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LIST OF ABBREVIATIONS
ASIP

agouti signaling peptide

BA

betulinic acid (3β-hydroxy-lup-20(29)-en-28-oic acid)

BBS

betulinyl-bis-sulfamate ((3β)-Lup-20(29)-ene-3,28-diol, 3,28disulfamate)

b.i.d.

bis in die = twice a day

BSA

bovine serum albumin

CVS

crystal violet staining assay

DAC

Deutscher Arzneimittel-Codex (German Drug Codex)

DMSO

dimethyl sulfoxide

EMM

equine malignant melanoma

eRGO1

equine melanoma cells Research Group Oncology 1

ES

equine sarcoid

FACS

fluorescence-activated cell sorting

FBS

fetal bovine serum

FDC

Franz-type diffusion cell

HPLC

high-performance liquid chromatography

IC50

half-maximal inhibitory concentration

MelDuWi

(equine) melanoma cells Durán Willenbrock

MTS

CellTiter 96®AQueous One Solution Cell Proliferation Assay

MW

molecular weight

NR4A3

nuclear receptor subfamily 4, group A, member 3

NVX-207

3-acetyl-betulinic acid-2-amino-3-hydroxy-2-hydroxy methylpropanoate

PBS

phosphate-buffered saline

PriFi1 / 2

primary equine dermal fibroblasts 1 / 2

rpm

rounds per minute

RACK1

receptor for activated C kinase 1

sRGO1 / 2

(equine) sarcoid cells Research Group Oncology 1 / 2

STX17

syntaxin 17

TF

test formulation

UV

ultraviolet
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SUMMARY
Lisa Annabel Weber
In vitro and in vivo development of a topical drug for the treatment of equine skin cancer
– based on naturally occurring and synthetically modified substances in plane bark
Skin cancer is a major area of interest within the field of equine oncology. Equine sarcoids (ES)
and equine malignant melanoma (EMM) are among the tumors affecting horses diagnosed most
frequently. Both cutaneous neoplasms can be a significant cause of economic losses, morbidity
and mortality in the animals, whereby the latter two points explain the necessity for treatment
from an ethical and medical point of view. However, despite the sophistication of modern
equine medicine, the treatment of equine skin cancer can be challenging and established,
evidence-based therapies resulting in sustained tumor regression are rare. The topical treatment
approach for skin tumors has many advantages, including the possibility of medicating lesions
at localizations difficult to reach, high local drug concentration with few to no systemic side
effects and low logistical effort. The pentacyclic, lupane-type triterpenes betulinic acid (BA)
and betulin can be isolated from many botanical sources, predominantly from the bark of white
birch and plane trees. In addition to various biological properties, they have gained attention
mainly due to their anticancer features. Within the framework of the current PhD project, the
compounds BA, BA derivative NVX-207, and betulin derivative betulinyl-bis-sulfamate (BBS)
were assessed for their potential as an epicutaneous therapy for ES and EMM. This thesis
comprises various in vitro and in vivo studies described in four manuscripts, all with the overall
purpose of contributing to the development of a topical drug for the treatment of equine skin
cancer.
As detailed in manuscript I and II, the compounds BA, NVX-207, and BBS were demonstrated
to exert significant antiproliferative and cytotoxic effects against primary ES cells, primary
EMM cells, and primary equine dermal fibroblasts in a time- and dose-dependent manner in
vitro. Importantly, the active mode of action was apoptosis which was assessed by cell cycle
analyses and AnnexinV/propidium iodide staining. In contrast to BBS, no clear selectivity for
cancer cells compared to the unaltered dermal fibroblasts could be shown for BA and NVX207. However, the latter two compounds were revealed to be more effective against ES and
EMM cells and, therefore, BA and NVX-207 were used for subsequent Franz-type diffusion
cell experiments and studies in the target animal. A stable and homogenous distribution of the
substances in the 1 % test formulations with “Basiscreme DAC” (amphiphilic cream as
published in the German Drug Codex; supplemented with 20 % medium-chained triglycerides
for BA) were given. The compounds penetrated and permeated the epidermis and dermis of
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isolated equine skin and the amounts of BA and NVX-207 detected by high-performance liquid
chromatography exceeded by far the previously determined half-maximal inhibitory
concentrations of ES and EMM cells. These results were confirmed by in vivo permeation
studies in eight healthy horses (manuscript III). In the context of these studies, the local and
systemic safety of the BA and NVX-207 applied topically were proven by clinical and
histopathological examinations and blood analyses. Finally, the topical application of 1 % BA
or 1 % NVX-207 twice a day for 13 consecutive weeks in early stage EMM patients proved to
be convenient and safe, as shown by the randomized, placebo-controlled, double-blind in vivo
efficacy study described in manuscript IV. Even though no complete remission of the tumors
could be achieved with the pharmaceutical formulations investigated, a clear tumor response
was observed after treatment with both BA and NVX-207. However, the findings of the efficacy
study must be regarded as preliminary due to the limited group size (six horses each) and need
to be verified in a larger cohort. Modifications of the pharmaceutical formulations may further
improve the clinical outcome.
In conclusion, the results generated are promising and support prospective investigations of
BA, NVX-207 and BBS in both in vitro and in vivo models aiming at developing a topical
therapy for the treatment of ES and EMM. Further advancement of the investigational medicinal
products studied herein could lead to an effective topical and marketable, novel drug which
helps to relieve suffering and, consequently, improve the welfare of equine skin cancer patients.
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ZUSAMMENFASSUNG
Lisa Annabel Weber
In vitro und in vivo Entwicklung eines topischen Medikamentes für die Behandlung des
equinen Hautkrebs – basierend auf natürlich vorkommenden und synthetisch
modifizierten Wirkstoffen in Platanenrinde
Im Bereich der Pferdeonkologie sind vor allem tumoröse Erkrankungen der Haut von großer
Bedeutung. Equine Sarkoide (ES) und equine maligne Melanome (EMM) gehören zu den
häufigsten Tumoren, die bei Pferden diagnostiziert werden. Beide kutane Neoplasien können
eine signifikante Ursache für wirtschaftliche Verluste, Morbidität und Mortalität bei den Tieren
darstellen, wobei insbesondere die beiden letztgenannten Punkte eine Behandlung aus ethischer
und medizinischer Sicht notwendig machen. Trotz des hohen Entwicklungsstandes der
modernen Pferdemedizin stellt die Behandlung von equinem Hautkrebs noch immer eine
Herausforderung für den/die Pferdetierarzt*ärztin dar und etablierte, evidenzbasierte Therapien
mit anhaltender Tumorrückbildung sind selten. Der topische Behandlungsansatz für
Hauttumore hat viele Vorteile. Hierzu gehören die Möglichkeit zur Therapie von Läsionen an
schwer zugänglichen Lokalisationen, eine hohe lokale Wirkstoffkonzentration mit wenigen bis
keinen systemischen Nebenwirkungen sowie ein geringer logistischer Aufwand. Die
pentazyklischen Triterpene vom Lupantyp Betulinsäure (BA) und Betulin können aus vielen
botanischen Quellen, vorwiegend jedoch aus der Rinde von Weißbirken und Platanen, isoliert
werden. Sie zeichnen sich durch eine Vielzahl biologischer Eigenschaften aus, unter denen vor
allem die antikanzerogenen Wirkungen hervorzuheben sind. Im Rahmen des hier vorgestellten
Promotionsprojektes wurden die Wirkstoffe BA, das BA-Derivat NVX-207 und das
Betulinderivat Betulinyl-bis-sulfamat (BBS) auf ihr Potenzial als topisches Medikament für das
ES und das EMM hin untersucht. Die PhD-Arbeit umfasst verschiedene in vitro und in vivo
Studien, welche in vier Manuskripten beschrieben werden. Alle Studien haben das
übergeordnete Ziel, zu der Entwicklung eines topischen Arzneimittels für die Behandlung von
Hautkrebs bei Pferden beizutragen.
Es konnte gezeigt werden, dass die Substanzen BA, NVX-207 und BBS in vitro signifikante
zeit- und dosisabhängige antiproliferative und zytotoxische Wirkungen gegenüber primären ES
Zellen, primären EMM Zellen und primären equinen dermalen Fibroblasten haben (Manuskript
I und II). Wie mittels Zellzyklusanalysen und AnnexinV/Propidiumiodid-Färbung dargestellt
werden konnte, war der aktive Wirkmechanismus die Apoptose. Im Gegensatz zu BBS konnte
für BA und NVX-207 keine klare Selektivität für Krebszellen im Vergleich zu gesunden
dermalen Fibroblasten gezeigt werden. Die beiden letztgenannten Wirkstoffe erwiesen sich
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jedoch als wirksamer gegenüber ES und EMM Zellen als BBS, weshalb BA und NVX-207 für
nachfolgende Experimente mit Franz-Diffusionszellen und Studien an der Zieltierart verwendet
wurden. Eine stabile und homogene Verteilung der Substanzen in den 1 %igen
Testformulierungen mit "Basiscreme DAC" (amphiphile Creme wie im Deutschen
Arzneimittelkodex veröffentlicht; ergänzt mit 20 % mittelkettigen Triglyceriden für BA) war
gegeben. Die Wirkstoffe zeigten eine gute Penetration und Permeation durch die Epidermis und
Dermis isolierter Pferdehaut und die mittels Hochleistungsflüssigkeitschromatographie
nachgewiesenen Mengen an BA und NVX-207 überstiegen bei weitem die zuvor berechneten
mittleren inhibitorischen Konzentrationen für ES und EMM Zellen. Diese Ergebnisse wurden
durch in vivo Permeationsstudien an acht gesunden Pferden bestätigt (Manuskript III). Im
Rahmen dieser Studien wurde zudem die lokale und systemische Verträglichkeit der topisch
applizierten Wirkstoffe durch klinische und histopathologische Untersuchungen sowie
Blutanalysen nachgewiesen. Schließlich zeigte die in Manuskript IV beschriebene
randomisierte, placebokontrollierte, doppelt verblindete in vivo Wirksamkeitsstudie die hohe
Praktikabilität und gute Verträglichkeit der topischen Anwendung von 1 % BA bzw. 1 % NVX207 zweimal täglich über dreizehn aufeinanderfolgende Wochen bei EMM Patienten im
Frühstadium. Obwohl mit den untersuchten pharmazeutischen Formulierungen keine
vollständige Remission der Tumore erreicht werden konnte, wurde ein deutliches Ansprechen
der Neoplasien auf die Behandlung mit BA und NVX-207 beobachtet. Angesichts der pro
Testsubstanz auf jeweils sechs Pferde begrenzten Gruppengrößen sind die Ergebnisse der
Wirksamkeitsstudie jedoch als vorläufig zu betrachten und müssen anhand einer größeren
Patientenkohorte verifiziert werden. Modifikationen in den pharmazeutischen Formulierungen
könnten zudem das klinische Ergebnis weiter verbessern.
Insgesamt

