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Abstract: Canine atopic dermatitis (CAD) is a common, chronic, inflammatory skin disease in dogs
worldwide. This disease often predisposes for secondary organisms overgrowth and skin infections
with pathogens, such as Staphylococcus pseudintermedius and Malassezia pachydermatis. Unfortunately,
the causes of this disease in both humans and animals are not fully understood; therefore, the only
possible option is a lifelong, symptomatic treatment. The management of CAD is mainly based
on limiting contact with allergens and antipruritic therapy, most often with glucocorticoids and
antihistamines. A serious problem in this situation is the fact, that long-term administration of
glucocorticoids leads to side effects like polyuria, alopecia, increased susceptibility to infection,
muscle atrophy, and many others. For this reason, great emphasis is placed on the development of
replacement and supportive therapies. It is a well-documented fact that reduced concentrations of
serum vitamin D3 contribute to the severity of atopic dermatitis symptoms in humans. Moreover,
unlike the most commonly used therapeutic methods, of which the main goal is to ameliorate
inflammation and pruritus, namely the symptoms of AD, vitamin D3 supplementation affects some
underlying factors of this disease. Therefore, in this review, we summarize the current state of
knowledge regarding the role of vitamin D3 in CAD, its protective effect against secondary bacterial
and fungal infections, and the potential of its supplementation in dogs.

Keywords: canine atopic dermatitis; vitamin D3; antimicrobial peptides; Staphylococcus pseudintermedius;
Malassezia pachydermatis

1. Canine Atopic Dermatitis

Canine atopic dermatitis (CAD) is one of the most common inflammatory and pruritic
skin diseases in dogs worldwide. CAD is a multifactorial disease that results from complex
interactions between genetic and environmental factors. It is associated with the production
of antibodies from the immunoglobulin E (IgE) class against multiple environmental
allergens, such as pollens, mites, molds, food allergens, and some microorganisms, such
as Malassezia spp. or staphylococci [1]. However, the pathogenesis is complicated and
only partly understood. Genetic abnormalities, altered immune response to cutaneous
inflammation, and a skin barrier defect contribute to the development of the disease. It is
known that the primary defect in the epidermal barrier in atopic dogs, such as decreased
ceramide levels or filaggrin concentrations, facilitates the penetration of allergens through
the epidermis, and this leads to the over-stimulation of the local innate and adaptive
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immunity [2,3]. Skin barrier function is further impaired by inflammation. Moreover, the
weaker the skin barrier, the higher the predisposition to allergic sensitization. Allergens
absorbed through the skin promote allergen-specific IgE production which binds to tissue
mast cells and basophils. After re-exposure to the antigen, mast cells degranulate releasing
histamine, proteolytic enzymes, and bradykinins. This all leads to the development of skin
inflammation manifesting itself with erythema (redness), edema (swelling), and pruritus
(itching) [4]. Furthermore, various allergens stimulate the synthesis of interleukin (IL)-4 by
dendritic cells, leading to a polarization towards the lymphocyte T type 2 (Th2)-associated
response. This is further exacerbated by the lymphopoietin (similar to IL-7) produced
by keratinocytes. Lymphocyte T type 1 (Thl) and Th2 populations differ in the profile
of synthesized cytokines. Thl, by producing IFN-y, IL-2, IL-12, and TNF-« supports
the cellular response, whereas Th2 produces IL-4, IL-5, IL-6, IL-13, and IL-31 which in
turn stimulate a humoral response [5,6]. IL-4 is believed to play a principal role in the
development of atopy. It enhances the proliferation of B lymphocytes and stimulates them
to produce IgE. Moreover, IL-4 dysregulates the production of microRNA in keratinocytes,
and that leads to enhanced inflammation, angiogenesis, lymphangiogenesis, and apoptosis
of epidermal keratinocytes [7-10]. Additionally, it was proved that canine IL-31 induces
pruritus in atopic dogs, leading to epidermal damage through scratching which promotes
secondary microbial infections [6].

It is estimated that CAD affects 3-15% of the dog population worldwide [11]. As
the diagnosis of CAD is difficult, these numbers are likely to be underestimated [11,12].
The following dog breeds appear to be particularly predisposed to the development of
CAD: Boxer, West Highland White Terrier, French Bulldog, Bullterrier, American Cocker
Spaniel, English Springer Spaniel, Poodle, Chinese Shar-Pei, Dachshund, Collie, Miniature
Schnauzer, Lhasa Apso, Pug, and Rhodesian Ridgeback [3]. The predilection is suspected
to be related to the genetic characteristics of these breeds.

