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Simple Summary

Rosacea, a common skin disease causing facial redness and visible blood vessels, is believed
to be linked to defective blood vessel control. In this study we found in rosacea skin elevated
levels of the proteins Angiopoietin 2 and Tie2, which are involved in blood vessel growth
and behavior. These findings suggest that the problem in rosacea might be an imbalance
and dysfunction in existing vessel controls, leading to the unstable blood vessels seen in
this disease.

Abstract

In this study we evaluated the expression of Angiopoietin 1, Angiopoietin 2, and
Tie2 by immunohistochemistry in the skin of 10 patients with erythemato telang-
iectatic and papulopustular rosacea. Significantly increased expression of Tie2 and
Angiopoietin 2 in the endothelial cells of the dermal vessels in rosacea skin vs. non-
lesional skin (100% and 33.3% for Tie2, and 100% and 50% for Angiopoietin 2) was ob-
served. There was no difference in the expression of Angiopoietin 1 and phosphorylated

Tie2 (pTie2) between the lesional skin of rosacea and non-lesional skin.
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1. Introduction

Rosacea is a chronic skin disease that affects millions of people worldwide, primarily
characterized by persistent facial erythema, telangiectasia, and, in some cases, papules,
pustules, and eye irritation [1]. It affects primarily the convex surfaces of the face. Clinically
there are four subtypes described: erythematotelangiectatic, papulopustular, phymatous,
and ocular [2]. Granulomatous variant also exists and is characterized by a peculiar clinical
and histological presentation [3]. Rosacea is characterized by remissions and exacerbations
and may have mild, moderate, and severe clinical forms. Although the primary cause
of rosacea remains elusive, various factors such as genetics, immune system dysfunction,
environmental triggers such as ultraviolet (UV) exposure, chemical and ingested agents,
and microorganisms such as Demodex mites (a major contributor) have been implicated.

Histopathologically rosacea is characterized by a perivascular and perifollicular lym-
phohistiocytic inflammatory infiltrate containing occasional plasma cells, of which the
intensity is higher in the papulopustular subtype than in the erythematotelangiectatic
subtype. Papulopustular rosacea lesions may also show superficial folliculitis, sub-
corneal/intraepidermal collections of neutrophils realizing pustules and keratotic follicular
plugging with no microcomedones, as seen in acne. Vascular changes (dilated vessels
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or telangiectasia and proliferation) and solar elastosis are seen in both subtypes, with no
difference in frequency between the two groups. Demodex mites are observed in 20-50%
of cases. The granulomatous subtype shows epithelioid granulomas in the vicinity of
damaged hair follicles, sometimes with necrosis mimicking caseation and more mast cells
than the erythematotelangiectatic form [4]. Phymatous rosacea shows sebaceous gland
hypertrophy and scattered follicular plugging [5,6].

One significant aspect of rosacea, visible also histologically, is angiogenesis. An-
giogenesis is a physiological process that involves the formation of new blood vessels
from pre-existing ones. It plays a vital role in tissue repair, wound healing, and embry-
onic development. However, when angiogenesis becomes dysregulated, it can contribute
to the pathogenesis of several diseases, including cancer, arthritis, and skin disorders
such as rosacea.

In rosacea, angiogenesis is a central player in the development and progression of the
condition. Several factors contribute to the abnormal angiogenesis seen in rosacea:

(i) Chronic inflammation: In response to various triggers, such as UV irradiation, microor-
ganisms, and environmental factors, the immune system becomes overactive, leading
to the release of inflammatory mediators. These mediators, such as interleukin-1
(IL-1) and tumor necrosis factor-alpha (TNF-«), promote angiogenesis by stimulating
the production of proangiogenic factors. In addition, pattern recognition receptors,
including Toll-like receptors (TLRs) and antimicrobial peptides (mainly cathelicidin
in the skin), are activated.

(if) Vascular Endothelial Growth Factor (VEGF): VEGEF is a potent proangiogenic factor
that plays a pivotal role in the formation of new blood vessels. Elevated levels of
VEGF have been detected in the skin of individuals with rosacea. This increase in
VEGEF contributes to the enlargement and dilation of blood vessels, leading to the
visible erythema associated with the condition.

(iii) The Angiopoietins and Tie2 signaling pathway: Angiopoietin 1 (Angl, produced by
the pericytes) and Angiopoietin 2 (Ang2, produced by the endothelial cells and stored
in Weibel-Palade bodies) are proteins that competitively bind to the Tie2 receptor
expressed on endothelial cells.

