing, transient or persis-
tent rash, inflammatory papules and pustules, telangiectasia, 
and ocular manifestations [1-3]. According to its clinical 
presentation, it has been classified by the National Committee 
of Experts into the four following subtypes: erythematotelan-
giectatic, papulopustular, phymatous, and ocular [4].

Rosacea affects about 10% of the population with a 
greater risk of sun-sensitive fair skin [5]; the disease can also 
develop in Asian and African populations [6]. The severity of 
the disease appears to depend on the patient’s gender and age, 
where rosacea is three times more frequent in women than in 
men but more severe in men and younger patients, suggesting 
that the more severe forms of the disease manifest sooner or 
that the disease improves over time [7]. The ocular variant of 
rosacea represents between 10% and 50% of the total rosacea 
population and is characterized by inflammation of the 
ocular surface tissues, including the eyelid edge (blepharitis) 
and eyes (tear film instability, eye irritation, red eyes, eye 
dryness, conjunctivitis, etc.) [8,9]. In the most severe cases, 
chronic corneal damage may lead to corneal neovasculariza-
tion (CNV), corneal perforations, corneal ulcers, and corneal 

edemas, which compromise corneal transparency and lead to 
visual loss [3,10,11] (Figure 1).

To date, the diagnosis of rosacea has been established 
clinically based on observation and interpretation of skin and 
ocular signs. While many patients show both ocular and skin 
signs, some may only show ocular signs, which can make 
diagnosis more difficult [12-14].

The mechanisms of rosacea are still unclear. In recent 
years, a multifactorial pathogenesis with genetic predisposi-
tion has been emphasized [15]. Many triggering factors, such 
as ultraviolet (UV) exposure, local inflammatory responses 
to skin microorganisms (associated with Demodex infesta-
tion), temperature changes, hot, cold, spicy foods, and stress 
have been considered to initiate or worsen the disease [16]. 
In addition, studies have demonstrated an implication of the 
skin and ocular immune system with changes in adaptative 
and innate cells, as well as neuroinflammatory changes [17] 
(Figure 2). Involvement of innate immunity has been advo-
cated by high expression of the Toll-like receptor 2 (TLR-2) 
and the antimicrobial peptide of cathelicidin (LL-37) in the 
skin tissues of rosacea patients. In addition, the nucleotide-
binding domain leucin-rich repeat and pyrin-containing 
receptor 3 (NLRP3) inflammasome appear to play a role in 
LL-37-mediated inflammation [18]. The infiltration of mast 
cells and the release of proinflammatory mediators, such 
as interleukin-1β (IL-1β), IL-6, IL-17, interferon-γ (IFN-
γ), matrix metalloproteinase-2 (MMP-2), MMP-9, tumor 
necrosis factor-α (TNF-α), activated by nuclear factor-κB 
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(NF-κB) [19-21], as well as the infiltration of CD4(+) T cells, 
contribute to the inflammatory signs [22,23]. Abnormal 
neural control of vascular flow contributes to enlargement of 
skin and ocular surface blood vessels. Such vascular content 
increases appear to relate to elevated levels of vascular endo-
thelial growth factor (VEGF) and transient receptor potential 
(TRP) channel found in rosacea patients [24,25]. However, it 
remains unclear whether such vascular changes are a primary 
event or a consequence of inflammatory changes.

Finally, the molecular steps involved in the pathogenesis 
of ocular rosacea are not fully known. Meibomian gland 
dysfunction has been recognized as a major component 
[13,26]. Like in the skin, activation of the innate and adap-
tive immune response and abnormal vascular regulations 
have been identified. In the tears and in the ocular surface 
tissues of ocular rosacea patients, high levels of TLR-4 and 
LL-37 were measured together with cell infiltration and the 
release of proinflammatory factors [13,27,28]. A link between 
Demodex infestation and ocular rosacea has also been advo-
cated [29,30]. Overall, all these phenomena in the skin and 
eye act in synergy to maintain chronic inflammation at the 
cutaneous, epidermal, conjunctival, and perivascular inter-
face, eventually leading to secondary fibrosis [31]. In this 
paper, we aim to review the common and specific pathogenic 

mechanisms of cutaneous and ocular rosacea and focus on the 
few models used to study this disease.

Deregulation of the immune system: Activation of immune-
mediated inflammatory pathways appears to be at the center 
of the pathogenesis of rosacea and involves the coordinated 
activity of several cell types, such as mast cells and macro-
phages, and the release of proinf lammatory mediators, 
such as IL-6, IL-1β, IL-18, or TNF-α [32,33]. Inhibition of 
these inflammatory pathways is correlated with clinical 
improvement.

Innate immune system:

TLR-2/4 pathways—As part of the innate immune 
system, members of the TLRs, which recognize physical and 
chemical stimuli or microbial pathogens, are expressed on 
the surface of various skin cells, including keratinocytes, 
macrophages, and mast cells [34]. Induction of the innate 
immune response by TLR stimulation induces the controlled 
and limited activation of NF-κB and the subsequent produc-
tion of cytokines, chemokines, and antimicrobial peptides 
[35]. However, uncontrolled activation of the innate immune 
system leads to deleterious consequences [36].

In the skin of rosacea patients, TLR-2 is overexpressed 
on the keratinocytes in the epidermis and on infiltrating cells 

Figure 1. Clinical manifestations of 
oculocutaneous rosacea. A: Patient 
with phymatous rosacea–associ-
ated rhinophyma, blepharophyma, 
nasal and facial erythema with 
telangiectasia. B: Blepharophyma 
with thickened lid edges, lid margin 
telangiectasia, meibomian gland 
dysfunction (MGD). C: Corneal 
neovascularization (CNV) of ocular 
rosacea growing from the superior 
limbus with a crescent pattern 
forming a vascular pannus. D: 
Catarrhal corneal infiltrate caused 
by rosacea. E: Typical peripheral 
ulcerative keratitis (PUK) of 
rosacea, corresponding to sterile 
corneal melting of a crescentic area 
with newly formed stromal vessels. 
F: Advanced stage of ocular rosacea 
with white corneal infiltrates and 
whole corneal neovascularization, 
including the visual axis.
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in the dermis [19,21], enhancing skin sensitivity to external 
stimuli and the production of IL-8, IL-1β, and TNF-α by 
keratinocytes [20,37]. TLR-2 can also activate the NLRP3 
inflammasome and induce cell death [18,38]. Components 
of the inflammasome, including caspase-1 and IL-1β, in the 
rosacea skin [39] worsen the inflammatory response by acti-
vating many other proinflammatory factors, such as IL-8, 
TNF-α and MMPs [20]. The transcription factor NF-κB, 
activated by TNF-α or directly stimulated by TLRs or LL-37 
signaling, induces the expression of IL-1α, IL-1β, IL-18, and 
IL-33 [40,41].

Recently, erythroid differentiation regulator 1 (Erdr1) has 
been recognized as a cytokine suppressed by TLR-2 and the 
myeloid differentiation factor 88 (MyD88) pathways. Indeed, 
animals deficient in TLR-2 and MyD88 have elevated Erdr1 
[42]. Erdr1, localized at the inner part of the cytoplasmic 
membrane and secreted through vesicles immediately under 
stress conditions, has been shown to be reduced in rosacea 
skin [43]. Erdr1 is negatively regulated by IL-18, a proinflam-
matory cytokine, and has a biphasic effect. It enhances cell 
survival at low concentrations and densities but increases 
cell death at high concentrations and densities. Recombinant 
Erdr1 significantly reduced the disease in a rosacea model 
induced by the injection of LL-37 in rodents [43].

TLRs are also present at the ocular surface, where 
TLR-2 and 4 are constitutively expressed in the corneal, 
limbic, and conjunctival epithelial cells [44,45]. Stimulation 
of TLRs by exogenous stimuli activates NF-κB and induces 
the production of cytokines and antimicrobial peptides, such 
as β-defensins [46]. In corneal inflammation in mice and 
humans, the roles of TLR-2 and 4 have been recognized [47]. 
In eyelid biopsies of patients with ocular rosacea, TLR-4 
expression was significantly increased compared with normal 
subjects [28], and high levels of TLR-2 and 4 were detected 
in various ocular surface conditions, including dry eye 
syndrome, one of the hallmarks of ocular rosacea. Activated 
TLR-4 has been shown to induce the activation of TLR-2 and 
together enhance the transcription of inducible nitric oxide 
synthase (iNOS) [21]. In a rodent model of dry eye disease, 
the corneal expression of TLR-4 was significantly increased. 
TLR-4 inhibition reduced the severity of dryness and the 
expression of IL-1β, IL-6, and TNF-α, as well as the corneal 
infiltration of CD4(+) T cells [48]. These results suggest that 
TLR-4 participates in inflammatory responses of the ocular 
surface. Furthermore, TLR-2 expression was upregulated in 
the conjunctival and corneal cells and in the lacrimal glands 
in a rodent model of dry eye, as well as in conjunctival cells 
of patients with dry eye [49,50].

Figure 2. Diagram showing the factors involved in rosacea pathophysiology.
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In the eyelid biopsies of patients with rosacea, Wladis 
et al. [51,52] showed that the NF-κB pathway was signifi-
cantly increased in rosacea patients. Furthermore, patients 
showed increased levels of active mitogen-activated protein 
kinase (MAPK) protein 38 (p38) and extracellular signal-
regulated kinase (Erk) compared with healthy subjects, acting 
in concert with NF-κB factor for the regulation of immune 
responses. In addition, TLRs, including TLR-2, are well 
known for promoting increased activation of p38 and Erk 
signaling.

In tears, rosacea patients have increased levels of IL-1α, 
IL-1β, IL-16, TNF-α, monocyte chemoattractant protein-1 
(MCP-1), MMP-8, and MMP-9 [53-57]. IL-1 can increase 
the production and activation of MMPs, including MMP-9, 
contributing to eyelid and ocular surface irritation, epithelial 
defects, corneal ulcers, and CNV observed in severe rosacea 
patients [14]. Proinflammatory factors can also be released 
by resident cells, such as mast cells, or subsequently by infil-
trating cells.

Cathelicidin-mediated inflammation/LL-37/KLK-5:

Origin of cathelicidin in rosacea—Cathelicidins, clas-
sified as antimicrobial peptides (AMPs), play a major role 
in mammalian innate immune defense against bacteria. 
In humans, the Camp gene encodes the precursor peptide 
18-kDa cationic antimicrobial protein (CAP-18), which is 
cleaved by kallikrein-related peptidase 5 (KLK-5) into the 
active forms LL-37 and FALL-39 [58-60]. LL-37, a-37-amino-
acid amphipathic and helical peptide, is expressed in epithe-
lial cells and in leukocytes, such as monocytes, neutrophils, 
T cells, natural killer (NK) cells, and B cells. Different cell 
types produce this peptide, such as keratinocytes, myeloid 
cells, neutrophils, and mast cells. Many studies have shown 
enhanced LL-37 expression in the skin biopsies of rosacea 
patients [61-63]. Elevated expression levels and activity 
of KLK-5 have also been described in the skin of rosacea 
patients [62], as well as in other skin diseases, such as atopic 
dermatitis, Netherton syndrome, or psoriasis [64]. Injection 
of KLK-5 into the skin of mice has been shown to cause 
dermatitis alleviated by inhibition of KLK-5 activity [65]. In 
human epidermal cells stimulated with calcitriol, the hormon-
ally active form of vitamin D—which is known to induce 
expression of KLK-5 and LL-37—the inhibition of KLK-5 
expression was correlated with a significant decrease in the 
expression levels of IL-6, IL-18, and MCP-1 [66]. Increasing 
the expression of TLR-2 increased the expression of KLK-5, 
and conversely, showed a link between TLR-2 and KLK-5 
activation in rosacea-affected skin [19].