Clinical signs usually emerge for the first time in early adulthood (1-3 years of age),
and the most affected body regions are the head, distal limbs (carpal and tarsal regions,
paws, mainly digits, claws, and interdigital spaces), ventral part of the abdominal region,
perineum, and ventral tail [1]. The main clinical signs are erythema and pruritus, which are
exacerbated by self-trauma due to scratching and biting, as well as by secondary infections.
Thus, an array of secondary skin lesions such as excoriations, self-induced alopecia, papules,
pustules, crusts, erosions, epidermal hyperplasia, hyperpigmentation, and lichenification
are often observed [13].

The definitive diagnosis of CAD relies on the combined assessment of medical history
and clinical signs, including a characteristic pattern of lesions, and positive result of allergy
tests, supported by concomitant elimination of other possible pruritic dermatoses caused
by primary parasitic, bacterial, and fungal skin infections or food allergies [1,14]. Allergy
testing, either based on serological assays or intradermal skin tests with various allergens,
plays only an auxiliary role due to low diagnostic specificity [13]. Dogs often become
sensitized to multiple environmental allergens, and therefore they test positive in allergy
tests despite the lack of signs of CAD. On the other hand, dogs with clinical signs indicative
of CAD may test negative in allergy tests; however, in such a case, the disease is referred to
as atopic-like dermatitis [13].

2. Treatment of CAD

CAD is a chronic disease, and early intervention is needed to control the clinical signs.
A complete clinical and laboratory examination is important in recognizing the main fac-
tors that influence disease development and progression and subsequently in determining
the best treatment. Unfortunately, the primary cause of CAD remains unknown, and the
disease remains incurable. Therefore, the only possible option is a lifelong symptomatic
treatment [15]. Once a dog is determined to have atopy, allergy testing may be performed
by a veterinary dermatologist to establish the specific allergens that are triggering the
allergy issues. Moreover, in order to protect the epidermal barrier and to make the affected
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dogs feel more comfortable, anti-pruritus treatment is often used. Routine therapeutic
protocols include the use of glucocorticoids, antihistamines, ciclosporin, oclacitinib, mono-
clonal antibody Lokivetmab, omega-6/omega-3 fatty acid supplements, allergen-specific
immunotherapy (“hyposensitization”), and topical antipruritic agents. The aforementioned
drugs/supplements are used alone or in combinations [16]. Additionally, the affected dog
should be placed on a permanent program of flea control.

Glucocorticoids and antihistamines are used to reduce the pruritus [17-19]. Glucocor-
ticoids might be applied topically or systemically. Due to the fact that they target different
cells expressing glucocorticoid receptors, they exhibit a strong antipruritic effect, and their
anti-itch properties probably occur secondarily to the reduction of cutaneous inflamma-
tion. However, glucocorticoids may have both short- and long-term side effects that cause
different problems in dogs. Adverse effects of glucocorticoids commonly result from the
long-term use of supraphysiologic doses to control inflammatory or immunologic disorders.
Long-term administration may lead to polyuria, polydipsia, bilaterally symmetric alopecia,
increased susceptibility to infection, muscle atrophy, and redistribution of body fat [20].
Due to the risk and side effects of glucocorticoid therapy, antihistamines are often used by
veterinarians to avoid or reduce the necessary doses of glucocorticoids [16].

Antihistamines are used to reduce histamine release from mast cells. They are a good
option to consider, but usually as an adjunctive treatment. They are often used simultane-
ously with antibiotics and antifungals throughout the life of atopic dogs. Unfortunately,
the responses to antihistamines in atopic dogs are unpredictable, thus, the efficacy of
antihistamines remains unreliable [16,19].

Another therapeutic option used to control the disease is allergen-specific immunother-
apy. This treatment is based on the results of intradermal skin testing or serological allergy
testing (blood tests), or a combination of both. Although this method has been well estab-
lished, not all dogs show the same response to treatment [21].

Oclacitinib is an oral medication used to decrease pruritus. It is a selective inhibitor of
janus kinase 1, which is involved in the signaling pathways of the receptors for IL-2, IL-4,
IL-6, IL-13, and IL-31, thus it blocks the Th2 pathway [22]. It was proven that their efficacy
is comparable with the efficacy of glucocorticoids [23]. The most commonly reported
side effects include gastrointestinal problems (such as vomiting, diarrhea, and decreased
appetite) and lethargy [24,25].