sind

die

generierten

Ergebnisse

des

vorliegenden

Promotionsprojektes

vielversprechend und unterstützen prospektive in vitro und in vivo Untersuchungen mit BA,
NVX-207 und BBS, welche die Entwicklung einer topischen Therapie für die Behandlung von
ES und EMM zum Ziel haben. Darüber hinaus könnte eine weitere Optimierung der hier
untersuchten Studienmedikation zu einem wirksamen topischen und marktfähigen Arzneimittel
führen, welches zur Linderung des Leidens und damit zur Verbesserung des Wohlergehens von
equinen Hautkrebspatienten beiträgt.
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1. Introduction
Skin cancer is a major area of interest within the field of equine oncology. Indeed, cutaneous
neoplasms account for about 50 % of all equine neoplasms, making the skin the organ most
frequently affected by tumors in horses [1,2]. Four primary skin tumors are mainly diagnosed
in horses: equine sarcoid, squamous cell carcinoma, equine melanoma, and papilloma [2,3].
Skin cancer in horses can cause economic losses for the horse owner due to cosmetic issues,
breeding impairment and interference with saddle gear [4,5], but it can also lead to serious
illness and death of the animal [6,7]. The latter two points in particular make treatment
necessary from a medical and ethical point of view. However, despite the sophistication of
modern equine medicine, the treatment of skin cancer is still a challenge for the equine
veterinarian. For these reasons, the current thesis contributes to the development of a novel
veterinary drug for the topical treatment of equine cutaneous cancer. The main focus of the
thesis is on equine melanoma, but experiments were also conducted that may benefit the
development of a treatment for equine sarcoid. Natural products play an increasing role in the
field of anticancer drug discovery, development, and application [8,9] and so the investigated
compounds in this thesis are also either directly isolated from botanical sources or they are
synthetically modified derivatives of these compounds. The research project on which the thesis
is based was part of a collaboration project between the University of Veterinary Medicine
Hannover (Hannover, Germany), the Martin-Luther-University Halle-Wittenberg (Halle,
Germany), the University of Veterinary Medicine Vienna (Vienna, Austria), Biosolutions Halle
GmbH (Halle, Germany), and Skinomics GmbH (Halle, Germany).

1.1.