Our group recently focused on the Angl1&2/Tie2 signaling pathway, which is known
as the keeper of vascular quiescence and had not been previously studied in rosacea
patients [7].

In this study we explored the expression of Angiopoietin 1, Angiopoietin 2, and Tie2
by immunohistochemistry in rosacea lesions.

2. Subjects and Methods

Ten patients with erythematotelangiectatic or papulopustular rosacea attending the
Dermatology Clinic of the University Hospital of Geneva were included in this study.
Written informed consent of patients was obtained. All the subjects were treatment-free
for at least 1 month prior to the skin biopsies. The study subjects included 5 female and
5 male patients (age range: 26-81 years, mean age: 55 years). Clinical classification and
grading were performed according to the standard classification of rosacea [2]. Six age-
and sex-matched non-lesional facial skin samples were also included as controls (three
female and three male subjects, age range: 40-88 years, mean age: 56 years). The skin
samples were fixed in 10% formalin and embedded in paraffin blocks for histopathological
diagnostic purposes. The samples were cut into 5-um sections and stained with anti-
Angiopoietin 1 (rabbit polyclonal, 1:400, PA5-96841, Invitrogen, Carlsbad, CA, USA),
Angiopoietin 2 (rabbit polyclonal, 1:400, PA5-118950, Invitrogen), Tie2 (goat polyclonal, 1:50,
AF313, R&D Systems, Minneapolis, MN, USA), and pTie2 (rabbit polyclonal, 1:50, AF2720,
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R&D Systems) antibodies. Proper positive and negative controls were used in each run
of the immunohistochemistry protocol. After staining, slides were scored using a scale of
0-3 according to the intensity of staining (0: no staining, 1+: slight staining, 2+: moderate
staining, 3+: strong staining). The difference in expression between the different groups
was tested using the chi-square statistical test.

3. Results

Half (n = 5) of the patients had the erythematotelangiectatic form, and the other half
(n = 5) had the papulopustular form. Immunostaining was compared with six age- and
sex-matched non-lesional facial skin samples. None of the control subjects had, at the time
of the biopsy or in the past, rosacea.

Histological examination of papulopustular rosacea lesions showed subcorneal/
intraepidermal collections of neutrophils realizing pustules, ectatic dermal vessels, and a
dense perivascular and perifollicular inflammatory infiltrate of lymphocytes and histio-
cytes. Erythematotelangiectatic rosacea lesions revealed ectatic dermal vessels, perivas-
cular and perifollicular inflammatory infiltrate of lymphocytes and histiocytes, and in-
trafollicular Demodex mites (Figures 1 and 2). There were no signs of granulomatous or
phymatous rosacea.
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-

Figure 1. Angiopoietin 1 (Ang1), Angiopoietin 2 (Ang?2), Tie2, and pTie2 stainings in rosacea skin.
Skin biopsy of a rosacea patient with papulopustular lesions shows subcorneal/intraepidermal col-
lections of neutrophils realizing pustules, ectatic dermal vessels, and perivascular and perifollicular
inflammatory infiltrate of lymphocytes and histiocytes ((A), hematoxylin eosin staining, original
magnification, 2x). Dermal vessels show an increased immunostaining for Angiopoietin 2 ((C), origi-
nal magnification, 6.5x and (E), original magnification, 26 x) and Tie2 ((F), original magnification,
6.5x and (H), original magnification, 26 x ), when compared with the immunostainings for Angiopoi-
etin 1 ((B), original magnification, 6.5 and (D), original magnification, 26 x) and pTie2 ((G), original
magnification, 6.5x and (I), original magnification, 26 x). The evaluation of immunostaining was
performed in a blinded fashion using a scoring system of 0-3 according to the intensity of staining
(0: no staining, 1+: slight staining, 2+: moderate staining, 3+: strong staining) after the examination
of 3 microscopic fields per subject by a board-certified dermatopathologist (GK).
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Figure 2. Angiopoietin 1 (Ang1), Angiopoietin 2 (Ang?2), Tie2, and pTie2 stainings in rosacea skin.
Skin biopsy of a rosacea patient with erythematotelangiectatic lesions shows ectatic dermal vessels,
perivascular and perifollicular inflammatory infiltrate of lymphocytes and histiocytes, and intrafol-
licular Demodex mites ((A), hematoxylin eosin staining, original magnification, 2x). Dermal vessels
show an increased immunostaining for Angiopoietin 2 ((C), original magnification, 6.5x and (E),
original magnification, 26 x) and Tie2 ((F), original magnification, 6.5x and (H), original magnifica-
tion, 26 x), when compared with the immunostainings for Angiopoietin 1 ((B), original magnification,
6.5x and (D), original magnification, 26 x) and pTie2 ((G), original magnification, 6.5x and (I),
original magnification, 26 x). The evaluation of immunostaining was performed in a blinded fashion
using a scoring system of 0-3 according to the intensity of staining (0: no staining, 1+: slight staining,
2+: moderate staining, 3+: strong staining) after the examination of 3 microscopic fields per subject
by a board-certified dermatopathologist (GK).