Since 2017, the monoclonal antibody Lokivetmab (Cytopoint) has been used to reduce
itching and skin lesions in atopic dogs [26]. This monoclonal antibody targets IL-31 and
inactivates it, which leads to the reduction of itching. This therapy is effective in CAD,
except for otitis externa which seems to be resistant to Lokivetmab and only glucocorticoids
sufficiently reduce inflammation of the ear canal. Moreover, side effects of Lokivetmab
have also been described, and they include drowsiness, vomiting, diarrhea, lack of appetite,
pain at the injection site, dermatitis, and pruritus [27,28].

3. Secondary Infections in Atopic Dogs

The skin microbiome includes various microorganisms inhabiting the skin. Commen-
sal microorganisms present on a skin surface protect the skin against pathogenic invasion
by, for instance, competing with pathogenic microbes for nutrients, they also interact with
the innate and adaptive immune system. They may enhance innate immunity and limit
pathogen invasion by inducing specialized T lymphocytes to migrate to the epidermis,
which occurs in coordination with dendritic cells residing in the skin. Cutaneous dysbiosis
is defined as imbalances in the composition of microbial populations which are linked to
the development of chronic inflammatory and allergic diseases [14]. It was proven that
the composition of skin microbiota is less diverse in atopic dogs than in healthy dogs. The
most prevalent bacteria residing on atopic canine skin are staphylococci, mainly Staphylo-
coccus pseudintermedius and Staphylococcus coagulans [29-31]. The intensity of staphylococcal
infection correlates with disease severity [32,33]. Most probably, it is due to the fact that
peptidoglycan, through toll-like receptor type 2 (TLR2), strongly stimulates the production
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of thymic stromal lymphopoietin (TSLP) which facilitates Th2 response [34]. Microorgan-
isms present in large numbers on the atopic skin stimulate the release of pruritogenic
and inflammatory cytokines from skin cells [2,14]. Pruritus often leads to secondary skin
damage that facilitates infections caused either by bacteria or yeasts. Secondary microbial
overgrowth or infection are common causes of increased pruritus in already itchy dogs.
Thus, the whole process forms a kind of closed circle. Dogs with atopic dermatitis are
predisposed to recurrent staphylococcal and Malassezia pachydermatis infections in the skin
and ears. Skin infections are considered the most prevalent complications of CAD [2,35-37].
These secondary infections are often associated with poor control of the disease. According
to Favrot (2015) bacterial infections were present in 66% of dogs with CAD, Malassezia
spp. infection in 50% of dogs, and otitis externa in 33% of dogs with CAD [13]. The
staphylococcal mechanisms of the epidermal barrier disruption are still under investigation.
However, the reduction of bacterial load on a skin surface evidently reduces the course
of the disease and normalizes the epidermal barrier [35]. Moreover, Malassezia-associated
dermatitis and otitis externa are common clinical problems and are often exacerbated in
conjunction with atopic flares. Atopic dogs have developed an IgE hypersensitivity also to
Malassezia spp. [38].

4. The Role of Antimicrobial Peptides in Innate Immunity

Recently, it has been shown that altered epidermal barrier integrity is the major factor
involved in the pathogenesis and predisposition to CAD. The high frequency of staphylo-
coccal and Malassezia pachydermatis infections in canine atopic skin suggests that the skin of
atopic dogs has a defective innate immune response [39]. The outer layer of the skin, the
epidermis, serves as a physical barrier against pathogens. In response to the breaching of
the epidermal barrier, the effectors of innate immunity constitute the first line of defense
against invading pathogens. The most important factors of the skin’s innate immune
system include phagocytic cells, such as macrophages, neutrophils, dendritic cells, natural
killer (NK) cells, mast cells, basophils, and eosinophils [40]. Additionally, antimicrobial
peptides (AMPs) are known to play a crucial role in cutaneous innate immunity [41,42].
These small, protein molecules act as endogenous antimicrobials against bacteria, fungi,
protozoa, and viruses. The most studied AMPs in canine epithelial cells of the skin in-
clude p-defensins (BDs) and cathelicidin (K9CATH) [43,44]. In different cell types, the
expression of AMPs may be either constitutive (neutrophils), or inducible (keratinocytes)
by stimuli such as inflammation, a mechanical breach in the skin integrity, or the presence
of microorganisms [43].