In a recent study, Sugimoto et al. [67] found that the 
expression of a Kazal-type lymphoepithelial inhibitor 
(LEKTI) in keratinocytes, known to control the activity of 
KLK-5, was upregulated in the biopsies of rosacea patients. 
Thus, this molecule could participate in the control of the 
aberrant activity of KLK-5 in the inflammatory reactions of 
rosacea. In addition to its activation by TLR-2, KLK-5 can 
also be activated by MMP-9 in rosacea [16,68]. Therefore, 
KLK-5 activity is tightly regulated by a balance of activators, 
such as TLR-2 and MMP-9, and repressors, such as LEKTI.

The increase in cathelicidin levels in rosacea patients 
could be amplified via the expression of the protease-activated 
receptor 2 (PAR-2), which is activated by KLK-5 and known 
to mediate inflammation in various tissues, including the skin 
[69]. Kim et al. [70] showed that PAR-2 levels were higher 
in skin biopsies from rosacea patients and that keratinocytes 
stimulation with PAR-2 in vitro increased the production of 
LL-37, IL-6, and IL-8.

Pathogenic role of cathelicidin in rosacea: The link between 
LL-37 and rosacea was demonstrated by Yamasaki et al. 
[61] in an inflammatory skin mouse model induced by the 
injection of LL-37, developing telangiectasia, erythema, 
and inflammation. Using the same model, Yuan et al. [71] 
showed that the skin expressed higher levels of TNF-α, IL-1β, 
IL-6, and TLR-2 compared with the control group. The Janus 
kinase/signal transducers and activators of transcription 
(JAK/STAT) signal transduction pathway also appeared to 
participate in the inflammatory mechanism in cutaneous 
rosacea mediated by LL-37. Using in vitro HaCaT cells, a 
spontaneously immortalized human keratinocyte line, treated 
with LL-37, Li et al. [72], further demonstrated the upregula-
tion of JAK2 and STAT3, which upregulated the expression 
of proinflammatory cytokines, including TNF-α, IL-6, IL-8, 
and MCP-1. The inhibition of this pathway was followed by 
a decrease in the production of proinflammatory cytokines, 
suggesting that LL-37 cathelicidin may play a critical role in 
the inflammatory component of skin. In the LL-37-mediated 
skin inflammation model in mice, the number of neutrophils 
and macrophages was significantly increased in the skin 
together with the expression levels of chemokine (C-X-C 
motif) ligand (CXCL) 2 and chemokine (C-C motif) ligand 
(CCL) [71]. In addition, LL-37 and MMP-9 are expressed by 
neutrophils recruited from tissues in response to inflamma-
tion [73].

LL-37 promotes leukocyte chemotaxis and the release 
of proinflammatory mediators, such as IL-6 and MMP-9, 
from mast cells [74–78], where the density increases in skin 
rosacea and is correlated with the duration of disease [79]. In 
addition, the levels of chymase and tryptase released by mast 
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cells were significantly elevated in the skin of mice injected 
with the LL-37 peptide and in skin biopsies of rosacea patients 
[73,80]. The role of mast cells was further confirmed when 
LL-37 injection in mice knocked out for mast cells did not 
develop any phenotype. Moreover, mast cell repopulation in 
these mice restored LL-37-induced skin inflammation and 
release of the proinflammatory factors IL-6 and MMP-9 [73].

Few of the conducted studies have been performed in 
the eye, and there is no clear evidence implicating LL-37 in 
ocular rosacea. LL-37 is naturally present in the conjunctiva, 
cornea, and Moll glands located between the eyelashes on the 
eyelid. Its expression increases in response to certain inflam-
matory processes, including corneal damage, corneal ulcers, 
or exposure to pathogenic microorganisms [81]. The α- and 
β-defensins expressed on the ocular surface are capable of 
inducing chemotaxis of monocytes and neutrophils, stimu-
lating the production of cytokines and the release of hista-
mine by mast cells [45,47], and they have been involved in 
corneal infections or dry eye [82]. More recently, Go et al. 
[27] demonstrated increased conjunctival LL-37 gene expres-
sion and increased tear levels of β-defensins in patients with 
ocular rosacea. However, whether LL-37 directly induces 
ocular rosacea has not been determined.

Mast cells: As described above, mast cells are essential in 
LL-37-induced skin inflammation, and their number increases 
in the rosacea skin, contributing to the inflammatory immune 
mechanism [73,80]. In addition, mast cells participate in 
fibrosis and vascular deregulation associated with rosacea. 
The histamine and tryptase released by these immune cells 
promote vasodilation, angiogenesis, and fibrosis by recruiting 
fibroblasts and MMPs. The fibroblasts stimulate mast cells 
and promote the release of MMP-1, which can also act on 
fibroblasts, facilitating fibrosis [78]. Clinically, patients with 
fibrosis have a phyma. Other factors are implicated in rosacea 
fibrosis, such as MMPs, serine proteases, growth factors, 
cytokines, and chemokines [17].

Mast cells play a role in the rosacea pathogenesis by 
enhancing vasodilation and angiogenesis via different inter-
action ways [83]. They can produce various proangiogenic 
molecules, such as VEGF and fibroblast growth factor (FGF), 
stimulating the migration and proliferation of vascular endo-
thelial cells. FGF is a well-known proangiogenic molecule 
that, along with VEGF factor, appears to be pivotal in the 
regulation of angiogenesis [84]. Mast cells can also stimulate 
the release of proteinases and heparin, allowing the release 
of other proangiogenic factors and the recruitment of macro-
phages, among other cells [83]. In addition, during degranula-
tion, mast cells release large amounts of histamine, which is a 
powerful vasodilator of the body that leads to inflammation, 

redness, and edema [85]. Finally, mast cells release chymase, 
a potent local angiotensin-converting enzyme that produces 
angiotensin II [86]. Angiotensin regulates vascular constric-
tion and endothelial dysfunction, and angiotensin receptors 
are expressed not only in skin vessels but also in sebaceous 
glands and dermal fibroblasts [87]. Mast cell degranulation 
is activated by neuropeptides and sympathetic innervation 
contributing to the neurogenic inflammation pathway [88].

Adaptative immune system:

T-cell-mediated responses—Little is known about the 
adaptive immune system in rosacea. The α- and β-defensins 
induce chemotaxis of T lymphocytes and stimulate the 
production of antibodies by B lymphocytes [45,47]. These 
molecules act at the interface between the innate immune 
system and the adaptive immune system. Extremely high 
levels of CD4(+) T cells have been observed around the hair 
follicles and in the perivascular region in rosacea skin [23], 
where the CD4(+) T cell response is dominated by T lympho-
cyte helper (TH)1/TH17 polarized immune cells, accompa-
nied by a significant upregulation of IFN-γ and IL-17 [22,23]. 
In the mouse model of LL-37 peptide-induced inflammation, 
high levels of CD4(+) T cells were also found in the dermis 
[41]. TH17 cell-mediated immune responses are implicated in 
other dermatological pathologies, such as psoriatic dermatitis, 
in the recruitment of mast cells increases significantly with 
an upregulation of IL-17 [89].

B-cell-mediated responses—B lymphocytes and 
plasma cells seem to be also involved in the adaptive immune 
response in rosacea. This is shown by the significant increase 
in the expression level of a B cell marker, CD20, in skin biop-
sies [23].

Other actors involved in immune responses in rosacea: Moura 
et al. [21] suggested the implication of plasmacytoid dendritic 
cells (pDCs) in the inflammatory response in rosacea. These 
cells are present at the site of the lesion on the skin biopsies of 
patients with rosacea, as they are in psoriasis [90]. The cells 
stimulate CD4 helper T cells and B lymphocytes following 
certain viral infections and can secrete large quantities of 
IFN-α and β [91].

Recently, a new molecule has surfaced in the pathology 
of rosacea. Koebnerisin (S100A15) is an antimicrobial peptide 
involved in immune-mediated inf lammatory responses 
in various dermatological pathologies, including psoriasis 
[92] and rosacea [93]. Regulated by TH1 and TH17 cells, 
koebnerisin acts as a chemoattractant for leukocytes [94,95]. 
Skin biopsies of patients with rosacea showed high levels 
of koebnerisin [93]. In vitro, human keratinocytes cultured 
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with koebnerisin secrete MMP-9 and VEGF, suggesting 
that it could be proangiogenic [93]. Koebnerisin induced the 
production of TNF-α, IL-6, IL-8, and IL-1β in keratinocytes 
and leukocytes [92]. However, its role in ocular rosacea is 
unknown.

Endoplasmic reticulum (ER) stress protects cellular func-
tions from internal disturbances, such as protein misfolding, 
and from external disturbances, such as exposure to UVB 
and microbes. It has been implicated in various skin diseases, 
such as melanoma and Darier’s disease [96]. In cutaneous 
rosacea, ER stress has been shown to increase the expression 
and reactivity of TLR-2 via activating transcription factor 4 
(ATF4) signaling in epithelial cells [97]. In addition, it stimu-
lates the production of the antimicrobial peptide LL-37 via 
the sphingosine-1-phosphate (S1P)-NK-κB/EBPα-dependent 
pathway [98]. Thus, the ER stress could participate in the 
inflammation in rosacea via LL-37.

Recently, Li et al. [99] highlighted the implication of a 
new molecule, decysin 1, coded by the ADAMDEC1 gene, in 
the pathophysiology of cutaneous rosacea. Decysin 1 is part 
of the ADAM family (a disintegrin and metalloproteinases), 
which are proteins linked to matrix metalloproteases and 
snake venom proteins. ADAMDEC1 has been associated with 

many inflammatory diseases, such as atherosclerosis and 
pulmonary sarcoidosis. ADAMDEC1 was strongly expressed 
in type M1 macrophages (proinflammatory) in skin biopsies 
of rosacea patients. Its inhibition prevented the polarization of 
the macrophages M1, and subsequent release of IL-6, iNOS, 
and TNF-α in the THP-1 cell line and in vivo in a murine 
model of rosacea induced by LL-37 [99]. Thus, ADAMDEC1 
could be a new player in inflammation in the pathology of 
rosacea by regulating the polarization of M1 macrophages. In 
the context of the eye, there is no information in the literature 
linking this molecule to ocular rosacea and ocular surface 
pathologies.