All markers were expressed in the dermal vessels of 100% of control and rosacea
skin specimens. However, the intensity of expression differed according to the spec-
imen and the marker (Figures 1 and 2). An important background expression in the
keratinocytes and the dermal cells was observed with Angiopoietin 1 staining. A similar ex-
pression pattern was also observed with Angiopoietin 2 staining, but when compared with
Angiopoietin 1 expression, this was less pronounced.

In vessels, there was no difference in expression for Angiopoietin 1 between the
controls and rosacea patients (Table 1, Figure 3).

A statistically significant difference (p < 0.05, chi-square = 94.1) was observed with
Angiopoietin 2 (50% (3/6) showed no staining, 33.3% (2/6) showed grade 1 staining,
and 16.7% (1/6) showed grade 2 staining in control group, and 10% (1/10) showed
grade 1 staining, 40% (4/10) showed grade 2 staining, and 50% (5/10) showed
grade 3 staining in rosacea group).

Similarly, a statistically significant difference (p < 0.05, chi-square = 120.1) was ob-
served with Tie2 (66.7% (4/6) showed no staining, 16.65% (1/6) showed grade 1 stain-
ing, and 16.65% (1/6) showed grade 2 staining in control group, and 10% (1/10) showed
grade 1 staining, 30% (3/10) showed grade 2 staining, and 60% (6/10) showed
grade 3 staining in rosacea group).
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Table 1. Expression of different vascular markers in dermal vessels in study groups.

Group
Control Skin Rosacea Skin
Marker Count % Count %
Angiopoietin 1
0 3 50 6 60
1+ 2 33.3 3 30
2+ 1 16.7 1 10
3+ 0 0 0 0
Total 6 100 10 100
Angiopoietin 2
0 3 50 0 0
1+ 2 33.3 1 10
2+ 1 16.7 4 40
3+ 0 0 5 50
Total 6 100 10 100
Tie2
0 4 66.7 0 0
1+ 1 16.65 1 10
2+ 1 16.65 3 30
3+ 0 0 6 60
Total 6 100 10 100
pTie2

0 1 16.65 5 50
1+ 4 66.7 4 40
2+ 1 16.65 1 10
3+ 0 0 0 0
Total 6 100 10 100

0: no staining, 1+: slight staining, 2+: moderate staining, 3+: strong staining.
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Figure 3. Distribution of the expression of Angiopoietin 1 (Angl), Angiopoietin 2 (Ang2), Tie2, and
pTie2 in control and rosacea skin.

There was no difference for pTie2 (16.65% (1/6) showed no staining, 66.7% (4/6)
showed grade 1 staining, and 16.65% (1/6) showed grade 2 staining in control group,
and 50% (5/10) showed no staining, 40% (4/10) showed grade 1 staining, and 10% (1/10)
showed grade 2 staining in rosacea group) (Table 1, Figure 3). There was no difference
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between the erythematotelangiectatic and papulopustular forms of rosacea in terms of the
results obtained.

4. Discussion

This study, for the first time in human rosacea skin, shows the expression of Angiopoi-
etin 1&2 and Tie2, the “vascular quiescence” pathway players (Figure 4).