The equine malignant melanoma

Melanomas are malignant tumors of the pigment building melanocytes [10]. Melanocytes
derive from neuroectodermal melanoblasts and are mainly located in the skin, especially within
the stratum basale of the epidermis and in the outer root sheath of hair follicles [11]. In two
database surveys with 236 and 964 equine neoplasms respectively, melanomas were reported
to account for 4 % – 6 % of all neoplastic lesions [12,13]. However, most reports on tumor
incidence and prevalence in the literature are based on histopathologic confirmation. Since
biopsies are rarely used by clinicians to diagnose melanoma in horses, the true occurrence is
probably much higher [2]. Although melanomas can occur in horses and mules of any hair
color, they are primarily a disease in grey-coated horses. In a study with 296 grey Lipizzaner
horses the prevalence of melanoma in the overall population was 50% [14]. Another survey
demonstrated that 31% of 264 grey Camargue-type horses suffered from these tumors, while
the incidence of melanoma was significantly correlated with age [15]. Indeed, reported
prevalences of 67% – 80% in grey-coated horses older than 15 years underline the importance
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of the disease especially in aging animals [14–16]. There seems to be no sex predisposition for
the condition [4,17,18].
1.1.1. Tumor classification
Currently, a generally recognized classification system for equine melanocytic tumors of the
skin is missing. Based on clinical presentation, histopathology, tendency to malignant
transformation, and response to surgical excision, some authors distinguish between four
manifestations [4,17,19,20]. Briefly, melanocytic nevi (benign melanocytoma) are benignappearing collections of melanocytes located in the superficial dermis or dermo-epidermal
junction. They predominantly occur in young horses of any coat color, mostly in sites others
than those described for equine dermal melanoma. Surgical excision is generally curative. The
rare anaplastic malignant melanomas are composed of extremely pleomorphic, occasionally
amelanotic epithelioid cells and are typically encountered in aging (>20 years) non-grey and
grey horses. They commonly develop lethal organ metastases. Dermal melanomas and dermal
melanomatosis affect grey horses with distinct predilection sites. Both conditions show a very
similar histological appearance, presenting as heavily-pigmented tumor cells in the deep
dermis, and are therefore classified based on clinical features. Dermal melanomas occur in
mature, but not aged grey horses as discrete, solitary masses that are surgically excisable.
Multiple, coalescing lesions which are often found in aging grey horses are referred as dermal
melanomatosis. They show a greater potential for metastasis.
Other authors recommend to generally address melanocytic tumors in horses as malignant
neoplasms or neoplasms with malignant potential [7,21,22]. As most melanomas in grey horses
undergo a transformation from benign to malignant the term "equine malignant melanoma"
(EMM), as proposed by Moore and colleagues in 2013 [21], is used in the following.
1.1.2. Etiology
A relationship between the grey coat color and melanoma development in horses was already
described at the beginning of the 20th century [16,23]. Even though the etiology of melanomas
in horses is still not fully clarified, current data suggest that tumor evolution is associated
secondary to genetic mutations in the melanin metabolism molecular pathway. Grey horses are
born black, bay or chestnut. Due to an autosomal dominant inheritance they turn to a grey
phenotype early in life and show a high incidence for vitiligo-like depigmentation and
melanoma [24,25]. Compared with heterozygote horses (G/g genotype), homozygous horses
(G/G genotype) show a much faster and completer greying process and suffer from greater
prevalence and severity of melanomas [23]. The causative mutation for the grey phenotype is a
4.6-kb intronic duplication in the gene syntaxin 17 (STX17) [23,26]. Further, an overexpression
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of the neighboring NR4A3 (nuclear receptor subfamily 4, group A, member 3) gene as well as
a loss-of-function mutation of the agouti signaling peptide (ASIP) has been suggested to
promote dermal melanocyte proliferation in glabrous skin of grey-coated horses [23].
Melanomas in humans have been strongly related with a high exposure to ultraviolet (UV) light
[27]. With respect to the dark skin pigmentation, which grey horses maintain throughout their
life and which provides good protection against UV light and with regard to the from UV
radiation well protected predilection sites of the tumors (e.g. ventral tail, after, guttural pouch),
it seems very unlikely that UV radiation has a significant role in the pathogenesis of melanoma
in horses [11,28].
1.1.3. Gross pathology and diagnosis
Corresponding to the age when coat-color starts to turn grey or white, the vast majority of
tumors appear around the age of five years [19,21]. Early stages of the disease frequently occur
as single, black-pigmented, slow-growing and mostly dermally located firm nodules.
Predilection sites are glabrous skin regions like the ventral tail root, anus, perineum, external
genitalia and occasionally the lips and eyelids [14,15]. Further, they are found on visceral sites
in the head (guttural pouch, parotid salivary gland, larynx) [29,30]. With advanced disease
multiple and rapid in volume increasing tumors can arise, which frequently present a coalesced,
cobblestone-like pattern [19]. Large tumors often ulcerate through the epidermis and exhibit
necrotic centers due to deficits of blood supply [18]. Approximately two-thirds of horses
affected by melanoma have tumor metastases at necropsy [7,31]. Metastases to any region of
the body can occur secondary either to hematogenous or lymphatic spread [7,17], but reports
about primary visceral masses exist [7,32,33]. Most common sites for metastases are the
regional lymph nodes, liver, lung, spleen, heart, and major blood vessels [7,34] but spinal cord
[35] and muscles [7] can be affected also.
Diagnosis can be set clinically based on the typical gross characteristics and localizations of the
lesions in conjunction with the horses’ signalment (grey-coated). Fine-needle aspirations or
biopsies for cytological and histopathological examinations confirm the clinical diagnosis.
However, a histopathological determination of the malignancy potential is not always possible
[4]. Immunodetection of the receptor for activated C kinase 1 (RACK1) was proposed as a
potential marker for malignancy in equine melanoma cells [36].
1.1.4. Clinical signs in diseased horses
Clinical signs depend on the localization of the lesions, the grade of local invasion and presence
of internal metastases. Small EMM may simply be a cosmetic blemish but – if localized on the
head – can also become sore and infected secondarily through contact with snaffle or bit [4]. If
the anal sphincter, penis and prepuce, or vulva commissure are physically obstructed by larger
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tumors, dyschezia, dysuria, and difficulty with coitus and parturition may result [4]. As for
human melanoma patients, mortality in melanoma-affected horses is principally related to
metastatic spread to sites distant from the primary cutaneous tumor [37]. However, defecation
problems and resulting colic, caused by large cutaneous tumors in the anal area, can also require
the euthanasia of the horse. Metastases of EMM have been reported to cause neurologic deficits
like lameness of the pelvic limbs, ataxia, dysphagia and Horner’s syndrome, but patients are
also presented with unspecific signs like weight loss, colic and exercise-intolerance [7,35,38–
40].
With regard to the frequently malignant development, the prognosis for horses suffering from
EMM is guarded. The clinical problems often arise because of either misjudgment or incorrect
management or irresponsible benign neglect of the lesions [11].
1.1.5. Current treatment options
Because of the potential to grow and progress to malignancy, even early stage EMM should be
considered rather precancerous than benign – regardless of histopathological classification and
slow-growing nature of the lesions [22]. Consequently, any melanoma in horses should be
treated [7,11]. Although various approaches have been introduced, there exists no uniformly
satisfactory therapy for the disease. Current locoregional or systemic treatment modalities
include (cryo)surgery [11,41,42], cimetidine application [43,44], (electro)chemotherapy [45–
47], immunotherapy [48–50] and radiation [51,52]. Nevertheless, these therapies are often
inefficient, challenging, not commercially available, or lack sufficient data to be considered
established. Although the surgical excision may be curative for solitary tumors [41,42], there
are limits for surgical interventions when the tumors involved are already confluent or close to
important anatomical structures like nerves, vessels, the anal sphincter, or major organs. The
local chemotherapeutic approach with cisplatin has been reported to be effective in some lesions
[45–47]. However, as a result of its indiscriminate toxicity to both normal and cancer cells the
use of the mutagenic cisplatin is linked to strict safety rules [47,53] and, therefore, the therapy
is not offered by many clinics.
Commercially available, validated topical (epicutaneous) treatment options for EMM are
currently missing. A report exists about the topical therapy of an EMM lesion with toremifene,
a triphenylethylene derivative, which resulted in slight tumor volume reduction [54]. Positive
therapeutic effects were observed after topical administration of frankincense oil in five EMM
affected horses as described in a PhD thesis [55]. However, results of both studies were never
confirmed in further evidence-based large-scale trials.
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The equine sarcoid: an overview

Equine sarcoids (ES) are the most common tumors in horses worldwide [56,57]. From 536
equine (muco)cutaneous neoplasms, ES were diagnosed in 51 % of cases and, therefore,
exceeded the sum of all other skin cancer in horses, donkey and mules combined [3]. Skin
trauma [58,59] and bovine papillomaviruses type 1 and 2 [60–62] play an important role in the
etiopathogenesis, but also a genetic predisposition has been associated with the occurrence of
the disease [63,64]. Sarcoids are coat-color and gender independent, semimalignant neoplasms
of the cutaneous fibroblasts, capable to metastasize into the local tissue and regional lymph
nodes but not into internal organs [59,65]. Based upon their morphological characteristics they
can be classified in six types: mild occult or verrucous tumors and more severe nodular,
fibroblastic, mixed, and malevolent lesions [59]. Predilection sites include the head, neck,
extremities, and ventral abdomen, which often leads to interference with bridle and saddle girth
and occasionally cause lameness [57]. Sarcoids can significantly affect the animals’ welfare,
function, and aesthetics due to tumor localization, size, and number. Therefore, the economic
value of sarcoid-affected equids is often substantially impaired [57]. The treatment of these skin
tumors can be challenging. Thus, it is not surprising that multiple therapeutic approaches have
been described, which can be divided into different categories, such as surgery [66–68],
chemotherapy [45,69–72], immunotherapy [73–76], radiotherapy [77–79], photodynamic
therapy [80,81], phytotherapy [82,83] and others [84]. Their application depends on tumor
type, size, number, duration, localization and previous treatments, experience and facilities of
the individual veterinarian, compliance of owner and equine patient, and treatment costs [84].
Unfortunately, resistance to therapy or recurrence in exacerbated forms is frequently
observed [6].

1.3.