In Table 1, the major molecular findings involved in the 
deregulation of the innate and adaptive immune systems 
and clinical effects are shown. In Figure 3, the possible 
mechanisms of involvement of the immunity system in the 
pathophysiology of rosacea is indicated.

Deregulation of vascular control: The blood and lymphatic 
vessels are important for maintaining skin homeostasis. 
Increased skin blood flow, persistent vascular and lymphatic 
dilation, increased vascular permeability, and vascular hyper-
responsiveness are signs of rosacea [100,101]. Cathelicidins 
and VEGF are involved in vasodilation and angiogenesis 

Table 1. Major molecular findings involved in the deregulation of the 
innate and adaptive immune system and clinical effects.

Pathomechanism Major findings 
Cutaneous rosacea Ocular rosacea

Clinical features

Aberrant immune system 
- Innate immune system

• ↑ TLR-2 
• Activation of NF-kB pathway 
• ↑ Pro-inflammatory factors: 
IL-8, IL-1β, TNF-α, IL-18, IL-33 
• ER stress promotes activation 
of TLR-2

• ↑ TLR-4 
• Activation of NF-kB pathway 
• ↑ Pro-inflammatory factors: 
IL-1α and β, IL-6, TNF-α, 
MMP-8, MMP-9

Cutaneous inflammation: 
• Papules 
• Pustules 
Ocular inflammation: 
• Irritation of the eyelid and 
ocular surface 
• Epithelial defects 
• Corneal ulcers 
• Corneal neovascularization

• ↑ Activation of the NLRP3 
inflammasome: activation of 
caspase-1 and release of IL-1β

• Activation of the MAPK 
pathway: 
↑ p38 and Erk: release of pro-
inflammatory factors

• ↑ KLK-5 and cathelicidin 
• ↑ Release of pro-inflammatory LL-37: erythema, redness, inflamma-
tion, 
release pro-inflammatory factors, leucocyte chemotaxis
• ↑ Mast cell density: release 
of MMP-9, IL-6 and histamine 
that promote inflammation and 
fibrosis 
• ↑ Neutrophils and macrophages 
density

• ↑ β-defensins in tears: release of 
pro-inflammatory factors; leuco-
cytes chemotaxis and histamine 
release by mast cells

  - Adaptative immune 
system

• ↑ CD4(+) T cells 
• ↓ CD8(+) T cells  
• ↑ B cells

http://www.molvis.org/molvis/v27/323


Molecular Vision 2021; 27:323-353 <http://www.molvis.org/molvis/v27/323> © 2021 Molecular Vision 

329

Figure 3. Possible mechanisms of involvement of both innate and adaptive immunity in rosacea pathophysiology. Activation of Toll-like 
receptor 2 and 4 (TLR-2, 4), which are expressed in different cell types in the skin and the eye, after stimulation by various external stimuli 
induces the production of the antimicrobial peptide human cathelicidin peptide (LL)-37 by activation of the serine protease kallikrein 5 
(KLK-5), which cleaves the precursor peptide 18-kDa cationic antimicrobial protein (CAP-18) into the active form LL-37. KLK-5 is regulated 
by several other activators, including matrix metalloproteinase-9 (MMP-9), and repressors, such as the Kazal-type lymphoepithelial inhibitor 
(LEKTI). LL-37 activation by either KLK-5 or protease-activated receptor 2 (PAR-2) results in the activation and degranulation of mast 
cells, which release proinflammatory mediators, including MMPs, tumor necrosis factor- α (TNF-α), and interleukins (ILs), leading to 
the initiation or aggravation of inflammation at the cutaneous and ocular levels. Histamine release leads to fibrosis and the appearance of 
phyma. The activation of the nuclear factor kappa B (NF-κB) signaling pathway by TLRs or active MAPK protein 38 (p38) and extracellular 
signal-regulated kinase (Erk) can also activate the NF-κB pathway, leading to the release of several proinflammatory factors, including 
IL-33, IL-8, IL-18, and IL-1β. Their release can also be increased by the activation of the nucleotide-biding domain leucin-rich repeat and 
pyrin-containing receptor 3 (NLRP3) inflammasome. Endoplasmic reticulum (ER) stress participates in inflammatory mechanisms through 
the release of activating transcription factor 4 (ATF4), which promotes the activation of TLR-2. Sphingosine-1-phosphate (S1P) leads to 
the activation of enhancer-binding protein α (EBP-α), which also activates LL-37. Neutrophils release reactive oxygen species (ROS) and 
proteases. Macrophages, where M1 polarization appears to be favored by Adamdec1, also participate in inflammation by secreting other 
inflammatory factors, such as proteases or MMPs, TNF-α, ILs, and serine proteases. Plasmacytoid dendritic cells (pDCs) promote the 
activation of B and T cells. TH1 and TH17, polarized CD4(+) T cells of the adaptive immune system, secrete interferon-gamma (IFN-γ) and 
IL-17, respectively, leading to chemotaxis of other leukocytes by enhancing chemokine (C motif) ligand (CCL) and chemokine (C-X-C motif) 
ligand (CXCL) expression and increased activation of LL-37. TH17 cells are thought to stimulate the activity of koebnerisine (S100A15), an 
antimicrobial peptide that promotes the recruitment of inflammatory cells.
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[102]. In skin biopsies of rosacea patients, VEGF expression 
is increased in the epidermis and in infiltrating cells, asso-
ciated with enhanced expression of platelet/endothelial cell 
adhesion molecule-1 (CD31), a marker for the endothelium 
of blood vessels, and D240, a marker for lymphatic vessels 
[24,103,104]. Elevated levels of VEGF receptors, VEGF-R1 
and VEGF-R2, were measured in the vascular endothelium, 
infiltrating mononuclear cells, and the serum of patients with 
rosacea [105].

LL-37 exerts proangiogenic effects through the activa-
tion of formyl peptide type 1 (FPR1) receptor, epidermal 
growth factor receptor (EGFR), and downstream signaling in 
epithelial cells [104]. LL-37 can also increase levels of VEGF 
in epidermal keratinocytes [36]. The injection of LL-37 into 
the skin of mice promoted erythema and vascular dilation 
[61], and LL-37 increased the density of microvessels and the 
expression of VEGF [41]. An important role of endothelial 
cells is their ability to express adhesion molecules, such as 
the vascular cell adhesion molecule-1 (VCAM-1) or the intra-
cellular adhesion molecule-1 (ICAM-1) and selectins [106]. 
LL-37 has been shown to increase the expression of ICAM-1 
on endothelial cells in patients with atherosclerosis [107]. In a 
recently released study, biopsies from rosacea patients showed 
high expression of the VCAM-1, ICAM-1, and E-selectin 
molecules, along with high expression of LL-37 [108].

It has been reported that increased ER stress, accom-
panied by an increase in LL-37, promotes angiogenesis. ER 
stress increases the expression of factor VEGF-A in rosacea 
[24], and ATF4 acts as a transcription factor for VEGF-A 
[109]. Thus, ER stress, via LL-37 and the control of the regu-
lation of VEGF-A seems to be involved in vascular anomalies 
of rosacea.

Angiogenesis and inf lammation can act as mutual 
enhancers [110]. VEGF has both an angiogenic and inflam-
matory regulatory role, and inhibition of vascular activation 
has been shown to have anti-inflammatory properties [17].

One of the severe complications of ocular rosacea is CNV 
and subsequent corneal remodeling and opacification. It is 
defined by the appearance of new vessels, which develop from 
preexisting vessels and invade the initially avascular cornea 
due to a disturbance in the balance between proangiogenic 
and antiangiogenic factors. Abnormal growth of blood vessels 
and the resulting corneal opacity affect corneal transparency 
[111]. CNV is associated with the production of TNF-α, 
MCP-1, IL-6, and proangiogenic factors, such as VEGF and 
FGF, by corneal endothelial cells, Langerhans cells, macro-
phages, and inflammatory cells [112]. VEGF deregulates the 
production of MMPs and stimulates the formation of blood 

vessels, and the angiogenic cascade is amplified by inflam-
mation [112,113]. In the physiological state, corneal avascu-
larity is maintained by soluble forms of the VEGF receptors, 
VEGF-R1 and 3, which act as endogenous blockers of the 
proangiogenic action of VEGF [111]. In contrast, VEGF stim-
ulates corneal angiogenesis mainly by the activation of the 
membrane isoform VEGF-R2. Numerous studies have shown 
an upregulation of VEGF in the vascular corneas. Its expres-
sion is markedly increased in corneal epithelial cells with 
inflammation, in corneal endothelial cells, vascular endo-
thelial cells, and in macrophage infiltrates [114]. IL-1β has 
also been shown to induce CNV [115]. In a model of CNV in 
rats by implantation of disks impregnated with an angiogenic 
stimulator (basic FGF or VEGF), the antagonism of IL-1β 
allowed a significant decrease in angiogenesis in vivo, with 
a decrease in corneal neovessels confirmed by a decrease in 
CD31 expression. Anti-angiogenic factors are also expressed 
in the corneal epithelium, such as thrombospondin-1 (TSP-1) 
and the pigment epithelium-derived factor (PEDF), which has 
been identified as a potent antiangiogenic factor contributing 
to the inhibition of the growth of new corneal vessels [116].

The cytokines IL-6 and IL-17 have been shown to induce 
CNV and stimulate the production of VEGF. Angiotensin II, 
a potent inducer of vascular inflammation, has been shown 
to combine with IL-6 and stimulate the induction of VEGF. 
Activation of STAT3 by IL-6 can also lead to the production 
of VEGF in corneal fibroblasts [117]. IL-17 promoted the 
production of VEGF in cultured fibroblasts, associating this 
molecule with angiogenesis and rosacea [118]. In addition, as 
seen in skin rosacea, the levels of IL-18, which is involved in 
the activation of the inflammasome, are increased. However, 
its role in the eye remains unclear. It has been shown that, 
in patients with macular edema because of retinal venous 
occlusion, IL-18 levels increase significantly after treat-
ment, with high levels of IL-18 being correlated with good 
visual outcome [119]. An inverse relationship between IL-18 
expression and VEGF has been shown. Indeed, in patients 
with ischemic retinopathy, the suppression of VEGF is 
accompanied by an increase in the expression of IL-18. In 
addition, injecting IL-18 intraocularly reduces VEGF-induced 
leakage and neovascularization. This shows that IL-18 and 
VEGF suppress the production and effects of the other on the 
vascular system, suggesting an antiangiogenic role for IL-18. 
To our knowledge, this relationship has not yet been explored 
in the case of ocular rosacea.