Defensins are small, cationic peptides with broad-spectrum antimicrobial activity.
They protect the host organism against pathogens by serving as endogenous antibiotics, or
by signaling to promote chemotaxis. They also play a role in the wound healing process
and in other intercellular communication activities [45]. They are responsible for the
membrane disruption in Gram-negative bacteria, while in Gram-positive they contribute
to the inhibition of cell wall synthesis [46]. Defensins are expressed by certain phagocytic
leukocytes and epithelial cells [47]. Genome analysis allowed for recognizing 43 members
of the canine [3-defensin gene family [47]. The major -defensins expressed in canine
skin are canine (3-defensin-1 (cBD-1) and canine 3-defensin-103 (cBD-103). Whereas the
other antimicrobial peptides, cathelicidins, protect the skin through direct antimicrobial
activity or by the initiation of a host response resulting in cytokine release, inflammation,
and angiogenesis. They are multifunctional modulators of innate immune responses,
synergistically enhancing the IL-13-induced production of cytokines (IL-6, IL-10) and
chemokines such as macrophage chemoattractant proteins (MCP-1, MCP-3) [48]. It was
shown that in healthy skin, keratinocytes express low amounts of cathelicidin, whereas on
the course of infection or barrier disruption, the expression of this antimicrobial peptide
was significantly increased [49]. It was observed that in patients suffering from atopic
dermatitis, the process of AMPs induction was highly reduced in pathologically changed
skin [50]. Other studies, concerning the participation of AMPs in the pathogenesis of CAD,
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showed that various AMPs in lesional and non-lesional canine atopic skin were increased.
Increased mRNA expression was observed for cBD-1, cBD-122, cBD3-like, and canine
cathelicidin. Only mRNA expression of cBD-103 was decreased in naturally affected atopic
dogs [39]. The authors suggest that increased expression of cBD-1 could be related to skin
infections, as it was proven that microorganisms can stimulate the expression of human
-defensin-1 (hBD-1) [51]. Moreover, increased levels of cBD-1 may also be upregulated
by TNE-«, since higher levels of this cytokine were detected in the lesional skin of atopic
dogs [52,53]. Antibacterial and antifungal activity of cBD-103 is still being investigated;
however, it is believed that decreased level of this peptide could be linked to increased
S. pseudintermedius and M. pachydermatis infection of the canine skin [39,54]. In atopic dogs
higher levels of IL-4 and IL-13 have been detected and both cytokines may influence the
expression of cBD-103 leading to the downregulation or defective upregulation of this
-defensin. Such deficiency in ¢cBD-103 may contribute to the higher susceptibility to
bacterial skin infections in atopic dogs [50].

The molecular regulation of AMPs transcription is poorly understood. Studies on the
influence of bacterial infections on the changes in AMPs expression still do not explain these
mechanisms. However, the results obtained by Wang et al. (2004) shed new light on this
issue [55]. They discovered that the hormonal form of vitamin D3, 1,25-dihydroxyvitamin
D3 (calcitriol) [1,25 (OH)2D], directly regulates antimicrobial peptide gene expression,
revealing its potential in the treatment of infections.

5. Vitamin D3 and Its Emerging Impact on Innate Immunity

Vitamin D has received a lot of attention since the discovery that vitamin D receptors
(VDRs) are abundant in most cells in the body and the detection of enzymes involved in
the synthesis of the active form of vitamin D, namely 1,25-dihydroxy vitamin D [1,25(OH)
2D] in non-renal sites like skin [56]. Vitamin D3 is a highly potent steroid hormone that
maintains calcium homeostasis. There are two main sources of vitamin D3: exogenous by
dietary supplementation and endogenous production in the skin stimulated by exposure
to sunlight [57].