A Quiescent state

L] [ ] o
L _J L -
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Figure 4. The loss of vascular quiescence WHO and HOW. Vascular quiescence: Angl, produced
by pericytes (green circles), binds its receptor Tie2 on endothelial cell membranes. This permanent
activation allows vessel stabilization or quiescence (A). Loss of quiescence occurs when Ang2,
produced by endothelial cells and stored in Weibel-Palade bodies (red circles), is released out in
hypoxia or inflammation. Ang2 blocks access of Ang1 to Tie2. Inhibition of Tie2 signaling by Ang2
induces vessel destabilization. Loss of quiescence results in either apoptosis and regression of the
vessel if no VEGEF is available, or in neo-angiogenesis if VEGF is available. Soluble Tie2 acts as a
complex modulator: Tie2 released from endothelial cell membranes binds to both Angl and Ang2,
thus inhibiting their binding to cellular Tie receptors (B) [8].

As expected in the lesional skin of rosacea, the key keeper of vascular quiescence,
Angl was almost not detectable, whereas its antagonist Ang?2 and the Tie2 receptor were
increased. This is a confirmation of our previous hypothesis that the Ang/Tie2 pathway
might be a strategic target for rosacea management [7].

The angiopoietin family of angiogenic factors, including Angiopoietin 1, Angiopoietin
2, Angiopoietin 3, and Angiopoietin 4, are important for angiogenesis [9]. These factors act
through the endothelial receptor tyrosine kinases Tiel and Tie2. In contrast to the VEGF
pathway, which is implicated in the initial phases of angiogenesis such as endothelial
cell sprouting, the Angiopoietin-Tie system plays a role in later stages, such as vascular
assembly, vascular stability and homeostasis, and endothelial quiescence [10-12].

Hypoxia plays an essential role in the regulation of angiogenesis by inducing tar-
get genes such as Platelet-Derived Growth Factor-beta (PDGFB), Fibroblast Growth Fac-
tor 2 (FGF2), VEGFA, matrix metalloproteinase-2 (MMP2), MMP9, and Angiopoietin 1
(Figure 5) [13]. Angiopoietin 1 and Angiopoietin 2 have different effects on the Tie2 recep-
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tor. Both bind to Tie2, but it is Angiopoietin 1 that is the main activator of Tie2, whereas
Angiopoietin 2 has mainly an antagonist effect. However, it has been shown that in certain
conditions, Angiopoietin 2 can activate Tie2 as well, exhibiting a context-dependent behav-
ior. Angiopoietin 2 might be antagonistic on Tie2 in vascular endothelial cells but might
show an agonistic effect in lymphatic vessels. Angiopoietin 2 shows a proangiogenic activ-
ity in endothelial progenitor cells via Tie2 signaling [14]. Angiopoietin 2 has been shown to
act with VEGF to initiate angiogenesis. Tiel and Tie2 receptors are transmembrane proteins.
In the extracellular portion, there are Ig-like domains, fibronectin type III domains, and
EGF-like domains. In the intracytoplasmic portion both receptors have tyrosine kinase
domains. The kinase activity is higher in Tie2. Angiopoietin 1 and Angiopoietin 2 bind
to Tie2 but not to Tiel. Upon binding, the Tie2 receptor becomes phosphorylated on sev-
eral intracytoplasmic tyrosine residues, leading to the activation of downstream signaling
pathways such as PI3-kinase/AKT and ERK [13]. In contrast, Tiel does not bind directly
to Angiopoietin 1 and Angiopoietin 2; however, it interacts and forms a complex with
Tie2, and also becomes phosphorylated on tyrosine residues [15]. Soluble Tie2 ectodomain
regulates Angiopoietin signaling by binding and blocking Angiopoietin 1 (Figure 5) [16].
Knockdown of Tiel in mice shows that Tiel is not essential for the AKT and ERK acti-
vation, suggesting an unclear role of Tiel in angiopoietin signaling [17]. Tie2 knockout
mice exhibit several vascular anomalies leading to early embryonic lethality [18], whereas
genetic deletion of Tiel in mice also causes embryonic lethality by vascular development
abnormalities, causing a lethality in later embryonic life [19]. Venous malformations in
human cases were linked to the activating mutations in the Tie2 gene, which usually occur
in the kinase domain of the receptor [20].

The Angiopoietin 1&2-Tie2 signaling pathway contributes to the regulation and
dysregulation of endothelial permeability during inflammation [21]. The Angiopoietin 2
and Tie2 interaction has been shown to play a role in psoriasis. Angiopoietin 2 and
Tie2 are upregulated in psoriatic skin in the endothelial cells of the vessels located in
the papillary dermis in the vicinity of hyperproliferative epidermis, which abundantly
express VEGF. VEGF and basic FGF (bFGF) are known to induce Angiopoietin 2 expression.
Successful treatment of psoriasis results in downregulation of Angiopoietin 2, suggesting
that Angiopoietin 2 might be an interesting target for antipsoriatic therapies [22].