The expression and cellular distribution of leukocyte 
adhesion molecules have been studied in ocular rosacea 
[120,121]. Conjunctival biopsies from patients with ocular 
rosacea showed expression levels of LFA-1, its ligand 
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ICAM-1, and VCAM-1, which showed perivascular cell 
distribution, compared with the control group. CD105, which 
is involved in angiogenesis and vascular remodeling, has 
shown low levels in the normal and healthy vascular endothe-
lium and increased levels in patients with ocular rosacea with 
inflammatory activation [28]. Thus, the expression of these 
molecules allows the recruitment of leukocytes contributing 
to the immune response, as observed in cutaneous rosacea.

Deregulation of neuronal and neurovascular control: The 
neuronal control of inflammation and vascular dynamics 
could be a plausible link for the different signs of cutaneous 
and ocular rosacea. Patients with skin rosacea are sensitive to 
triggers, such as cold, heat, UV rays, stress, and many others, 
which indicate the relevance of the sensory and autonomic 
nervous systems in the pathogenesis of the disease. Sensory 
and autonomous nerves are important in controlling immu-
nity and vessel dynamics. Close collocation between sensory 
nerves and blood vessels has been found in the skin of rosacea 
patients [122].

The TRP receptors hypothesis: Most of the environmental 
factors described above activate ion channels with TRP, a 
family of nonselective cation channels permeable to Ca2+ 
having sensory and signaling functions throughout the body 
and reactive to thermal, chemical, and mechanical stimuli. 
The TRP channels are divided into the seven following 
subfamilies: ankyrin (TRPA), cationic (TRPC), melastatin 
(TRPM), mucolipin (TRPML), mechanosensory (TRPN), 
polycystic (TRPP), and vanilloid TRP (TRPV). Different 
stimuli can activate TRP, including the following: pungent 
compounds, such as capsaicin (TRPV-1) and mustard oil 
(TRPA-1 and TRPV-1), heat (TRPV-1), cold (TRPA-1), UVB 
irradiation (TRPV-4), and cosmetics (TRPA-1) [123]. TRPs, 
which are located in sensory nerves and other nonneuronal 
cells, such as mast cells, dendritic cells, and endothelial cells 
and keratinocytes, are capable of triggering cell secretion 
events via the influx of cations, including Ca2+, and they are 
known to participate in nociceptive and neurogenic inflam-
matory processes. When the TRP channels are activated by 
external stimuli, such as heat, this leads to the release of vaso-
active neuropeptides, such as substance P (SP), the peptide 
linked to the calcitonin gene (CGRP), the activator polypep-
tide of l pituitary adenylate cyclase (PACAP), the vasoactive 
intestinal peptide (VIP), or even bradykinin, associated with 
centrofacial vasodilation [20].

In rosacea skin, abnormally high expressions of certain 
TRPs have been found, including TRPV-1, which has 
proinflammatory properties and is involved in vasoregula-
tion contributing to acute and chronic pain; TRPV-2, which 
is involved in vasodilation and immunomodulation; and 

TRPV-3, which is involved in inflammation and fibrosis 
[25]. Neurovascular deregulation of these receptors could 
contribute to the onset of flushing seen in rosacea skin. In 
particular, an increase in the density of nerve fibers, as well 
as an increase in the expression of TRPV-1 expression has 
been found in the skin of patients with erythematotelangiec-
tatic rosacea compared with healthy skin [17]. Interestingly, 
channels TRPV-2 and 4 have been shown to be co-located 
with mast cells in the skin of rosacea patients [25]. In vivo, in 
the LL-37 mouse model, increased expression of TRPV-2 and 
TRPV-4 was shown in mouse skin, as was the colocalization 
of TRPV-2 with mast cells. In vitro, using primary murine 
mast cells, increased expression of TRPV-2 and TRPV-4 was 
observed in response to LL-37, and activation of TRPV-4 
induced mast cell degranulation via Ca2+ flux [124]. LL-37 
could increase the expression of TRPV-4 via the activation of 
a protein-coupled receptor, Mas-related gene X2 (MRGX2), 
leading to the activation of mast cells and their degranula-
tion stimulated by the influx of Ca2+ [125]. This activation 
of mast cells could also involve the p38 and Erk MAPK 
signaling pathway. In fact, its inhibition showed a consider-
able decrease in the degranulation of mast cells induced by 
LL-37 [126]. Since TLR-2 signaling pathways are involved in 
neuroinflammation and neuronal damage [127], the associa-
tion between neurons and immune deregulation could in part 
be explained by TLR-2.

The TRPC-1, TRPC-4, and TRPA-1 channels have also 
been shown to be involved in vascular permeability. In one 
study, Paria et al. [128] showed that TNF-α-induced expres-
sion of TRPC-1 led to increased Ca2+ influx and vascular 
permeability. Mice deficient in TRPC-4 showed reduced 
endothelial permeability [129]. TRPA-1, another subfamily 
of TRP channels, has been shown to be regulated in skin 
rosacea. Like TRPVs, TRPAs are expressed in sensory 
neurons, and in 50% of cases, coexpressed with TRPV-1 
receptors, suggesting mutual control of transduction of 
stimuli in sensory neurons [130]. These channels are tempera-
ture sensitive and have been shown to be activated by spices, 
such as mustard oil and cinnamon, and thermal stimuli. In 
addition, they have been shown to mediate vasodilation [131]. 
In rat neurons, TRPA-1 channels have been shown to be 
collocated with PAR-2, which, as we have seen, contributes 
to inflammation and is activated by proteases, such as KLK-5. 
Therefore, PAR-2 appears to be involved in inflammation, as 
well as a neuronal process via TRPA-1, which further exac-
erbates the inflammatory response.

The eye is innervated by three types of nerves—sensory, 
sympathetic, and parasympathetic nerves. Several publica-
tions in the literature have studied the involvement of TRP 
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channels and neurotransmitters in the eye. However, to our 
knowledge, there are no studies to date that directly link these 
molecules to ocular rosacea.

The cornea is densely innervated by sensory nerve 
fibers from the trigeminal nerve, which enters the corneal 
stroma through the limbus and innervates the corneal epithe-
lium. Corneal innervation contributes to high sensitivity 
to physical and chemical stimuli [132]. Correct innerva-
tion is essential for maintaining the structure and function 
of the cornea. Different subtypes of TRP channels are 
expressed in cells and on human corneal sensory nerve 
endings, including TRPV-1–4, TRPA-1 and TRPM-8 and 
conjunctival including TRPV-1, 2, and 4 [133]. The degree 
of TRPV-1 immunoreactivity in the corneal neurons is also 
higher than that observed in the skin. In humans, TRPV-1 is 
expressed in all the corneal layers, in the basal layer of the 
conjunctiva, while TRPA-1 is only expressed in the corneal 
endothelium [134,135]. The TRPV-1 and TRPA-1 subtypes 
have been shown to be involved in the healing of corneal 
wounds by stimulating cell proliferation and migration, in 
transparency, in fibrosis, neovascularization, and inflamma-
tion with the release of proinflammatory cytokines including 
IL-6 and IL-8 via the p38 and Erk MAPK signaling pathway 
and the activation of NF-κB [136,137]. In a mouse model of 
CNV by chemical burn, the activation of TRPV-1 in all the 
corneal layers induced fibrosis, deregulated inflammation, 
neovascularization, opacification, and release of corneal 
resident cytokines leading to the activation of immune cells 
[138]. Corneal transparency was restored in mice deficient 
in TRPV-1, accompanied by a decrease in the release of 
proinflammatory cytokines. Improved healing has also been 
observed with repeated intraperitoneal injections of TRPV-1 
antagonists [138]. In addition, TRPV-1 has been shown to be 
associated with transforming growth factor-beta 1 (TGF-β1) 
and to cause fibrosis [139]. A decrease in inflammation and 
fibrosis has also been shown in mice deficient for TRPA-1 
[140]. In a recent study, the involvement of TRPA-1 in wound 
healing and neovascularization was studied using a model 
for the healing of corneal lesions in mice leading to CNV 
[141]. Removal of TRPA-1 significantly reduced expression 
of CD31, reduced infiltration of stromal macrophages, and 
expression levels of VEGF-A and TGF-β1 by 70%. Targeting 
the activation of TRPA-1 may be a therapeutic option to 
improve visual acuity by improving corneal transparency.

Studies have shown that TRPM-8 channels, which are 
sensitive to cold and expressed in the eyelid and cornea, 
are involved in neuropathic pain and dry eyes [142]. Mice 
deficient in TRPM-8 showed a reduction in basal secretion 
of tears, indicating a role for TRPM-8 in controlling basal 

lacrimal flow [143]. More recently, TRPV-1 and TRPA-1 
channels have also been implicated in dry eye. In a tear-
deficient dry eye model, stimulation with TRPA-1 agonist, 
mustard oil (agonist of TRPA-1), on the eyes showed a 
decrease in tear secretion by 50% and significantly increased 
spontaneous blinking [144].

The role of neurotransmitters: The TRPV receptors and 
neuropeptides produced are linked to the inflammatory 
immune mechanisms of rosacea through neurogenic inflam-
mation, in which the sensory nerves contribute to inflamma-
tion. Elevated levels of neuropeptides, such as PACAP, SP, 
VIP, and CGRP, have also been found in the skin of rosacea 
patients, and they tend to increase the expression of TRPV 
channels [122]. Neuropeptides/neurotransmitters released 
from sympathetic and sensory nerve endings regulate the 
main immune functions, such as antigen presentation, anti-
body production, T cell activity, lymphocyte activity, and 
cytokine secretion (neuroinflammation). They can recruit 
and activate target immune cells, such as neutrophils, macro-
phages, and mast cells, which express the α- and β-adrenergic 
receptors, by the upregulation of vascular adhesion molecules 
[145-148]. The modulation of α-adrenergic receptors and 
the inhibition of β-adrenergic ones has been shown to be 
useful in some patients [122]. In turn, activated macrophages 
secrete proinf lammatory factors, such as MMPs, IL-1, 
TNF-α, and IL-12, and activated neutrophils secrete reactive 
oxygen species (ROS) and proteases. Mast cells, stimulated 
by neuropeptides, cause the release of histamine, which is 
involved in vasodilation and inflammation; tryptase, a fibro-
blast chemoattracting agent, and MMPs [122,149,150]. The 
activation of fibroblasts and the production of MMPs can 
subsequently lead to cutaneous fibrosis observed in rosacea 
at an advanced stage.

SP has been shown to be involved in the vascular perme-
ability and plasma extravasation seen in rosacea skin, while 
the other molecules are associated with vasodilation. The 
release of SP increases the expression of ICAM and VCAM 
in vascular endothelial cells and the release of VEGF from 
mast cells, promoting the proliferation and vascularization of 
endothelial cells [88]. The neuropeptide CGRP is a powerful 
vasodilator that contributes to neurogenic vasodilation and 
the recruitment of leukocytes. SP and CGRP have been shown 
to promote the polarization of Langerhans cells, which are 
epidermal dendritic cells involved in the presentation of the 
antigen, toward TH2-type immunity [151]. The neuropeptide 
PACAP also appears to be important in pathogenesis. The 
injection of PACAP into the skin of mice has been shown to 
upregulate the expression of proteases MMP-1 and MMP-9, 
as well as the expression of proinflammatory cytokines, 
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such as TNF-α and CXCL2 [73,152]. The increased release 
of MMP-9 could further lead to inflammation via the LL-37 
pathway because MMP-9 promotes the cleavage of catheli-
cidin into the LL-37 peptide [61]. PACAP can also stimulate 
the release of nitric oxide (NO) from endothelial cells, leading 
to vasodilation [153]. These observations suggest the involve-
ment of neurogenic inflammation in the pathophysiological 
mechanism of cutaneous rosacea, although it is not yet clear 
whether neural activation precedes or follows the inflamma-
tory infiltrate.