Topical drug application

1.3.1. Why the topical (epicutaneous) approach to treat equine skin cancer?
Given the size of equine patients, the logistical effort as well as the costs for diagnostic
processes and treatments can be high [11]. Apart from the financial burden and risks associated
with surgical removal of tumors under general anesthesia, the localization of EMM and ES can
limit the possibility of surgical intervention or lead to complications in wound healing [30,84].
Furthermore, the systemic treatment of cancer-affected horses with chemotherapeutic agents is
restricted mainly by high costs for materials and hospitalization but is also not optimal due to
possible systemic side effects on normal cells [11].
The topical (epicutaneous) therapy of skin tumors with anticancer drugs is an interesting
alternative to maximize local drug delivery into neoplastic lesions with reduced side effects to
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normal tissues and simultaneously increased therapeutic benefits [85]. Topical treatments, for
example in the form of an ointment or a cream, are non-invasive and can easily be applied even
to unfavorable tumor localizations. Additionally, the topical approach provides a treatment
opportunity associated with relatively low costs for the horse owner. After instruction by a
veterinarian, the horse owner can carry out the treatment without the need for special equipment
or facilities, which also significantly reduces the stress factor on the horse. The topical therapy
of small EMM lesions would be a better alternative to the common practiced approach of benign
neglect, which is often advocated by equine veterinarians and horse owners because of the slowgrowing nature of the tumors and the lack of reliable treatment methods for this disease
[7,21,22]. Although topical therapies for ES treatment are already utilized, they differ in their
efficacy and for some preparations only anecdotal evidence exist [69–71,83,84,86]. Thus, an
evidence-based topical therapy, which has been investigated by in vitro and in vivo experiments
from the very beginning, is also needed for this form of skin cancer.
1.3.2. Drug transport across the skin
The major challenge in the development of a topical drug is to transport the anticancer substance
to the tumor cells in sufficiently high quantities to kill them. Here, the major barrier to be
overcome for topically applied compounds is the outermost avascular layer of the skin: the
stratum corneum. The stratum corneum is composed of dense, functionally dead, and with
keratin filaments aggregated corneocytes that are surrounded by a lipid matrix consisting of
primarily cholesterol, cholesterol esters, fatty acids, and ceramides [85,87–89]. On the one
hand, these structured lipids prevent the body from losing water [90]. On the other hand, they
block entry of many topically applied drugs [90] and exogenous substances from the
environment. In order to deliver an anticancer substance to a tumor localized in the superficial
or deep dermis, the substance must first dissolve homogenously in the transport vehicle (e.g.
cream, ointment) [91]. After application to the skin, the compound must release from the
pharmaceutical formulation and penetrate the stratum corneum either between the lipids of the
corneocytes (intercellular route) or through the corneocytes (intracellular route) [87]. Although
their contribution to drug transfer is low the skin appendages, particularly hair follicles and
sweat glands, are also included in skin permeation [85,87,92]. After the lipid milieu of the
stratum corneum is passed, the agent has to permeate the hydrophilic viable epidermis to reach
the superficial and deep dermis [87,91]. However, because of vascularization of the dermis,
blood vessels absorb large amounts of the substance and a subsequent systemic circulation takes
place [87,91]. Several techniques exist to overcome physiological as well as tumor-induced
skin barriers and to favor drug permeation into deeper skin layers. Strategies include the
utilization of chemical penetration enhancers like dimethyl sulfoxide or propylene glycol, the
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use of nanocarriers, such as liposomes and polymeric and lipid nanoparticles, and the
application of physical penetration enhancers like iontophoresis and electroporation [85].
In vitro methods such as Franz-type diffusion cell (FDC) experiments with isolated skin [93]
are valuable tools for the development and screening of pharmaceutical formulations as they
help to predict the in vivo cutaneous penetration and permeation [87,94]. Due to possible
interspecies differences in skin structure, it is of great advantage if skin of the target species can
be used for in vitro experiments [95]. However, the whole complexity of biological systems
including metabolism, distribution, and elimination of drugs cannot be reproduced by
laboratory trials and in vivo data may have to follow the initial evaluations [87,94,95].

1.4.

Naturally occurring substances in plane bark and their synthetically

modified derivatives
In previous (screening) cell culture experiments, the project partners and the author of the thesis
tested naturally occurring substances in plane bark (betulin and betulinic acid) and several of
their synthetically modified derivatives in EMM cells [96 and unpublished data]. Based on
these experiments and existing literature listed below, it was finally decided that the following
compounds would be used within the scope of the PhD project: betulinic acid, betulinic acid
derivative NVX-207 and betulin derivative betulinyl-bis-sulfamate (Figure 1).

A

B

C

D

Figure 1. Chemical structures of (A) betulinic acid, (B) NVX-207, (C) betulin, and
(D) betulinyl-bis-sulfamate.
Structural formulae drawn with ChemDraw (PerkinElmer, Waltham, MA, USA)
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1.4.1. Betulinic acid
Betulinic acid (BA; 3β-hydroxy-lup-20(29)-en-28-oic acid; molecular weight (MW):
456.7 g/mol) is a pentacyclic lupane-type triterpene [97]. Triterpene compounds commonly
occur in the plant kingdom and perform a protective function against microorganisms and
insects [98]. Because of their anti-inflammatory [99–101], antimicrobial [102,103],
anthelmintic [104], anti-viral [105,106], and wound-healing properties [107] plants with high
content of triterpenes have already been used as phytotherapy in folk medicine since centuries
[108]. The compound BA is found in various botanical sources, but considerable amounts can
be extracted from the bark of white birch tree species (Betula sp.) and plane trees (Platanus
acerifolia) [109–111]. Furthermore, it can be obtained by chemical or enzymatic oxidation of
betulin [110,112]. Since BA’s selective cytotoxicity against human melanoma cells was
demonstrated in 1995 by in vitro cell culture experiments and a murine model [113], a
considerable amount of literature has been published on its in vitro and in vivo anticancer
activity against various human malignancies [97,111]. Amongst these are neuroectodermal
derived tumors like melanoma, medulloblastoma, glioblastoma and Ewing's sarcoma [115–
117], but also ovarian, breast, lung, prostate, renal, and colon carcinoma [114,118]. Many
studies reported about BA’s mediation of selective cell death in tumor cells, while normal noncancerous cells of different origin seem to be much more resistant to the compound
[113,119,120]. In addition to these in vitro observations, the substance was well tolerated in
tumor-bearing mice even at high concentrations (up to 500 mg/kg bodyweight) after oral and
intraperitoneal application [113,117,121,122]. The antitumor effects of BA are mediated
mainly by the activation of the mitochondrial (intrinsic) pathway of apoptosis [115,123].
Through the modulation of pro- and antiapoptotic Bcl-2 family proteins [115,116], BA
increases the permeability of the outer mitochondrial membrane [124,125]. Cytochrome c and
apoptosis-inducing factor are released into the cytosol and the subsequent cleavage of caspases
leads to the fragmentation of nuclear DNA and cell shrinkage [123–125]. Additional studies
with BA have shown it to induce the generation of reactive oxygen species [115,126,127] which
results among others in the activation of proapoptotic mitogen-activated protein kinases [128].
BA-mediated anticancer properties are further explained by the inhibition of topoisomerase I
and II [129–131] and induction of antiangiogenic effects within the tumor as a consequence of
vascular endothelial growth factor and aminopeptidase N regulation [132–136]. Although
extensive research has been carried out on BA’s anticancer effects in cells and murine models,
no published study exists which reports on the application in human tumor patients. The main
disadvantage of BA seems to be its poor water solubility and pharmacokinetic parameters,
which limit the use to topical application only [109,110]. Therefore, more than hundred semisynthetic lupane analogues, derivatives of BA and betulin, were published up to today
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[109,110]. For the synthesis of derivatives, modifications of BA and betulin molecules mainly
concern active groups at the C-3, C-20 and/or C-28 position [98].
1.4.2. Betulinic acid derivative NVX-207
Amongst a variety of BA derivatives, NVX-207 (3-acetyl-betulinic acid-2-amino-3-hydroxy2-hydroxy methyl-propanoate; MW: 601.8 g/mol) has been identified as one of the most
biologically active and pharmacologically significant substance [96,110,137]. Indeed, NVX207 shows a higher cytotoxicity in various human and canine cancer cell lines compared to the
parent BA [96,137,138]. Besides its more potent activity, significant advantages over BA
include a better solubility in aqueous solutions and pharmaceutically suitable solvents [139]. In
accordance with BA, NVX-207 was found to induce cell death in cancer cells via activation of
the intrinsic apoptotic pathway by cleavage of caspases-9, -3, -7 and poly (ADP-ribose)
polymerase [96,137,138], while the impact on the in vitro survival of normal human umbilical
vein endothelial cells, fibroblasts and keratinocytes was low [137]. An accumulation of EMM
cells in the subG1-phase and externalization of phosphatidylserines to the extracellular side of
the plasma membrane, a characteristic feature of apoptosis, were observed after treatment with
NVX-207 [96]. The compound was already successfully tested in a clinical study with five
canine cancer patients suffering from squamous cell carcinoma, soft tissue sarcoma, mammary
carcinoma, or adenocarcinoma and clinically beneficial tumor responses including a complete
regression were observed [137]. In a pilot safety study with two EMM affected horses the
repeated intralesional injection of the compound over 19 consecutive weeks was safe and well
tolerated [96]. However, the application of the test substance into the firm tumor tissue required
high injection pressures and proved to be difficult, which demonstrates again the advantage of
a topical treatment. Summarized, the favorable chemical features of NVX-207 together with
the already existing data about its anticancer properties make this substance a well-suited
candidate for further preclinical and clinical investigations.
1.4.3. Betulin derivative betulinyl-bis-sulfamate
Betulinyl-bis-sulfamate