Besides VEGF and bFGF, other factors may increase the expression of Angiopoietin 2
in the skin. For example, UV irradiation has been shown to induce the release of Angiopoi-
etin 2 from dermal vascular endothelial cells as a mechanism of UV-induced erythema
characterized by inflammatory and angiogenic response, supporting the potential role of
UV in the pathogenesis of rosacea [23].

Angiopoietin 2, other than VEGE, has been shown to be significantly upregulated
in rosacea lesions [24]. An anti-malarial drug, Artemisinin, decreased the expression of
Angiopoietin 2 and VEGFC, but not VEGFA or VEGFB, in a mouse model of rosacea
induced by LL37, the proinflammatory form of cathelicidin [25], and showed a beneficial
clinical effect in rosacea patients [26]. Since VEGFC is known to have a selectivity towards
lymphatic vessels [27], targeting of lymphangiogenesis seems to be a possible mechanism
to explain the observed positive clinical effect of Artemisinin in rosacea.

Other factors involved in the angiogenesis of rosacea lesions have been explored
in past studies. Gomaa et al. reported an increased expression of VEGF, CD31, and
D2-40 (podoplanin) in the lesions of non-phymatous erythematotelangiectatic and papulo-
pustular rosacea. In this study, they pointed out that, besides angiogenesis demonstrated
by the increased expression of VEGF and CD31 in the blood vessels, lymphangiogenesis,
as shown by the increased numbers of D2-40-positive lymphatic vessels in rosacea skin,
could also be an important factor in the pathogenesis of rosacea [28]. In another study,
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VEGEF receptors VEGFR1 and VEGFR2 have been shown to be highly expressed in the
vascular endothelium and also in inflammatory cells, including lymphocytes and plasma
cells of rosacea skin samples [29]. It was shown that MMP9 expression was increased in
granulomatous rosacea lesions compared with non-granulomatous rosacea lesions [30].
Abundant cytoplasmic localization has been shown in the epidermis and inflammatory
cells for pS6, the phosphorylated form of the mTORC1 (mammalian target of rapamycin
complex 1) downstream molecule S6 in rosacea skin [31]. Increased expression of TLR2,
which activates mTORC1 signaling upon binding of LL37, has been found in the epidermis
and inflammatory infiltrate of erythematotelangiectatic and granulomatous rosacea [4,32].
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Figure 5. Molecules implicated in angiogenesis. This multistep biological process is mainly regulated
by hypoxia. Hypoxia-inducible factor (HIF), the key transcriptional regulator of this process, induces
the transcription of target genes such as Platelet-Derived Growth Factor-beta (PDGFB), Fibroblast
Growth Factor 2 (FGF2), VEGFA, matrix metalloproteinase-2 (MMP2), MMP9, and Angl. These
molecules, by binding to their receptors, initiate different pathways leading to vessel formation [13].

Our results show that Ang2 levels are increased in lesional rosacea skin, possibly
leading to disruption of the stabilization of Angl/Tie2 signaling. By blocking this signaling,
Ang? highly likely leads to the detachment of supporting pericytes and loosening of
vascular cell contacts, making the vessels unstable and leaky. This vascular sensitization
would make the blood vessels more responsive to VEGE, another key proangiogenic factor
highly expressed in rosacea. Inflammatory mediators, such as LL-37 and various cytokines
released in rosacea, would further contribute to this process by promoting angiogenesis
and inflammation, which in turn can lead to more Ang2 expression, perpetuating a vicious
cycle of disease progression. However, the elevated expression of Ang?2 and Tie2 in the
endothelial cells of dermal vessels in rosacea skin with no change in pTie2, the activated
form of Tie2, may represent a secondary phenomenon or a downstream final consequence
of the disease rather than a primary trigger or a pathogenetic mechanism.
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5. Conclusions

Our study indicates that the Angiopoietin 1&2/Tie2 signaling pathway is likely a
critical component in the pathophysiology of rosacea and a strategic target for rosacea
management, specifically through increasing expression of Angiopoietin 2. We acknowl-
edge the limitations of our study due to the small sample size and lack of inter-observer
validation, and larger series will be required to validate these observations.