In the eye, the neurotransmitters SP and CGRP were 
detected in these corneal fibers. In addition to being known in 
neuroinflammatory processes and modulating the processing 
of the nociceptive signal, SP is involved in the healing of 
corneal wounds. It has been shown in mice that approxi-
mately 59% of the total epithelial innervation is occupied 
by nerves expressing SP [154]. In addition, co-expression of 
TRPV-1 with CGRP and with SP in the corneal neurons has 
been demonstrated [155]. Thus, TRPV-1 could increase the 
release of SP and CGRP in the cornea, as in the skin. When 
released from the corneal nerves, SP and CGRP contribute to 
the development of a local neurogenic inflammatory response 
[156].

In Table 2, the major molecular findings involved in the 
deregulation of both the vascular and neurovascular systems 
and clinical effects are shown. In Figure 4, the involvement of 
both neuronal and neurovascular systems in the pathophysi-
ology of rosacea is indicated.

Deregulation of the function of sebaceous and meibomian 
glands:

The sebaceous glands—The surface of the skin is 
covered by an emulsion of water and grease, forming a 
hydrolipidic film constituting a protective barrier against 
microorganisms. The sebaceous glands are intradermal 
glands present all over the body that secrete sebum, a mixture 
of lipids and cellular debris, which is important to prevent 
drying of the skin and which enters the composition of the 
hydrolipidic film of the skin. Dysfunction of the sebaceous 
glands has been evidenced in various dermatological patholo-
gies, such as acne vulgaris, atopic dermatitis, and psoriasis 
[157].

The link between the sebaceous glands and rosacea 
emerged when treatment with oral isotretinoin (retinoids), 
which inhibits sebum secretion by the sebaceous glands and 

Table 2. Major molecular findings involved in the deregulation of both 
vascular and neurovascular system and clinical effects.

Pathomechanism Major findings 
Cutaneous rosacea Ocular rosacea

Clinical features

Deregulation of vascular 
system

• ↑ Blood flow, persistent vascular and lymphatic dilatation Cutaneous rosacea: 
• Angiogenesis 
• Vasodilatation 
• Erythema 
• Vascular permeability 
• Telangiectasia 
• Inflammation 
• Oedema 
• Fibrosis 
Ocular rosacea: 
• Angiogenesis (corneal 
neovascularization) 
• Vasodilatation 
• Erythema 
• Telangiectasia

• ↑ CD31 and D240 
• ↑ Expression levels of VCAM-1, ICAM-1, E-selectine and CD105
• ↑ Expression levels of VEGF in epidermis and infiltrating cells, in 
corneal epithelial cells, vascular endothelial cells and macrophage 
infiltrates
• ↑ LL-37 promotes VEGF 
expression, erythema and vascular 
dilatation

 
• Mast cells participate in vascular 
mechanisms by releasing VEGF, 
bFGF and histamine

Deregulation of neurovas-
cular system

• ↑ TRPV-1,2,3,4 and TRPA-1 
• TRPV-2,4 stimulate mast cells 
degranulation 
• LL-37 promotes TRPV-2,4 
activation

• TRPV-1 and TRPA-1 involved 
in corneal wound healing, 
corneal transparency, fibrosis, 
inflammation and neovascular-
ization 
• TRPM-8 involved in dry eye

• ↑ PACAP, SP, VIP and CGRP 
• SP involved in vascular perme-
ability and plasma extravation 
• PACAP, VIP and CGRP 
involved in vasodilatation

• SP and CGRP involved in 
neuro-inflammatory processes 
and in corneal wound healing

http://www.molvis.org/molvis/v27/323


Molecular Vision 2021; 27:323-353 <http://www.molvis.org/molvis/v27/323> © 2021 Molecular Vision 

334

was prescribed for acne, unexpectedly reduced erythema and 
papulopustules in patients with cutaneous rosacea [158]. The 
lipid analysis of skin hydrolipid film showed that rosacea 
is associated with a decrease in long-chain saturated fatty 
acids [159], resulting in reduced skin hydration, although the 
amounts and rates of sebum secretion are unchanged and do 
not correlate with the disease severity [157,160]. Alteration 
of the lipid film quality and the resulting skin dryness favor 

rosacea. Indeed, in 135 rosacea patients, the erythematotel-
angiectatic rosacea subtype was more common in dry skin 
than it was in seborrheic skin [161]. Sebocytes contribute to 
inflammatory response in rosacea, releasing many proin-
flammatory factors and adipokines, such as IL-6 [162]. When 
exposed to danger signals, human sebocytes rapidly acquire a 
competent immune status [163]. Recent data have shown that 
skin treated with α-bungarotoxin, an acetylcholine receptor 

Figure 4. Possible mechanisms of neuronal and neurovascular deregulation in the rosacea pathophysiology mediated by the transient 
receptor potential (TRP) channel family. Vanilloid TRP (TRPV) and ankyrin TRP (TRPA), among others, are expressed in neuronal and 
nonneuronal cells and activated by external stimuli, such as heat, cold, or UV B (UVB) irradiation, and they are significantly regulated 
upwards in rosacea. An influx of Ca2+ by the activation of these receptors induces the release of neuropeptides such as substance P (SP), 
the peptide related to the calcitonin gene (CGRP), the polypeptide activator of the pituitary adenylates (PACAP), the intestinal vasoactive 
peptide (VIP), and ATP. These neuropeptides can stimulate immune cells, such as mast cells, neutrophils, macrophages, and CD4+ T cells, 
that release proinflammatory mediators, such as matrix metalloproteinases (MMPs), tumor necrosis factor-α (TNF-α), interferon-γ (IFN-γ), 
interleukins (ILs), proteases, and reactive oxygen species (ROS), leading to the initiation or aggravation of inflammation. Toll-like receptor 2 
(TLR-2) activates kallikrein 5 (KLK-5), which activates the antimicrobial peptide of cathelicidin (LL-37). LL-37 is known to be an activating 
factor of mast cells. Furthermore, mast cells can also release VEGF, contributing to vasculogenesis. The action of neuropeptides on blood 
vessels leads to vasodilation, which is responsible for erythema and flushing, and to vascular permeability, which is responsible for plasma 
extravasation, leading to edema. The release of histamine from mast cells promotes vasodilation and the onset of fibrosis. The release of 
VEGF by mast cells promotes vasculogenesis. The sebaceous and meibomian glands exhibit sensory and autonomic nerve regulation with 
the expression of neurotransmitters. This regulation could contribute to the development of the disease.
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antagonist, decreases sebum secretion and size, suggesting 
that autonomous innervation regulates the function of the 
sebaceous glands [164].

Several studies have shown a dysfunction of the seba-
ceous glands associated with a permeability barrier altera-
tion in the skin of patients with rosacea. In a recent study, 
Medgyesi et al., have shown that all major components of the 
skin barrier are altered in papulopustular rosacea, including 
the altered expression of cornified envelope components, tight 
junction molecules, barriers alarmins, and AMPs [165]. The 
barrier disruption may contribute to disease pathophysiology.

The meibomian glands—The meibomian glands are 
sebaceous glands located in the epidermis of the lower and 
upper eyelids, which secrete meibum, a source of tear lipids. 
They play an essential role in the homeostasis of the ocular 
surface and in the stability of the tear film, which is the 
second line of defense of the ocular surface after the eyelids. 
Any meibomian gland dysfunction leads to poor lubrication 
of the ocular surface, which manifests by redness, swelling 
of the edge of the eyelids, and palpebral conjunctivitis around 
the orifices of the meibomian glands. The term “meibomian 
gland dysfunction” (MGD) was introduced in 1980 by Korb 
and Henriquez [166] to describe the obstruction in the 
meibomian gland by hyperkeratinization of the glandular and 
epithelium, accompanied by a change in the viscosity of the 
meibum leading to meibomitis. MGD can be secondary to 
medication intake such as antidepressants or antihistamines, 
to pollution, certain dermatological diseases such as rosacea, 
and infection with a microorganism, which is an important 
element in the development of MGD. The meibomitis repre-
sents a facet of the general dysfunction of the sebaceous 
glands in association with dermatological disorders of which 
cutaneous rosacea [167].

One of the main eye signs of ocular rosacea is MGD, 
as observed in several previous studies [13,26]. MGD has 
been reported in 50% to 93% of patients with ocular rosacea. 
MGD is the most common cause of dry eye, which is one of 
the symptoms of ocular rosacea [168]. Instability of the tear 
film damages the ocular surface epithelium, leading to the 
production of proinflammatory cytokines, which aggravate 
ocular surface inflammation and worsen the MGD [169]. The 
proinflammatory factors secondary to MGD cause inflam-
matory signs in eyelid edges [170].

A gene expression study was conducted on meibomian 
glands isolated from the eyelids of patients with MGD. Nearly 
400 genes were differentially regulated, such as genes coding 
for small proline-rich proteins (SPRRs), calcium binding 
proteins S100 (S100A7, A8, and A9), or genes coding for 
keratins [171]. The SPRR proteins and A8 and A9 proteins 

have been shown to be involved in the development of the 
epidermis and keratinization [172,173]. Thus, they could 
be involved in the hyperkeratinization observed in patients 
with MGD. In addition, the proteins S100A8 and A9 are 
also involved in inflammatory processes, promoting the 
recruitment of leukocytes to the site of inflammation and 
the release of proinflammatory factors. Furthermore, these 
proteins form a heterodimer called calprotectin, known to 
be a TLR-4 agonist, which is overexpressed in patients with 
ocular rosacea [174]. Thus, these molecules could be partly 
responsible for the ocular inflammation observed in the eyes 
and the eyelid edges of patients with ocular rosacea.

Patients with ocular rosacea have been shown to have 
decreased tear production and a low clearance rate [13]. 
Barton et al. and Afonso et al. [53,54] have shown that, the 
lower the tear clearance rate in these patients, the higher the 
concentrations of IL-1α and MMP-9.

The meibomian glands present nervous regulation 
through their rich sensory, sympathetic, and parasympathetic 
innervation [175,176]. These nerve fibers express neurotrans-
mitters, such as CGRP, SP, or VIP, released in the vicinity of 
the glands, which act on glandular receptors [177,178]. These 
compounds are known to stimulate lacrimal gland secre-
tion [179] and could regulate meibomian gland secretion. 
However, this remains to be demonstrated.