(BBS;

(3β)-Lup-20(29)-ene-3,28-diol,

3,28-disulfamate;

MW:

600.3 g/mol) is a derivative of betulin, one of the most commonly found naturally occurring
triterpene [98,140]. BBS has been introduced as an efficient inhibitor of human carbonic
anhydrase isoenzymes I, II and IX [140]. The cell-surface glycoprotein carbonic anhydrase IX
is overexpressed in human melanoma cells and other malignancies [141,142]. It is involved in
complex pathways leading to changes in tumor microenvironment (e.g. pericellular
acidification) and subsequent tumor progression [141–143]. A combination of proton pumpand carbonic anhydrase IX inhibitors did lead to enhanced anticancer effects in human
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melanoma cells in vitro [141]. Based on these data, BBS could represent a potential candidate
as anti-tumor agent alone or as adjunctive therapeutic drug in skin cancer affected horses.

1.5.

Hypotheses and aims of the thesis

The overall aim of the thesis was the development of a topical drug for the treatment of equine
skin cancer, whereby the main focus of the investigations was on EMM. On the basis of
literature and preliminary data, the active ingredient should be based on naturally occurring or
synthetically modified substances found in the bark of plane trees. In addition, the compounds
were to be tested in ES cells in order to draw conclusions regarding their effects and
mechanisms of action and to enforce the generation of new hypotheses for future research
projects focusing on the treatment of equine skin cancer. The thesis is organized in four
manuscripts either already published in or submitted to peer-reviewed journals. The
manuscripts describe in vitro and in vivo studies that build upon each other and aimed to test
the central hypotheses as well as to achieve the overall goal of the thesis.
Hypothesis 1:
Naturally occurring or synthetically modified substances found in the bark of
plane trees have antiproliferative and cell viability reducing effects on equine melanoma cells
and equine sarcoid cells in vitro. The mode of action is apoptosis.
Hypothesis 2:
Naturally occurring or synthetically modified substances found in the bark of
plane trees can, when applied topically in an appropriate vehicle, penetrate and permeate horse
skin in vitro and in vivo in concentrations sufficiently high enough to exert antitumoral effects
against equine skin cancer cells.
Hypothesis 3:
Topically applied naturally occurring or synthetically modified substances found in the bark of
plane trees have antitumoral effects on early stage EMM in vivo.

The objectives of the first in vitro study, as described in manuscript I, were
-

to assess the antiproliferative and cell viability reducing effects of BA on primary equine
melanoma cells and primary equine dermal fibroblasts

-

to demonstrate a selective cytotoxicity of BA to equine melanoma cells, and

-

to investigate the penetration and permeation ability of BA in a pharmaceutical test
formulation on isolated equine skin
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The objectives of the second in vitro study, as described in manuscript II, were
-

to investigate BA derivative NVX-207 and betulin derivative BBS for their
antiproliferative, cytotoxic and apoptotic effects on equine sarcoid cells, equine
melanoma cells and equine dermal fibroblasts

-

to assess the more potent derivative for its penetration and permeation on isolated equine
skin

The objectives of the first in vivo study, as described in manuscript III, were
-

to determine the concentration profiles of BA and NVX-207 in equine skin when
applied topically twice a day for seven consecutive days in eight healthy horses

-

to evaluate the local and systemic tolerability of both compounds after epicutaneous
application.

The objective of the second in vivo study, as described in manuscript IV, was
-

to get first insights into the efficacy and safety of BA and NVX-207 in horses with early
stage EMM after a 13-week long topical application

Manuscript I
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Abstract
Background: Equine malignant melanoma (EMM) is a frequently occurring dermoepidermal tumor in grey horses.
Currently available therapies are either challenging or inefficient. Betulinic acid (BA), a naturally occurring
triterpenoid, is a promising compound for cancer treatment. To evaluate the potential of BA as a topical therapy for
EMM, its anticancer effects on primary equine melanoma cells and dermal fibroblasts and its percutaneous
permeation through isolated equine skin were assessed in vitro.
Results: BA showed antiproliferative and cytotoxic effects on both primary equine melanoma cells and fibroblasts in a
time- and dose-dependent manner. The lowest half-maximal inhibitory concentrations were obtained 96 h after the
beginning of drug exposure (12.7 μmol/L and 23.6 μmol/L for melanoma cells eRGO1 and MelDuWi, respectively, in
cytotoxicity assay). High concentrations of the compound were reached in the required skin layers in vitro.
Conclusion: BA is a promising substance for topical EMM treatment. Further clinical studies in horses are necessary to
assess safety and antitumoral effects in vivo.
Keywords: Equine malignant melanoma (EMM), Betulinic acid, Cell culture assay, Franz-type diffusion cell

Background
Betulinic acid (BA), a naturally occurring pentacyclic triterpenoid in the bark of plane and birch trees, has been
demonstrated to exert a variety of biological features. In
addition to its anti-HIV [1], antiparasitic [2] and antiinflammatory [3] properties, BA shows anticancer activity
in vitro and in vivo [4–10]. Its antitumor effects are mediated mainly by a CD95- and p53-independent induction of
apoptosis [11]. Formation of the mitochondrial permeability transition pore complex leads to cytochrome c and
apoptosis-inducing factor release with subsequent caspases
activation [12, 13]. Further molecular antitumoral mechanisms, such as reactive oxygen species formation [14, 15],
mitogen-activated protein kinase activation [16], angiogenesis inhibition [17, 18] and other controlled cell death
* Correspondence: Jessica.Meissner@tiho-hannover.de
†
Lisa A. Weber and Jessica Meißner contributed equally to this work.
2
Department of Pharmacology, Toxicology and Pharmacy, University of
Veterinary Medicine Hannover, Foundation, Bünteweg 17, 30559 Hanover,
Germany
Full list of author information is available at the end of the article