Author Contributions: Conceptualization, G.K. and ].-H.S.; methodology, A.K. and G.K.; formal
analysis, A K. and G.K,; investigation, A.K. and G.K,; writing—original draft preparation, A.K. and
G.K,; writing—review and editing, A.K., G.K., N.S. and J.-H.S. All authors have read and agreed to
the published version of the manuscript.

Funding: This work was supported by the University of Geneva Dermatology Fund UF1024.

Institutional Review Board Statement: A general institutional written informed consent was ob-
tained from the patients to use and publish clinical and histological data for research purposes. An
Ethical Committee approval was not necessary.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.  Crawford, G.H.; Pelle, M.T.; James, W.D. Rosacea: I. Etiology, pathogenesis, and subtype classification. J. Am. Acad. Dermatol.
2004, 51, 327-341. [CrossRef]

2. Wilkin, J.; Dahl, M.; Detmar, M.; Drake, L.; Feinstein, A.; Odom, R.; Powell, F. Standard classification of rosacea: Report of the
National Rosacea Society Expert Committee on the classification and staging of rosacea. J. Am. Acad. Dermatol. 2002, 46, 584-587.
[PubMed]

3. Aroni, K,; Tsagroni, E.; Lazaris, A.C.; Patsouris, E.; Agapitos, E. Rosacea: A clinicopathological approach. Dermatology 2004,
209, 177-182. [CrossRef] [PubMed]

4. Jang, YJ.; Hong, E.H.; Park, E.J.; Kim, K.J.; Kim, K.H. Immunohistochemical Analysis of Differences of Toll-Like Receptor 2,
Mast Cells, and Neurofilaments between Granulomatous Rosacea and Non-Granulomatous Rosacea. Indian |. Dermatol. 2021,
66, 343-346. [PubMed]

5. Lee, W].; Jung, ]M,; Lee, Y.J.; Won, C.H.; Chang, S.E.; Choi, ].H.; Moon, K.C.; Lee, M.W. Histopathological Analysis of 226
Patients with Rosacea According to Rosacea Subtype and Severity. Am. ]. Dermatopathol. 2016, 38, 347-352. [CrossRef]

6.  Weedon, D. Skin Pathology, 2nd ed.; Churchill Livingstone: London, UK, 2002; pp. 484-485.

7. Arnaout, R.; Sorg, O.; Satta, N.; Seilaz, C.; von Englebrechten, M.; Saurat, J.H. Angiopausin® and Angiopoietin: Unveiling
New Mechanisms in Rosacea Treatment through Kinetic Erythema Analysis with the AAREA® Algorithm. Dermatology 2025.
[CrossRef]

8.  Fiedler, U.; Augustin, H.G. Angiopoietins: A link between angiogenesis and inflammation. Trends Immunol. 2006, 27, 552-558.
[CrossRef]

9. Lee, HJ,; Hong, Y.J.; Kim, M. Angiogenesis in Chronic Inflammatory Skin Disorders. Int. . Mol. Sci. 2021, 22, 12035. [CrossRef]

10. Fagiani, E.; Christofori, G. Angiopoietins in angiogenesis. Cancer Lett. 2013, 328, 18-26. [CrossRef]

11.  Augustin, H.G.; Koh, G.Y,; Thurston, G.; Alitalo, K. Control of vascular morphogenesis and homeostasis through the angiopoietin-
Tie system. Nat. Rev. Mol. Cell Biol. 2009, 10, 165-177. [CrossRef]

12.  Ricard, N.; Bailly, S.; Guignabert, C.; Simons, M. The quiescent endothelium: Signalling pathways regulating organ-specific
endothelial normalcy. Nat. Rev. Cardiol. 2021, 18, 565-580. [CrossRef]

13. S, L.; Hanspers, K.; Pico, A.; Bjork, J.; Iersel, M.V.; Willighagen, E.; Roudbari, Z.; Kalafati, M.; Summer-Kutmon, M. Angiogenesis
(WP1539). Available online: https://www.wikipathways.org/instance/WP1539 (accessed on 1 September 2025).

14. Shyu, K.G. Enhancement of new vessel formation by angiopoietin-2/Tie2 signaling in endothelial progenitor cells: A new hope
for future therapy? Cardiovasc. Res. 2006, 72, 359-360. [CrossRef] [PubMed]

15.  Thurston, G.; Daly, C. The complex role of angiopoietin-2 in the angiopoietin-tie signaling pathway. Cold Spring Harb. Perspect.