Endogenous factors:

Genetic predisposition—Rosacea patients are four 
times likelier to have a family member with rosacea [180]. 
Homozygous twins have clinical rosacea scores, as defined 
by the National Rosacea Society (NRS), that is higher than 
those observed for heterozygous twins; this demonstrates a 
contribution of genetic determinant in the disease [15].

A genome-wide association study (GWAS) showed that 
rosacea was associated with three alleles of human leukocyte 
antigen (HLA) class II, molecules that present antigens to 
immune cells [181]. Moreover, a single-nucleotide polymor-
phism (SNP) in the region of the HLA, the rs763035 polymor-
phism located between the Human Leukocyte Antigen – DR 
isotype (HLA-DRA) genes, an allele of the major histocom-
patibility complex of class I, and butyrophilin-like protein 2 
(BTLN2)—which is also involved in the immune system in 
the activation of T lymphocytes [182]—have been associated 
with rosacea [181].

A null mutation polymorphism has been found in the 
gene that codes for glutathione S-transferase (GST), which is 
involved in cellular defense against oxidative stress [183]. The 
null genotypes GST mu 1 (GSTM1) and GST theta 1 (GSTT1) 
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have been shown to be associated with a higher risk of devel-
oping the disease. The increase in ROS or the decrease in 
antioxidant potential, two characteristics observed in patients 
with rosacea, could be linked to the polymorphism of the 
GST gene.

SNP rs3733631, located in the tachykinin 3 receptor 
gene (TARC-3)—which comprises the endogenous ligand 
neurokinin B—was found in patients with rosacea, with a 
higher frequency than in the control group [184]. Tachyki-
nins are a family of neuropeptides including substance P, 
neurokinin A, and neurokinin B, which bind to the TARC-1, 
TARC-2, and TARC-3 receptors, respectively. Neurons in the 
hypothalamus that express neurokinin B have been shown 
to promote skin vasodilation and estrogenic modulation of 
body temperature, leading to hot flashes in postmenopausal 
women, a characteristic common to rosacea [185]. The gene 
that codes for the TLR-2 receptor located on chromosome 
4q32 has been shown to be adjacent to TARC-3 located at 
4q25. Polymorphism in the TARC-3 receptor may contribute 
to the increased expression of TLR-2 seen in rosacea. This 
hypothesis remains to be confirmed.

The rs11168271 (ApaI), rs731336 (TaqI), and rs11568820 
(Cdx2) polymorphisms in the vitamin D receptor (VDR) have 
been associated with rosacea. The authors demonstrated that 
polymorphisms of heterozygous and mutant ApaI alleles 
increased the risk of rosacea, while polymorphisms of mutant 
TaqI alleles decreased the risk of rosacea. Likewise, the 
heterozygous Cdx2 alleles increased the risk of rosacea, while 
the wild forms of the ApaI and mutant TaqI alleles reduced 
the risk. This demonstrates the involvement of vitamin D 
signaling in the disease [186,187].

Recently, Hayran et al. [105] investigated the association 
between polymorphisms in the gene that codes for the proan-
giogenic factor VEGF and rosacea. The study showed high 
expression of VEGF in the facial skin biopsies of patients with 
rosacea compared to the healthy group. Interestingly, they 
observed that the heterozygous and homozygous +405C/G 
polymorphism of the gene encoding VEGF increased the risk 
of rosacea by 1.7 times. A positive correlation between the 
severity of clinical signs and the +405C/G polymorphism has 
been found in patients with erythematotelangiectatic rosacea 
[105]. Although genetic predispositions favor the occurrence 
and severity of the disease, it seems to be one of the factors 
in a multifactorial and complex disease.

Corticosteroids—Corticosteroids are hormones 
secreted by the cortex of the adrenal glands. In this part of 
the gland, a distinction is made between mineralocorticoids 
(aldosterone) in the glomerular zone, glucocorticoids (GCs) 
in the fasciculate zone, and androgens in the reticulate zone.

Because of their anti-inflammatory and immunosup-
pressive properties, GCs are used in the treatment of many 
inflammatory ocular and skin conditions. However, GCs 
delay wound healing [188,189], and chronic treatment of 
dermatological diseases with steroids results in a clinical 
form similar to rosacea, called rosacea-like dermatitis 
induced by steroids or perioral dermatitis [190-192]. This 
includes erythema, pustules, and papules like those seen in 
rosacea skin. Thus, GCs could contribute to disease patho-
genic mechanisms.

The skin is the target organ of systemic GCs. The GC 
receptor (GR) has been shown to be involved in the differ-
entiation of keratinocytes and in the formation of the skin 
barrier. In addition, keratinocytes express several enzymes 
that are necessary in the GCs production pathway, such 
as cytochrome P450 11A1 (CYP11A1), cytochrome P450 
17A1 (CYP17A1), cytochrome P450 21 (CYP21), or even the 
metastatic lymph node 64 (MLN64) protein [193]. The skin 
cells express human 11β-hydroxysteroid dehydrogenase type 
1 (11β-HSD1) and 11β-hydroxysteroid dehydrogenase type 
2 (11β-HSD2), which transform cortisone into cortisol and 
vice versa, allowing activation and inactivation of GCs in 
the skin. In rosacea skin, the expression levels of CYP11A1, 
CYP21A2, and 11β-HSD1, as well as the expression of GR, 
increase significantly, suggesting de novo synthesis of GCs 
and their receptors simultaneously [194,195]. The sebaceous 
glands have been demonstrated to be a key target of GCs, 
acting as enzyme factories to produce GCs. The expression 
of CYP11A1 was increased in the sebaceous glands and in the 
epidermis of patients [194].

Surprisingly, GCs can enhance the expression of TLR-2 
in human keratinocytes in culture through activation of the 
p38 MAPK signaling pathway, which is abolished by the GR 
antagonist RU 486 [196]. GCs induce TLR-2, which induces 
the recruitment of MyD88, a TLR-2 adaptor molecule [197]. 
However, a direct link between the expression of TLR-2 by 
GCs and the increase in inflammatory responses mediated 
by TLR-2 has not yet been demonstrated. Thus, GCs could 
paradoxically strengthen immunity by upregulating TLR-2. 
Different studies have shown that UV radiation, one of the 
aggravating factors of rosacea, upregulates 11β-HSD1 and 
downwardly adjusts 11β-HSD2, stimulating the production 
of GCs [198-200].

Although GCs represses the NF-κB pathway and the 
transcription of anti-inflammatory genes [201], hyperacti-
vation of the mineralocorticoid receptor, which binds GCs 
and aldosterone with similar affinity, caused epidermal 
hyperplasia, impaired differentiation, and increased dermal 
infiltrates, correlating with increased NF-κB signaling and 
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upregulation of TNF-α and IL-6 cytokines, showing that 
doses of GCs prone to saturate both receptors could contribute 
to GC-induced skin side effects [202,203]. GC-induced skin 
atrophy was also shown to result from inappropriate activa-
tion of the mineralocorticoid receptor, and it was prevented 
by mineralocorticoid receptor antagonism [204].

Synthetic GCs are widely used to treat several eye condi-
tions. However, some patients receiving chronic treatment are 
likely to develop increased intraocular pressure, cataracts 
leading to vision loss, or sensitivity to infections [205]. In the 
cornea, GCs are known to inhibit the growth of vessels and 
decrease inflammation, but as in the skin, they are also asso-
ciated with delayed healing of corneal wounds [206] through 
activation of the mineralocorticoid pathway [207-209].

The relationship between immunity and NF-κB and GCs 
in ocular rosacea has not yet been studied. It would be inter-
esting to know whether there is a link between inflammatory 
immunity and corticosteroids in ocular rosacea. In Table 3, 
the major molecular findings of the aggravation of the disease 
by endogenous factors and clinical effects are shown.

Exogenous factors:

Demodex—Demodex mites are other factors that may 
be related to the initiation or worsening of ocular and skin 
rosacea. Demodex folliculorum (D. folliculorum) and D. 
brevis are the two species described that can colonize human 
skin. D. folliculorum is found in hair follicles, while D. brevis 
is found mainly in the sebaceous and meibomian glands. 
Demodex mites colonize all areas of human skin, but a larger 
number is found in the facial skin [210]. These mites gener-
ally do not cause dermatological problems unless they reach a 

large number (≥5 mites/cm2) or enter the derma [211-213]. The 
association between Demodex and rosacea is strong, although 
the mechanisms remain unknown and controversial [214]. 
The mite population is five to seven times higher on skin 
biopsies of rosacea patients, and it correlates with the disease 
severity, being mostly found in papulopustular and infil-
trating forms of the disease [39,211,212,215-219]. Quality and 
quantity of sebum are considered responsible for increased 
mite infestation [159,213,220,221], in that mite infestation is 
more frequent in drier or seborrheic skin [31] compared with 
normal skin [210]. Kubanov et al. [222] showed that Demodex 
colonization increases the duration of the disease (more than 
5 years) and the likelihood of recurrence (from one to three 
relapses in 40% of patients), as well as that severe forms of 
rosacea are mostly associated with D. folliculorum.

Increased numbers of mites have been implicated in 
skin inflammation and the further aggravation of rosacea 
[39,215,223]. Indeed, Lacey et al. [214] have shown that live 
Demodex mites cocultivated with human sebocytes can 
modulate the immune response in vitro. In small numbers, 
mites tend to suppress the production of cytokines, as well 
as regulating downward expression of TLR-2, NF-κB, 
and CD180, a gene that encodes for a homologous TLR-4 
receptor [37]. In greater numbers, they induce the release 
of proinflammatory factors, such as IL-8, and activate the 
TLR-2 pathway. The polysaccharide chitin contained in the 
mite exoskeleton is known to activate TLR-2 and facilitate 
the activation of the NLRP3 inflammasome [224]. Another 
pathogenic mechanism could be related to the mechanical 
blockade of hair follicles and sebaceous glands, causing 
disturbance of the skin barrier and tissue damage. Histo-
logically, this phenomenon is supported by the presence of 

Table 3. Major molecular findings of the aggravation of the disease by endogenous factors and clinical effects.

Pathomechanism Major findings 
Cutaneous rosacea

Clinical features

Endogenous factors 
  - Genetic predisposition

• rs763035 polymorphism located between the HLA-DRA gene 
involved in immune system 
• Null mutation polymorphism in the gene which codes for Glutathione 
S-transferase involved in oxidative stress 
• rs3733631 polymorphism in the tachykinin 3 receptor gene involved in 
the neurovascular system 
• rs11168271, rs731336 and rs11568820 polymorphisms in the vitamin D 
receptor 
• Heterozygous and homozygous + 405C / G in the gene that codes for 
VEGF

Cutaneous rosacea: 
• Activation or aggravation 
of inflammation

  - Corticosteroids

• Cause a rosacea-like dermatitis induced by steroids 
• ↑ Expression levels of CYP11A1, CYP21A2, 11β-HSD2 and glucocor-
ticoid receptor in skin rosacea 
• Glucocorticoids can enhance expression of TLR-2 and increased 
NF-kB signaling
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inflammatory infiltrations around enlarged hair follicles 
containing demodex mites in rosacea skin [225].