mechanisms [19], have been implicated. Moreover, a
selective cytotoxicity on human cancer cells compared to
normal cells has been described [5, 20, 21] and might be
explained by BA’s ability to inhibit the steroyl-CoAdesaturase activity [22]. As tumor cells depend on de novo
lipogenesis but not normal cells, inhibition of this enzyme
leads to enhanced saturation levels of mitochondrial cardiolipins. Hence, ultrastructural changes in the mitochondrial membrane and subsequent release of cytochrome c
cause cell death [22]. BA’s ability to induce apoptosis
has also been demonstrated in equine melanoma cells
in vitro [23].
Equine malignant melanoma (EMM) is a common skin
neoplasm in aging grey horses [24–26]. An intronic
mutation in the STX17 (syntaxin-17) gene was identified
as a link to the grey horse phenotype and predisposition
to melanoma [27, 28]. EMMs are firm, mostly spherical,
occasionally ulcerated tumors of various size arising
from the melanocytes mainly in glabrous cutaneous
regions [25]. Predilection sites are the ventral surface of
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the tail, perineal region, external genitalia, eyelids and lips
[29, 30]. Additionally, they are commonly found in the guttural pouch and parotid gland [31]. It has been reported
that melanomas represent 3.8% of neoplastic diseases in
horses [32]. EMMs progress to malignancy in more than
60% of cases and can cause widespread visceral metastases
[31, 33–35]. While some lesions do not cause any clinical
problems, others can lead to impaired defecation, colic,
weight loss, edema, keratitis and ataxia, depending on the
location and size of the tumor [31, 36, 37]. Currently available therapies are either inefficient or challenging. Immunological therapeutic approaches are promising [38] but
require further research. Hence, local treatment modalities
such as surgical excision, and chemotherapeutic drugs like
intralesional cisplatin are commonly used [39–42]. However, unfavorable tumor location might prohibit surgical
excision in many cases and the cytotoxic agent cisplatin
entails toxic drug exposure risk for the treating veterinarian
and any other person coming in contact with the substance
(e.g. horse owner, groom) [42]. Thus, more feasible topical
treatment options for EMM should be considered. Therefore, the objectives of this study are (1) to assess the
antiproliferative and cell viability reducing effects of BA
on primary equine melanoma cells and primary equine
fibroblasts, (2) to demonstrate a selective cytotoxicity
to equine melanoma cells, and (3) to investigate the
penetration and permeation ability of BA in a pharmaceutical test formulation on isolated equine skin in vitro.
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Results
Cell characterization

Indirect immunocytochemistry was performed to
characterize the primary equine dermal fibroblasts.
PriFi1 and PriFi2 stained positive for vimentin (Fig. 1),
whereas no signal was detected after incubation with
anti-cytokeratin. These results, in combination with
the spindle-shaped cell morphology, verified PriFi1
and PriFi2 as fibroblasts.
Proliferation inhibition and cytotoxicity of BA on equine cells

The antiproliferative and cytotoxic effects of BA on primary equine melanoma cells and primary equine dermal
fibroblasts were investigated. The compound had significant effects on the inhibition of cell proliferation (P <
0.001 for CVS for every duration of incubation) and the
reduction of cell viability (P < 0.001 for MTS for every
duration of incubation) on both equine melanoma cells
and fibroblasts in a dose-dependent manner. With increasing treatment duration, cell proliferation and cell
viability decreased significantly (Fig. 2). A selectivity of
the compound to tumor cells compared to normal cells
could not be demonstrated (Fig. 2). When cells were
exposed to the drug for 5 h, the quantity of cells affected
was too low to calculate the IC50 values in both cytotoxicity
and proliferation assays. The lowest IC50 values for all cells
were obtained in both, cytotoxicity and proliferation assays,
96 h after the beginning of drug exposure (Table 1).

Fig. 1 Verification of dermal fibroblasts (PriFi1 and PriFi2) isolated from the skin of two different horses. a Phase contrast microscopy of primary
equine dermal fibroblasts PriFi1 and PriFi2. Cells show a typical spindle-shaped morphology. × 10 magnification. b Positive fluorescence
microscopy detection of intermediate filament vimentin (red fluorescence) in PriFi1 and PriFi2. × 20 magnification, 546 nm
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Fig. 2 Predicted mean values and 95% confidence intervals of the survival rates for different equine cells. eRGO1 and MelDuWi = primary equine
melanoma cells, PriFi1 and PriFi2 = primary equine dermal fibroblasts. Cytotoxic effects investigated by MTS assay, antiproliferative effects
determined by CVS assay. Data represent predicted mean values and 95% confidence intervals of 6–8 independent experiments for each
combination of cell type, incubation time and concentration as given by the generalized additive models. BA had a stronger cytotoxic effect
when cells were exposed for 24, 48 and 96 h compared to 5 h (P < 0.001 each). While there was a highly significant difference in cytotoxicity
between 24 h and 96 h (P < 0.001), cytotoxic effects differed less between 24 h and 48 h (P < 0.01) and 48 h and 96 h (P < 0.05). Equally, there was
a statistically significant difference in the cell proliferation between a treatment duration of 5 h compared to 24, 48 and 96 h (P < 0.001 each). A
treatment duration of 24 h compared to 48 h, 24 h compared to 96 h and 48 h compared to 96 h revealed a high significance in cell proliferation
(P < 0.001 each). A pairwise comparison of all cell types revealed PriFi1 as the most sensitive cell type in MTS assay (P < 0.001 for PriFi1 vs. all
other cell types), whereas it was the most resistant one in CVS (P < 0.001 for PriFi1 vs. all other cell types). MelDuWi was the most resistant cell
type towards BA’s cytotoxic effects (P < 0.001 for MelDuWi vs. all other cell types). In conclusion, betulinic acid did not show a selectivity to
equine melanoma cells compared to normal cells

Diffusion of BA into equine skin and overall BA recoveries
Table 1 IC50 values (μmol/L) of betulinic acid for primary
equine cells determined by CVS and MTS assay
cells

24 h

48 h

96 h

eRGO1

22.8 (−3–48)

20.7 (13–29)

12.7 (11–15)

MelDuWi

34.6 (24–45)

31.7 (25–38)

23.6 (13–34)

PriFi1

20.4 (19–22)

18.0 (17–19)

13.8 (7–21)

PriFi2

24.8 (11–39)

22.7 (1–49)

13.3 (11–16)

MTS assay

Crystal violet staining assay
eRGO1

25.9 (20–32)

21.2 (− 2–44)

19.6 (11–29)

MelDuWi

49.2 (31–67)

35.8 (− 22–94)

21.6 (5–38)

PriFi1

58.0 (52–64)

52.2 (39–65)

14.5 (14–15)

PriFi2

30.3 (17–44)

29.1 (6–53)

13.8 (10–18)

Cytotoxic (MTS assay) and antiproliferative (crystal violet staining assay) effects
of betulinic acid on primary equine melanoma cells (eRGO1 and MelDuWi) and
primary equine dermal fibroblasts (PriFi1 and PriFi2) after a treatment duration
of 24, 48, or 96 h. Data represent mean IC50 values (μmol/L) of 6–8
independent experiments with 95% confidence interval in parentheses

The penetration and permeation properties of 1% BA with
20% medium-chain triglycerides in “Basiscreme DAC” on
isolated equine skin using FDCs were evaluated to identify
an effective formulation for prospective in vivo use. An
overall BA recovery of 98 ± 7% (mean ± SD; n = 7) was
achieved. A quantity of 18 ± 11% of the amount of BA
applied was detected in the acceptor media and 56 ± 13% in
the cotton swabs. In the skin, 24 ± 1% of the BA amount
applied was analyzed, from which 9 ± 7% were found in the
blade cleaning tissues. BA was able to penetrate the stratum
corneum and permeate through the epidermal and dermal
layers of the isolated equine skin within 24 h (Fig. 3). At a
depth of 810 μm, the concentration of BA was still
39.6 μmol/L ± 38 μmol/L (mean ± SD). Including this skin
layer, the BA concentration in isolated equine skin
exceeded the 24-h IC50 values of both equine melanoma
cells and fibroblasts investigated by the cytotoxicity assay in
all layers examined. Up to a depth of 710 μm, the 24-h IC50
values of equine melanoma cells investigated by proliferation assay were surpassed (55.8 μmol/L ± 31 μmol/L).
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Fig. 3 Concentration profile of betulinic acid correlative to skin
thickness. Thoracic skin of seven horses (two technical replicates
each) were used for 24-h Franz-type diffusion cell experiments with
“Basiscreme DAC” containing 1% betulinic acid and 20% mediumchain triglycerides. Data represent mean concentration (±SD) of
betulinic acid in cryostat skin slices at different skin depths. Detected
amounts of BA by far exceeded the determined IC50 values for
equine melanoma cells after 24 h, especially in the uppermost skin
layers (410 μm). As minor cream residues on the skin surface after
cleaning with a cotton swab cannot be excluded, data for 10 μm
skin depth were eliminated in this figure. Hematoxylin and eosin
staining of equine lateral thoracic skin kindly provided by the
Institute for Anatomy, University of Veterinary Medicine Hannover,
Foundation, Hannover, Germany