Two major forms of this vitamin are vitamin D2 (ergocalciferol) and vitamin D3
(cholecalciferol). The skin is not able to synthesize vitamin D2, whereas cholecalciferol can
be produced in the skin of most mammals from the pro-vitamin D3 (7-dehydrocholesterol)
via activation by ultraviolet B (UVB) light (Figure 1). Dogs appear to have a lower capability
to produce cholecalciferol in the skin compared to other mammals [58], which results
in the relatively higher dietary requirement for vitamin D. Calcitriol, an active vitamin
D metabolite, mediates its biological effects by binding VDR located in the nuclei of
target cells. VDR is expressed by many cells, including keratinocytes. This suggests its
potential role beyond the bone and calcium metabolism [59]. It was proven that vitamin
D3 deficiency leads to a higher risk of bacterial and viral infections [60]. Literature data
indicate that vitamin D3 serves as an innate and adaptive immunity regulator [61]. Calcitriol
induces the transcription of genes encoding membrane-bound and cytoplasmic pattern
recognition receptors (PRRs), such as TLR4, TLR2, and NOD-like receptor 2 (NOD2) [62-64].
Vitamin D signaling also activates cytokine production, including interleukin 13 (IL1j3)
and IL8/CXCLS, during infection [65]. It is a very important mechanism that links innate
and adaptive immunity. Additionally, there is a connection between vitamin D3 and
AMPs expression in keratinocytes. VDR has been found in the promoter region of the
cathelicidin gene [55,66]. Constitutive expression of human cathelicidin (hCAP18 or LL-
37) is very low in keratinocytes; however, treatment with the biologically active form of
vitamin D,1,25 (OH)2 (vitamin D3) induces LL-37 mRNA expression 100-fold in comparison
to unstimulated control [67]. The involvement of cathelicidin in wound healing and
skin diseases, such as CAD may create new opportunities for the use of vitamin D3 in
dermatology [68].
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Figure 1. The metabolism of vitamin D in the body.

Furthermore, the expression of LL-37 in monocytes and macrophages has been shown
to be induced by vitamin D3, thus leading to enhanced intracellular killing [69]. In ker-
atinocytes, 1,25(0OH)2D increases TLR2/1 and LL-37 expression, leading to an increased
antimicrobial activity against Staphylococcus aureus [67,70].

6. Vitamin D3 Levels and Its Presumptive Impact on CAD

The majority of studies indicate an inverse relationship between the severity of atopic
dermatitis and vitamin D3 levels. Recently, in 2022, Ng and Yew published a systematic re-
view and meta-analysis on the association between serum concentration of vitamin D3 and
atopic dermatitis severity [71]. Based on the analysis of 20 studies with virtually 2000 cases
of atopic dermatitis in humans, we concluded that lower serum concentration of vitamin
D3 was associated with more severe atopic dermatitis, thus vitamin D supplementation
could help to control the severity of clinical signs of atopic dermatitis. However, further
research on the efficacy and optimal dosage of vitamin D is still needed [71]. Previous
studies present the same conclusions that vitamin D supplementation is linked to a clini-
cally relevant reduction in the severity of clinical symptoms in both adult and pediatric
patients suffering from atopic dermatitis [72-75]. Similarly, in atopic dogs, an oral vitamin
D supplementation decreases pruritus and skin lesions [76]. On the other hand, vitamin D3
as a highly potent hormone may lead to severe adverse effects, such as hypercalcaemia,
hyperphosphatemia, and disseminated tissue calcification. In dogs, dietary vitamin D
overdose may cause hypertension and nephropathy [77]. Therefore, to minimize the ad-
verse effects, multiple VDR analogues were developed. VDR agonists, such as paricalcitol
are not only less toxic, but also strongly stimulate AMPs in keratinocytes and other skin
cells in vitro. In humans, they seem to be safer than cholecalciferol. Paricalcitol is the
second-generation VDR activator, a synthetically manufactured analog of calcitriol, which
is an active form of vitamin D. It is a VDR agonist with a potent immunomodulatory effect
used in humans [78]. It showed a low potential to induce hypercalcemia and hyperphos-
phatemia [79]. Paricalcitol is considered for use in dogs. However, after the administration
of this analogue to dogs Klinger et al. (2018) observed hypercalcemia in half of the tested
animals [76]. Thus, we concluded that cholecalciferol was a better treatment option in dogs
than paricalcitol. Moreover, they observed higher activity of vitamin D3 against lesions
and pruritus in atopic dogs. In other studies, serious adverse effects in dogs have only
been described in rare cases of accidental ingestion of high doses of vitamin D analogues,
such as calcipotriol, calcitriol, and tocalcitol [80-82]. During proper treatment, clinicians
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observed some adverse effects, like erythema, skin irritation, or rarely photosensitivity;
however, there is no data on the incidence of these complications in dogs [82].

In conclusion, low pre-existing calcitriol levels may predispose to the development of
CAD. Moreover, Vitamin D3 improves the skin barrier defense, which reduces secondary
skin infections. Therefore, vitamin D3 may turn out as an adjunctive therapy in CAD.
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