The inflammatory reaction could be aggravated by resi-
dent bacteria, such as Bacillus oleronius, released by dying 
mites, leading to the chemotaxis of more immune cells, 
such as neutrophils [226,227]. The secreted proinflamma-
tory factors will attract more immune cells into the tissues, 
aggravating the inflammation reaction. In addition, activated 
neutrophils are known to release LL-37 and MMP-9, causing 
even more tissue damage [16]. More recently, Schaller et 
al. [228] showed that a dual anti-inflammatory and anti-
parasitic effect of ivermectin allows a significant reduction 
in Demodex mites and inflammatory genes.

In ophthalmology, Demodex is also known to play a role 
in chronic blepharitis, conjunctiva inflammation, corneal 
lesions, and dysfunction of the meibomian glands, all charac-
teristics of ocular rosacea [30,229]. D. folliculorum is located 
in the follicles of eyelashes and causes anterior blepharitis 
associated with eyelash disorders. D. brevis is found in the 
sebaceous glands of the eyelashes and meibomian glands 
and is associated with posterior blepharitis with MGD and 
keratoconjunctivitis [230]. These phenomena can spread 
to the conjunctiva and cornea, causing keratitis and CNV 
in more severe cases, thereby compromising vision [231]. 
However, the spread of inflammation to the conjunctiva and 
cornea depends not only on the severity of the host’s inflam-
matory response but also on the distance from the Demodex 
infestation site. It has been shown that in patients with ocular 
rosacea with corneal complications, the number of D. brevis 
mites is significantly increased compared with patients who 
do not have corneal lesions. This observation is consistent 
with the fact that D. brevis is mainly found in the meibomian 
glands and can easily reach the conjunctiva and corneal 
tissues [213,232].

Eradication of Demodex is associated with a reduction in 
the tear cytokines IL-1β and IL-17, demonstrating the proin-
flammatory effect of the mites [233-235]. Bacillus oleronius 
may also be involved in the inflammatory eye process by 
enhancing the expression of inflammatory mediators MMP-3 
and MMP-9 by corneal epithelial cells [236]. The reduction in 
the density of Demodex mites observed after treatment with 
topical ivermectin to 1%, an antihelminthic, was accompa-
nied by a marked improvement in clinical skin and eye signs. 
In addition, a significant decrease in LL-37, IL-8, and TLR-2 
was observed [237].

A better understanding of the mechanisms of action of 
these mites is needed to understand what triggers the tran-
sition from an initial immunosuppression to an immunos-
timulation state after Demodex colonization [238]. Yet, the 

presence of many mites may simply be an aggravating factor 
rather than a possible cause.

UV irradiation:

UV and ROS—UV irradiation is a well-known trigger 
factor for cutaneous rosacea. Exposure to UV rays leads 
to changes in the extracellular matrix of the dermis and an 
inflammatory reaction with a predominance of neutrophils, 
an important source of ROS generated by both UVA and 
UVB rays. These free radicals can activate MMPs, which will 
cause breaks in dermal collagen, as well as inducing vascular 
damage and alterations in perivascular collagen [239].

Some studies have linked ROS to the etiology of cuta-
neous rosacea. In one study, Bakar et al. [240] showed that 
ROS levels were much higher in skin biopsies of rosacea 
patients compared with healthy controls. Oztas et al. [239] 
and Falay Gur et al. [220] studied the role of free radicals 
in the etiology of rosacea. They found that, in patients with 
mild rosacea, the antioxidant activity was higher to protect 
the skin, while in patients with severe rosacea, the activity of 
superoxide dismutase was low and levels of malondialdehyde 
high, demonstrating an antioxidant system defect in these 
patients. Tisma et al. [241] showed an increase in the ferritin 
content in the skin of rosacea patients following UV irradia-
tion, as well as an increase in the resulting oxidative damage. 
It is known that iron overload can amplify the harmful effects 
of ROS, acting as a catalyst for reactions between ROS 
regulation and biomolecules. Excess iron has been shown 
in various dermatological pathologies, such as psoriasis or 
atopic eczema. More recently, in another study, Erdogan et al. 
[242] showed high oxidative stress in these patients, as well as 
an increased antioxidant status, probably as a compensatory 
mechanism. The level of advanced oxidation protein products 
(AOPPs), which reflect the oxidation of proteins derived from 
neutrophils and macrophages, was also increased. However, 
more studies are needed to determine whether the imbalance 
between the oxidant and antioxidant systems in the pathology 
of rosacea is a cause or consequence of this.

UV radiation is also associated with innate immunity 
in cutaneous rosacea with the production of cytokines 
and chemokines, such as IL-1β, IL-6, TNF-α, and IL-8, 
in a temporal and dose-dependent manner [243,244]. As 
mentioned above, to be active, IL-1β requires cleavage by 
caspase-1, a component of the NLRP3 inf lammasome. 
Feldmeyer et al. [245] showed that keratinocytes exposed to 
UVB have the capacity to secrete IL-1β via the activation of 
the inflammasome, which shows that these cells can induce 
an inflammatory response following UVB irradiation. The 
release of ROS by cells, such as neutrophils, can also result 
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in inflammation of the skin accompanied by activation of the 
inflammasome, upregulation of the NF-κB factor, release of 
proinflammatory cytokines, and other inflammatory media-
tors produced by keratinocytes and fibroblasts, leading to an 
exacerbation of inflammation [246].

UV-induced eye damage has been demonstrated in 
various human studies. The cornea is the most affected 
structure of the eye by UVB radiation, with an absorption of 
around 90% [132]. UV irradiation induces an inflammatory 
response, such as swelling of the stroma, and it is accompa-
nied by significant leukocyte infiltration [247]. As in the case 
of the skin, at the ocular level, UVB can induce the produc-
tion of ROS and proinflammatory cytokines [248]. UVB 
irradiation has been shown to increase the secretion levels of 
IL-6 and IL-8 by human corneal and conjunctival epithelial 
cells in vitro [249]. In one study, Chen et al. [250] showed that 
UVB irradiation in animals induces visible corneal inflam-
mation and severe epithelialized exfoliation. High levels of 
TNF-α expression were observed in these animals compared 
to the control group. In addition, the corneal stroma has been 
strongly infiltrated by leukocytes. Korhonen et al. [251] have 
shown that exposure to UVB of human corneal epithelial cells 
(HCEs) in vitro induced an increase in the activity of NLRP3, 
as well as that of caspase-1, accompanied by an increase in 
the secretion of IL-1β. This shows that the inflammatory 
mechanism mediated by the activity of the inflammasome 
after exposure to UVB radiation also seems to be present in 
the eye. However, to date, no study has directly linked the 
effects of UV light and the immune inflammation mechanism 
in a specific case of ocular rosacea.

UV and LL-37—There seems to be a link between 
LL-37 and UVB in the pathophysiology of rosacea. Cuta-
neous rosacea patients exhibit an aggravated inflammatory 
response and production of ROS as a function of dose and 
time when they are exposed to UV radiation [252]. UVB-
exposed keratinocytes cultured in the presence of LL-37 
secrete higher levels of IL-1β and IL-18 than those that have 
not been cultured in the presence of the proinflammatory 
peptide, suggesting that the mechanism by which LL-37 
causes the production of these cytokines could involve the 
activity of the inflammasome [253]. In another recent in vitro 
study, using HaCaT cells (transformed aneuploid immortal 
keratinocyte cell line from adult human skin) exposed to 
LL-37 and irradiated with UVB, Suhng et al. [254] showed 
a significant increase in the expression of IL-33, a member 
of the IL-1 family, compared with the LL-37 group alone 
or UVB alone. The levels of expression of other inflam-
matory cytokines, such as IL-1α and β, TNF-α, and IFN-γ, 
also increased. In particular, the expression of IL-1β was the 

most upregulated one. Therefore, the increased production of 
these proinflammatory cytokines in the presence of LL-37 
may contribute to the susceptibility of rosacea patients to UV 
radiation.

Activation of LL-37 following UVB irradiation may 
partly result from ER stress induced by UV irradiation in the 
human epidermis [255], which may explain the increase in 
LL-37 levels in skin exposed to UVB. In one study, human 
skin fibroblasts (Hs68 cells) and mice exposed to UVB 
showed an increase in markers of ER stress proteins, such 
as CCAAT-enhancer-binding protein homologous protein 
(CHOP) and ATF4, in a dose-dependent manner. This effect 
was significantly reduced after treatment with trigonelline, 
a naturally occurring alkaloidal agent [256]. The synthesis 
of 1,25-dihydroxyvitamin D3 [1,25(OH)2D3] caused by UV 
radiation also induces the expression of cathelicidins in kera-
tinocytes. Wang et al. [257] identified an element of response 
to vitamin D in the cathelicidin promoter. Serological levels 
of the active form of vitamin D3 have been shown to be higher 
in patients with rosacea [258]. In addition, it has been shown 
that 1,25(OH)2D3 can induce an increase in the expression 
of TLR-2 and KLK-5 [259]. In this sense, vitamin D seems to 
play a role in the immune system and in the proinflammatory 
cascades of rosacea by controlling the expression of certain 
molecules.

UV and vascular and neuronal systems—UVB radia-
tion has been linked to angiogenesis by inducing epidermal 
thickening, dilatation, and hyperpermeability of blood 
vessels, leading to edema and erythema [260]. UVB has 
been shown to be able to modulate the angiogenic response 
by upregulating VEGF, FGF, and IL-8 and by downregulating 
TSP-1, an anti-angiogenic factor [261]. This is confirmed in 
skin biopsies of patients with rosacea, in which an inflamma-
tory infiltrate is histologically present at the perivascular level 
[253]. Hirakawa et al. [262] showed that mice that overexpress 
VEGF-A are more sensitive to UVB irradiation. Conversely, 
blocking VEGF-A can reduce skin inflammation and vascular 
dilation after exposure to UVB. For mice that overexpress 
TSP-1 in epidermal keratinocytes, the damage induced by 
UVB is significantly reduced [263]. While the VEGF-A form 
is increased in the skin of mice after UVB irradiation, the 
VEGF-C form appears to be downregulated. In addition, 
inhibition of the VEGF-R3 receptor appears to worsen the 
phenotype induced by UVB exposure. Conversely, its activa-
tion attenuates clinical signs [264]. In addition, the release of 
IL-1β also contributes to the proangiogenic environment by 
modulating the activity of endothelial cells [265]. Overall, the 
inhibition of these pathways could be of interest in preventing 
photodamage in the pathophysiology of rosacea.
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In addition, UVB radiation has been shown to affect 
the skin and cause sunburn by activating the TRPV-4 chan-
nels [266], related to the activity of LL-37, as seen before. 
After exposure to UVB, mice depleted for the Trpv-4 gene 
in keratinocytes showed much less sensitivity to thermal and 
mechanical stimuli, with a reduction in epidermal lesions 
demonstrating an important role for TRPV-4 in the damage 
to skin tissues induced by UVB. In addition, an increase in 
the expression of adhesion molecules like VCAM-1, ICAM-I, 
and E-selectin have been observed in vitro in human dermal 
microvascular endothelial cells (HDMECs) in cultures 
exposed to UVB. Their expression was even stronger than the 
exposure time and the dose of LL-37 [108]. Together, these 
observations may partially explain why exposure to UV rays 
promotes vascular inflammation in rosacea, which could go 
through LL-37 activity.