Med. 2012, 2, a006550. [CrossRef] [PubMed]

https://doi.org/10.3390/dermatopathology13010002


https://doi.org/10.1016/j.jaad.2004.03.030
https://www.ncbi.nlm.nih.gov/pubmed/11907512
https://doi.org/10.1159/000079886
https://www.ncbi.nlm.nih.gov/pubmed/15459529
https://www.ncbi.nlm.nih.gov/pubmed/34759390
https://doi.org/10.1097/DAD.0000000000000454
https://doi.org/10.1159/000547545
https://doi.org/10.1016/j.it.2006.10.004
https://doi.org/10.3390/ijms222112035
https://doi.org/10.1016/j.canlet.2012.08.018
https://doi.org/10.1038/nrm2639
https://doi.org/10.1038/s41569-021-00517-4
https://www.wikipathways.org/instance/WP1539
https://doi.org/10.1016/j.cardiores.2006.09.017
https://www.ncbi.nlm.nih.gov/pubmed/17054927
https://doi.org/10.1101/cshperspect.a006650
https://www.ncbi.nlm.nih.gov/pubmed/22951441
https://doi.org/10.3390/dermatopathology13010002

Dermatopathology 2026, 13, 2 10 of 10

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Alawo, D.O.A,; Tahir, T.A.; Fischer, M.; Bates, D.G.; Amirova, S.R.; Brindle, N.PJ. Regulation of Angiopoietin Signalling by
Soluble Tie2 Ectodomain and Engineered Ligand Trap. Sci. Rep. 2017, 7, 3658. [CrossRef] [PubMed]

Yuan, H.T.; Venkatesha, S.; Chan, B.; Deutsch, U.; Mammoto, T.; Sukhatme, V.P.; Woolf, A.S.; Karumanchi, S.A. Activation of the
orphan endothelial receptor Tiel modifies Tie2-mediated intracellular signaling and cell survival. FASEB J. 2007, 21, 3171-3183.
[CrossRef]

Dumont, D.].; Gradwohl, G.; Fong, G.H.; Puri, M.C.; Gertsenstein, M.; Auerbach, A.; Breitman, M.L. Dominant-negative and
targeted null mutations in the endothelial receptor tyrosine kinase, tek, reveal a critical role in vasculogenesis of the embryo.
Genes Dev. 1994, 8, 1897-1909. [CrossRef]

Puri, M.C.; Rossant, J.; Alitalo, K.; Bernstein, A.; Partanen, J. The receptor tyrosine kinase TIE is required for integrity and survival
of vascular endothelial cells. EMBO ]. 1995, 14, 5884-5891. [CrossRef]

Vikkula, M.; Boon, L.M.; Carraway, K.L., 3rd; Calvert, ].T.; Diamonti, A.J.; Goumnerov, B.; Pasyk, K.A.; Marchuk, D.A.; Warman,
M.L.; Cantley, L.C.; et al. Vascular dysmorphogenesis caused by an activating mutation in the receptor tyrosine kinase TIE2. Cell
1996, 87, 1181-1190. [CrossRef]

Hellenthal, K.E.M.; Brabenec, L.; Wagner, N.M. Regulation and Dysregulation of Endothelial Permeability during Systemic
Inflammation. Cells 2022, 11, 1935. [CrossRef]

Kuroda, K.; Sapadin, A.; Shoji, T.; Fleischmajer, R.; Lebwohl, M. Altered expression of angiopoietins and Tie2 endothelium
receptor in psoriasis. J. Investig. Dermatol. 2001, 116, 713-720. [CrossRef]

Navid, E; Kolbe, L.; Stéb, F,; Korff, T.; Neufang, G. UV radiation induces the release of angiopoietin-2 from dermal microvascular
endothelial cells. Exp. Dermatol. 2012, 21, 147-153. [CrossRef]

Schwab, V.D.; Sulk, M.; Seeliger, S.; Nowak, P.; Aubert, J.; Mess, C.; Rivier, M.; Carlavan, I; Rossio, P.; Metze, D.; et al.
Neurovascular and neuroimmune aspects in the pathophysiology of rosacea. J. Investig. Dermatol. Symp. Proc. 2011, 15, 53-62.
[CrossRef] [PubMed]