Discussion
The aim of these in vitro studies was to explore the potential of BA as a topical therapy against EMM. Antiproliferative and cytotoxic effects of the compound on primary
equine melanoma cells and primary equine dermal fibroblasts as well as its permeation through isolated equine
skin were investigated. It could be shown that BA inhibits
proliferation and cell metabolism in equine melanoma cells
and dermal fibroblasts in a time- and dose-dependent
manner. Moreover, when 1% BA in “Basiscreme DAC”
supplemented with 20% medium-chained triglycerides was
applied on isolated equine skin, high concentrations of the
compound were reached in the required skin layers.
Antiproliferative and cytotoxic effects were observable
as early as after 5 h of drug exposition, however, at this
time point the quantity of cells affected was too low to
calculate IC50 values. The results demonstrate that antiproliferative and cytotoxic effects increase with treatment duration and thus the lowest IC50 values were
obtained 96 h after the beginning of drug exposure. With
the four different incubation time points and the resulting IC50 values, information about the time-dependent
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cytotoxic and antiproliferative effects of BA on equine cells
were added - not only after 96 h, as reported previously for
equine melanoma cells [23], but also after 5, 24 and 48 h.
This information may be valuable for the design of treatment regimes in further in vivo studies. Previously reported
IC50 values of equine melanoma cells determined by the
sulforhodamine B assay (33.1 μmol/L (MelDuWi) and
33.4 μmol/L (MelJess)) [23] were higher than the ones investigated in the present study by MTS assay (23.6 μmol/L
(MelDuWi) and 12.7 μmol/L (eRGO1)) after the same duration of incubation (96 h) with BA. In the MTS assay a
tetrazolium salt is reduced by mitochondrial dehydrogenases to a photometrically measurable formazan product,
which quantity reflects the number of living cells in culture
[43]. The sulforhodamine B dye binds to protein components of fixed cells and does not distinguish between cells
with an active mitochondrial metabolic rate and those
without [44]. As BA mainly targets the mitochondrial pathway of apoptosis [45], the MTS assay provides an earlier
detection of reduced cell viability and consequently smaller
IC50 values compared to those formerly reported were
calculated. In addition, with the crystal violet staining assay
it was demonstrated that the compound is able to not only
affect the cell’s metabolism, but also to inhibit the proliferation of equine melanoma cells in vitro and therefore
potentially stop tumor growth in vivo.
However, the results show that normal equine dermal
fibroblasts are also sensitive to BA in the concentrations
investigated. These observations are in agreement with
previously reported low selectivity indices of BA for normal human dermal fibroblasts [46, 47] and attenuated
high glucose-induced proliferation of human cardiac
fibroblasts after treatment with BA [48]. But they are in
contrast to findings in other human normal cells, such
as melanocytes, dermal fibroblasts and peripheral blood
lymphocytes, which revealed to be more resistant to a
BA treatment than cancer cells [5, 20, 21].
The in vitro cell culture studies reported here did not
focus on elucidating the molecular mechanisms behind
the BA-induced cell alterations. Nevertheless, it was
demonstrated before that BA leads to cell cycle perturbations in equine melanoma cells with an accumulation
of cells in the subG1-phase [23]. The same authors did
demonstrate a BA-related induction of apoptosis in
equine melanoma cells by AnnexinV/Propidium iodide
staining and proof of caspases 3-, 8-, and 9 activation
[23]. A variety of other molecular pathways are described mainly for human cancer cells [49], but need to
be verified for equine cancer cells in prospective experiments. The literature about BA’s effects towards normal
cells on the molecular level is limited. While inhibition
of the steroyl-CoA-desaturase is a possible explanation
for BA’s selectivity to some human cancer cells compared to the non-transformed human fibroblasts Co18
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[22], the mechanisms behind the results shown here is
not known and further studies on healthy equine cells
treated with BA are needed to understand the effective
mode of action.
In a clinical setting the compound needs to reach the
melanoma cells in the patient to be effective. While
some melanomas are ulcerated, most are covered by
epidermal and dermal skin layers [50, 51]. Thus, a topically applied substance needs to penetrate the stratum
corneum, the major barrier for transdermal drugs, and
permeate through the epidermal and dermal strata. It
was demonstrated that 1% BA in “Basiscreme DAC” with
20% medium-chain triglycerides fulfilled this requirement in isolated equine thoracic skin in vitro. In the
FDC experiments amounts of BA were detected that by
far exceeded the determined IC50 values for equine melanoma cells after 24 h and therefore melanomas located
in the superficial and partly deeper dermal layers (up to
810 μm) could be affected by the compound. Due to
practical reasons, a standardized use of nearly glabrous
skin from EMM predilection sites (e.g. perineal region,
external genitalia, eyelids) was not possible. This should
be considered a limitation of this study. Nevertheless,
others have shown that hydrocortisone, a lipophilic substance similar to BA, penetrated hairy equine thoracic
skin in the same manner as nearly glabrous equine groin
skin [52]. Therefore, the penetration profile of BA in
equine thoracic skin compared to the skin at predilection sites can be expected to be similar.
In vitro FDC studies can be predictive for in vivo penetration and permeation data, but due to the lack of circulation they cannot provide information about the amount of
a compound that is eliminated from the skin by capillary
dermal blood vessels [53]. In some EMM an increased
vascularization was observed [26, 51], which could lead to
a higher and faster elimination of the active compound
when topically applied in vivo. On the other hand, BAs’
potential to reduce angiogenesis was demonstrated in vitro
and in vivo by inhibition of hypoxia-inducible factor 1α
and vascular endothelial growth factor and by a negative
impact on the normal growth of the capillaries in the
chorioallantoic membrane assay [17, 18, 54]. Reducing the
vascularization in the tumor could increase the drug
concentration in this area. Further, therapeutic strategies
aiming at anti-angiogenesis are reported as adjunctive therapies against melanomas in human medicine [55].
Summarizing, the potent percutaneous permeation of
BA in normal skin together with its anticancer effects on
equine melanoma cells suggest that this substance may
exert antitumoral effects in vivo. Even if normal equine
skin cells are affected by local BA treatment, inflammatory reactions are suspected to be minor, as a topical
treatment of actinic keratoses with betulin, a triterpene
comparable to betulinic acid, did not lead to any side
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effects in 14 human patients [56]. Nevertheless, to gain
more insights about the therapeutic potential of BA the
safety and efficacy of the compound have to be addressed
on healthy and melanoma affected equine skin in vivo.

Conclusion
The anticancer effects of BA on equine melanoma cells
together with its potent transepidermal and -dermal
permeation into the required skin layers make this
compound a potential substance for topical melanoma
treatment in horses. A selectivity to cancer cells over
normal cells could not be demonstrated. In essence, this
study supports the use of BA in further preclinical and
clinical trials for topical EMM treatment.
Material and methods
Cells and culture conditions

Self-generated primary equine dermal fibroblasts PriFi1
and PriFi2 and previously isolated primary equine melanoma cells were used for the cell culture experiments. The
primary equine melanoma cells MelDuWi belong to the
cell culture stock of the Clinic for Horses, University of
Veterinary Medicine Hannover, Foundation, Germany,
while the primary equine melanoma cells eRGO1 were
provided by Dr. Barbara Pratscher, Department for Small
Animals and Horses, Vetmeduni Vienna, Austria. PriFi1,
PriFi2 and MelDuWi were maintained as monolayers in
RPMI1640 cell culture medium with stable glutamine (Biochrom GmbH, Berlin, Germany) supplemented with 15%
fetal bovine serum (FBS) superior (Biochrom GmbH) and
1% penicillin and streptomycin (10,000 international units
(I.U.)/mL / 10,000 μg/mL, Biochrom GmbH) at 37 °C in a
humidified atmosphere with 5% CO2. Melanoma cells
eRGO1 were cultured in Dulbecco’s modified Eagle’s
high glucose w/Glutamax (4.5 g/L) cell culture medium
(GIBCO-Invitrogen, Thermofisher, Darmstadt, Germany)
supplemented with 10% FBS superior (Biochrom GmbH)
and 1% Antibiotic-Antimycotic (100x; GIBCO-Invitrogen),
containing penicillin (10,000 units/mL), streptomycin (10,
000 μg/mL) and amphotericin B (25 μg/mL).
Dermal cell isolation