Chen et al. [250] have shown that eye irradiation with 
UVB in animals induces an increase in expression levels of 
VEGF compared with animals in the control group. Ocular 
exposure to UVB radiation leads to a significant reduction 
in innervation in corneal products and alters the density and 
morphology of sensory nerves, leading to nerve damage and 
disorganization of the corneal epithelium [132].

Previous studies have shown that neural activation leads 
to increased levels of the p38 MAPK signaling pathway, 
which is involved in cellular responses following inflam-
matory stimuli [267]. In a mouse model near UVB-induced 
photokeratitis, high levels of p38 and TRPV-1 were found 
in neurons and in neighboring satellite glial cells, which 
are known to release inflammatory and immune factors in 
response to inflammation and nerve damage. In Table 4, the 
major molecular findings of the aggravation of the disease by 
exogenous factors and clinical effects.

Study models:

In vivo models of rosacea—Animal models have 
improved our understanding of the pathophysiology of 
various human diseases. These models, which mimic both 
diseases and conditions of the human skin and eye, are used 
to predict the effectiveness of a drug. Currently, there are 
few animal models mimicking cutaneous and ocular rosacea, 
which are mainly based on the development of clinical 
features observed in humans.

Inflammatory skin model induced by the injection 
of LL-37—Many studies have shown the central role of the 
antimicrobial peptide LL-37 in inflammatory and neurovas-
cular processes at the cutaneous and ocular levels in patients 
with rosacea [61,62]. A model of inflammation induced 

by the injection of LL-37 into the skin of rodents has been 
developed, making it possible to best mimic the clinical char-
acteristics and to study the inflammatory and neurological 
immune mechanisms of the disease [41]. It is an experimental 
animal model used systematically to study the pathophysi-
ology of cutaneous rosacea. LL-37 injections into the skin 
of rodents were induced twice a day for 2 days. Animals 
sensitized to LL-37 exhibit scratching behaviors with the 
development of characteristics common to those observed in 
humans, namely, redness, erythema, and skin inflammation 
[41,61]. The clinical manifestation showed an infiltration of 
leukocytes at the site of the skin lesion, such as mast cells, 
neutrophils, macrophages, and CD4+ T lymphocytes, as well 
as an increased increase in inflammatory mediators, such as 
IL-1β, TNF-α, and IL-6. The increase in expression levels 
of the proangiogenic factor VEGF and the TRP involved 
in the detection of environmental stimuli (heat, cold, etc.) 
to which rosacea patients seem to be sensitive shows that 
this model of cutaneous rosacea induced by LL-37 is also 
relevant for studying the vascular and neurovascular systems 
[41,124,125,254].

The expression of LL-37 is also increased in patients with 
ocular rosacea [27]. The development of an ocular model by 
injection of LL-37 could be interesting to better understand its 
implications on the ocular level and the associated molecular 
mechanisms.

Skin and eye inflammation model induced by UVB 
light—UVB irradiation in murine models is often used to 
assess compounds tested on skin photoaging, photo damage, 
and skin inflammation accompanied by cytokine release and 
leukocyte infiltration [268,269]. The acute response to expo-
sure to UVB radiation shares several characteristics common 
to those observed in humans, namely erythema and skin 
inflammation [16,262,270]. The mechanisms underlying the 
development of erythema in animals have not been approved 
as exactly mimicking those seen in humans with erythema 
associated with rosacea. However, this model makes it 
possible to study and assess different molecular targets for 
their ability to develop inflammation and vasoconstriction of 
blood vessels [271] present in rosacea patients in vivo.

At the ocular level, UVB radiation induces a corneal 
inflammatory response accompanied by the production of 
ROS and proinflammatory cytokines [248,250]. A model 
of photokeratitis by exposure of the eyes to UVB rays has 
been developed in rodents. This model causes corneal haze, 
inflammation, and fibrosis, leading to a decrease in visual 
acuity clinical features observed in patients with ocular 
rosacea [132,250]. This model does not directly mimic ocular 
rosacea, but it allows a better understanding of the molecular 
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mechanisms induced by UVB irradiation, which could also 
be an aggravating factor of the disease.

In vitro models for rosacea—In the absence of relevant 
in vivo models, the development of in vitro models can prove 
to be an effective solution for a better understanding of 
molecular mechanisms. At both the skin and eye level, the use 
of organotypic skin and eye equivalents can be well-designed 
substitutes that mimic the skin and human eye. They are used 
as an alternative to animal models for drug permeability and 
toxicity tests.

NHEKs and HaCaTs—In vitro skin rosacea models 
further include the culture of normal human epidermal kera-
tinocytes (NHEKs) and the immortalized cell line (HaCaT) 
of spontaneously transformed human keratinocytes from 
adult human skin. Epidermal keratinocytes in culture have 
a variety of applications in research on skin diseases and 
wound healing; they are also used for efficacy and toxicity 
testing of molecules.

In the study of the pathophysiology of cutaneous rosacea 
in vitro, these two models are the most used models to study 
inflammation during exposure to various factors, including 
the peptide LL-37 and UVB, which are two important players 
involved in the disease. When stimulated, these cells can 
express and release several inflammatory mediators, such as 
TNF-α and IL-1β, suggesting that these models of epidermal 

keratinocytes in culture are good models for studying inflam-
matory responses in vitro and evaluating the action of thera-
peutic molecules [254,261]. However, they do not explain the 
complete perplexity of the formation of skin lesions.

HCECs: The cells at the ocular surface of the corneal and 
conjunctiva are the cells most frequently exposed to external 
stimuli leading to the process of inflammation, corneal 
damage, and cell death. These cells constitute a component 
of the mucosal immune system and participate in defense 
mechanisms, notably by initiating an inflammatory response 
via the release of proinflammatory mediators [272]. They 
can respond to various stimuli, which is why these cells 
are interesting cell models. These are the two most widely 
used models for indirectly studying the pathophysiological 
molecular mechanisms of ocular rosacea, including the 
inflammatory mechanisms after exposure to UVB [251]. 
Corneal epithelial cells are also a good model for studying 
the interaction of pathogens with the ocular surface [273].

Conclusions and future directions: Despite major advances in 
understanding the pathophysiology of cutaneous and ocular 
rosacea, the exact mechanisms are still poorly understood. 
Current hypotheses (Figure 5) focus on the dysfunction of 
the immune, vascular, and neurovascular systems, which 
seem to be at the heart of pathogenesis, triggered by micro-
bial or physical stimuli. Since meibomian glands, vessels, 
and immune cells, such as mast cells, are controlled by 

Table 4. Major molecular findings of the aggravation of the disease by exogenous factors and clinical effects.

Pathomechanism Major findings 
Cutaneous rosacea Ocular rosacea

Clinical features

Exogenous factors 
- Demodex

• Mites population is 5 to 7 times 
higher on skin biopsies 
• More frequent in drier or sebor-
rheic skin 
• Can activate TLR-2 and NLRP3 
inflammasome and induce the 
release of pro-inflammatory 
factors

• Mites population is higher in 
patients with ocular rosacea with 
corneal complications 
• Can induce the release of pro-
inflammatory factors

Cutaneous and ocular 
rosacea: 
• Ocular angiogenesis 
• Activation or aggravation 
of cutaneous and ocular 
inflammation

- UV radiation

• ↑ ROS 
• ↑ NLRP3 inflammasome activation and release of pro-inflammatory 
factors
• Promotes effects of LL-37: 
increased release of pro-
inflammatory factors compared to 
LL-37 alone 
• ↑ Synthesis of vitamin D can 
promote the activation of TLR-2 
and KLK-5 
• ↑ Expression levels of VEGF-A, 
VCAM-1, ICAM-1 and E-selectine 
• ↑ TRPV-4
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Figure 5. Major mechanisms of cutaneous and ocular rosacea. Excessive activation of innate immunity by various external and internal 
stimuli, including hormonal dysfunctions, microbes, reactive oxygen species (ROS) or ultraviolet (UV) radiation, leads to overexpression 
of Toll-like receptors (TLRs), including TLR-2 and 4. The release of proinflammatory cytokines, including interleukins (ILs) and tumor 
necrosis factor-α (TNF-α), and chemokines, including chemokine (C-X-C motif) ligand (CXCL) 1, CXCL2, CXCL5, and CXCL6, lead to 
inflammation and the development of papules, pustules, erythema, and edema. If the inflammation becomes persistent, patients develop a 
phyma, leading to fibrosis. At the same time, TRL-2 and 4 upregulate kallikrein 5 (KLK-5), which activates the cleavage of 18-kDa cationic 
antimicrobial protein (hCAP-18) into a biologically active peptide, LL-37. LL-37 facilitates the degranulation of mast cells, which leads to a 
greater release of matrix metalloproteinases (MMPs), IL-6, TNF-α, and the vascular endothelial growth factor (VEGF) participating in the 
cutaneous and ocular angiogenesis processes, which can lead to corneal neovascularization and appearance of telangiectasias. Microorgan-
isms, including Demodex, can also directly disrupt the epidermal barrier, which can lead to worsening of inflammation processes. Heat 
and cold and environmental stimuli overactivate receptive potential channels transient receptor potential (TRP), including s), leading to a 
significant release of neuropeptides, including substance P (SP), the pituitary adenylate cyclase-activating polypeptide (PACAP), the peptide 
linked to the calcitonin gene (CGRP), and the vasoactive intestinal peptide (VIP), which cause neurovascular dysfunction, leading to the 
processes of inflammation, vasodilation, and angiogenesis with the appearance of redness and worsening of erythema and edema. Patients 
with ocular rosacea also have a dysfunction of the meibomian glands due to an alteration of the meibum, compared with the sebum in patients 
with cutaneous rosacea. Overexpression of the genes coding for the small proline-rich protein (SPRR) and calcium binding proteins (S100) 
A8 and A9 can lead to inflammation of the eyes and of the eyelid (blepharitis).
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autonomous system innervation, it could be hypothesized 
that the manifestations of ocular rosacea could result from 
peripheral innervation deregulation, favored by hormonal, 
infectious, and physical factors. Since neurogenic inflamma-
tion is reaching a growing importance in the understanding 
of migraine [274] and skin inflammation [275], the molecular 
components of its deregulation in ocular rosacea should be 
analyzed. This analysis could help develop new study models 
for ocular rosacea.
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