Yuan, X.; Li, J.; Li, Y,; Deng, Z.; Zhou, L.; Long, ].; Tang, Y.; Zuo, Z.; Zhang, Y.; Xie, H. Artemisinin, a potential option to inhibit
inflammation and angiogenesis in rosacea. Biomed. Pharmacother. 2019, 117, 109181. [CrossRef] [PubMed]

Wang, G.J.; Gao, X.Y.; Wu, Y,; He, H.Q.; Yu, Y.; Qin, H.H.; Shen, W.T. Evaluation of the efficacy and tolerance of artemether
emulsion for the treatment of papulopustular rosacea: A randomized pilot study. J. Dermatol. Treat. 2019, 30, 809-812. [CrossRef]
[PubMed]

Joukov, V.; Pajusola, K.; Kaipainen, A.; Chilov, D.; Lahtinen, I.; Kukk, E.; Saksela, O.; Kalkkinen, N.; Alitalo, K. A novel vascular
endothelial growth factor, VEGF-C, is a ligand for the Flt4 (VEGFR-3) and KDR (VEGFR-2) receptor tyrosine kinases. EMBO ].
1996, 15, 290-298. [CrossRef]

Gomaa, A.H.; Yaar, M.; Eyada, M.M.; Bhawan, J. Lymphangiogenesis and angiogenesis in non-phymatous rosacea. J. Cutan.
Pathol. 2007, 34, 748-753. [CrossRef]

Smith, ].R.; Lanier, V.B.; Braziel, R.M.; Falkenhagen, K.M.; White, C.; Rosenbaum, ].T. Expression of vascular endothelial growth
factor and its receptors in rosacea. Br. J. Ophthalmol. 2007, 91, 226-229. [CrossRef]

Jang, YH.; Sim, ].H.; Kang, H.Y,; Kim, Y.C.; Lee, E.S. Immunohistochemical expression of matrix metalloproteinases in the
granulomatous rosacea compared with the non-granulomatous rosacea. J. Eur. Acad. Dermatol. Venereol. 2011, 25, 544-548.
[CrossRef]

Deng, Z.; Chen, M,; Liu, Y.; Xu, S.; Ouyang, Y.; Shi, W,; Jian, D.; Wang, B.; Liu, F; Li, J.; et al. A positive feedback loop between
mTORC1 and cathelicidin promotes skin inflammation in rosacea. EMBO Mol. Med. 2021, 13, e13560. [CrossRef]

Yamasaki, K.; Kanada, K.; Macleod, D.T.; Borkowski, A.W.; Morizane, S.; Nakatsuji, T.; Cogen, A.L.; Gallo, R.L. TLR2 expression
is increased in rosacea and stimulates enhanced serine protease production by keratinocytes. J. Investig. Dermatol. 2011,
131, 688-697. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390 /dermatopathology13010002


https://doi.org/10.1038/s41598-017-03981-6
https://www.ncbi.nlm.nih.gov/pubmed/28623351
https://doi.org/10.1096/fj.07-8487com
https://doi.org/10.1101/gad.8.16.1897
https://doi.org/10.1002/j.1460-2075.1995.tb00276.x
https://doi.org/10.1016/S0092-8674(00)81814-0
https://doi.org/10.3390/cells11121935
https://doi.org/10.1046/j.1523-1747.2001.01316.x
https://doi.org/10.1111/j.1600-0625.2011.01416.x
https://doi.org/10.1038/jidsymp.2011.6
https://www.ncbi.nlm.nih.gov/pubmed/22076328
https://doi.org/10.1016/j.biopha.2019.109181
https://www.ncbi.nlm.nih.gov/pubmed/31387196
https://doi.org/10.1080/09546634.2019.1610549
https://www.ncbi.nlm.nih.gov/pubmed/31017492
https://doi.org/10.1002/j.1460-2075.1996.tb00359.x
https://doi.org/10.1111/j.1600-0560.2006.00695.x
https://doi.org/10.1136/bjo.2006.101121
https://doi.org/10.1111/j.1468-3083.2010.03825.x
https://doi.org/10.15252/emmm.202013560
https://doi.org/10.1038/jid.2010.351
https://doi.org/10.3390/dermatopathology13010002

	Introduction 
	Subjects and Methods 
	Results 
	Discussion 
	Conclusions 
	References