Equine dermal fibroblasts were isolated as described by
Mählmann [57], with some modifications. A mare (aged 10
years) and a stallion (aged 9 years) without any apparent
dermatological disorders were euthanized for reasons unrelated to this study. Immediately after euthanasia, a lateral
neck region caudal to the axis (C2) was prepared in accordance with standard surgical aseptic preparation methods. A
piece of skin, about 2.5 × 2.5 × 1 cm, was harvested from
each horse utilizing a scalpel and forceps. Subcutaneous
tissue was removed and the skin was transferred into a sterile 50-mL centrifuge tube containing 15 mL fibroblast culture medium (RPMI1640 with stable glutamine (Biochrom
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GmbH), 20 mM HEPES (Sigma-Aldrich, Steinheim,
Germany), 20% FBS superior (Biochrom GmbH), 2%
penicillin and streptomycin (10,000 I.U./mL / 10,000 μg/
mL, Biochrom), and 1% amphotericin B (250 μg/mL, Biochrom GmbH). After transportation at room temperature
to the laboratory, the skin was washed three times in sterile phosphate-buffered saline (PBS, pH 7.4; 1 L contains
0.2 g KCl, 8.0 g NaCl, 0.2 g KH2PO4, 1.44 g Na2HPO4 ×
2H2O and deionized water). Subsequently, the skin was
refrigerated overnight at 4 °C in a sterile centrifuge tube
containing 5 mg/mL dispase I (Gibco Invitrogen) diluted
in 15 mL fibroblast culture medium without FBS. After
15 h, an incubation step at 37 °C with 5% CO2 for 2 h
followed. Afterwards, the epidermis was separated from
the dermis forceps. Dermal tissue was incubated for 8 h
with 1 mg/mL (0.15 U/mL) collagenase A (Roche diagnostics GmbH, Mannheim, Germany) and 2 mg/mL (1.6 U/
mL) dispase I (GIBCO-Invitrogen) in 15 ml fibroblast
culture medium without FBS at 37 °C with 5% CO2.
Meanwhile, the tube was agitated every 2 h. Subsequently,
the sample was centrifuged at 450×g for 10 min. After the
supernatant had been discarded, the cell pellet was resuspended in 5 mL fibroblast culture medium and sifted
through a 70 μm filter. The cells were finally cultivated as
monolayers in 25-cm2 tissue culture flasks at 37 °C with
5% CO2. After the first passage, the cells were cultivated
in modified culture medium (RPMI1640 with 15% FBS
and 1% penicillin and streptomycin).
Verification of equine dermal fibroblasts

Equine dermal fibroblasts (PriFi1 and PriFi2) were verified
by indirect immunofluorescence staining applying a modified reported protocol [58], except for the secondary antibody and antibody-dilutions. Briefly, a monoclonal mouse
anti-vimentin antibody (Clone V-9, Sigma-Aldrich, dilution 1:200) was used. Samples incubated with a monoclonal mouse anti-cytokeratin antibody (C-11, Invitrogen,
Rockford, US, dilution 1:100) and those incubated without
primary antibody served as negative controls. F(ab’)2 goat
anti-mouse IgG-FITC antibody (Bio-Rad Laboratories
GmbH, Munich, Germany, dilution 1:200) was used for
the visualization of the signals. Cells were evaluated and
photographed at 546 nm and a 20 fold magnification with
a Leica fluorescence microscope (Leica Microsystems,
Wetzlar, Germany) and an AxioCam MRc camera (Zeiss
Microscopy GmbH, Jena, Germany).
Evaluation of proliferation and cell toxicity of betulinic
acid on equine melanoma cells and equine fibroblasts
Pharmacological compounds

Betulinic acid (BA) was provided by Biosolutions Halle
GmbH (Halle/Saale, Germany). Dimethyl sulfoxide (DMSO)
(WAK-Chemie Medical GmbH, Steinbach, Germany) was
used to achieve a 20 mM stock solution.
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Proliferation assays

The inhibitory effect of BA on cell proliferation was
evaluated using a modified crystal violet staining (CVS)
assay [59]. In brief, cells were seeded into 96-well microtiter plates with a density of 5000 cells/well to avert
confluence of the cells during the experimental period.
Twenty-four hours later, the cells were treated with serial
dilutions of BA dissolved in DMSO and medium at nine
different concentrations ranging from 1 to 100 μmol/L.
The highest concentration of DMSO solvent was 0.5% in
100 μmol/L, which had neither an impact on the cell
proliferation rate nor on the cell survival rate (preliminary
experiments and regular controls within the experiments;
data not shown). Control cells were only treated with
medium. The proportion of treated cells in relation to untreated controls was determined 5, 24, 48 and 96 h after
the beginning of the drug exposure. The medium for 96-h
experiments was renewed before cell treatment (24 h after
inoculation). The medium-compound mix was discarded
at the time points mentioned above and cells were fixed
with 2% glutaraldehyde (Sigma-Aldrich) in PBS for 20
min. Glutaraldehyde was removed and cells were dyed for
30 min with 0.1% crystal violet (Roth GmbH, Karlsruhe,
Germany) in deionized water. After washing with deionized water, the plates were air-dried. Subsequently, crystal
violet was solubilized out of the cells by adding 2% Triton
X-100 (Sigma-Aldrich, Steinheim, Germany) in deionized
water. After 1 h of incubation, absorbance was measured
at 570 nm using a 96-well microtiter plate reader (MRX
microplate reader, Dynatech Laboratories, El Paso, US).
Experiments were performed in six to eight biological replicates with two technical replicates for each combination
of cell type, incubation time and pharmacologic compound concentration. The ratios of mean optical density
of the duplicate to mean optical density of the associated
controls were used for dose-response curves.
Cytotoxicity assays

The cytotoxicity of BA was evaluated using the CellTiter
96® AQueous One Solution Cell Proliferation Assay
(MTS) (Promega GmbH, Mannheim, Germany). Cells
were seeded into 96-well microtiter plates with the appropriate cell densities to achieve confluence after 48 h
(MelDuWi 30.000 cells/well; PriFi1, PriFi2, eRGO1
20.000 cells/well). After 48 h, these cells were treated in
accordance with the CVS assay. Experiments were
stopped at the same time points as the CVS assay. The
medium for the 96-h experiments was renewed before
treatment. The MTS was applied in accordance with the
manufacturer’s instructions. After 1 h incubation, the
plate absorbance was measured at 490 nm using a 96well microtiter plate reader (MRX microplate reader,
Dynatech Laboratories, El Paso, US). Experiments were
performed in six to eight biological replicates with two

Weber et al. BMC Veterinary Research

(2020) 16:44

Page 7 of 9

“Basiscreme DAC” (pharmaceutical amphiphilic formulation as published in the German Drug Codex) with 1%
BA and 20% medium-chain triglycerides was provided
by Skinomics GmbH, Halle, Germany.

order to determine the amount of BA in different skin
layers, frozen skin samples were fixed on tissue freezing
medium (Leica Biosystems Nussloch GmbH, Nussloch,
Germany) and placed in a cryostat (CryoStar™ NX70
Cryostat, Thermofisher, Darmstadt, Germany). From
each skin sample slices were cut horizontally to the epidermis, starting with the stratum corneum side uppermost,
and stored separately. While the first slice had a thickness
of 10 μm the following slices were 20 μm thick. After reaching a skin depth of 310 μm, slices were pooled at 5 × 20 μm
until a depth of a maximum of 910 μm was reached. The
blade was cleaned with tissues soaked in 70% ethanol (CG
Chemikalien, Laatzen, Germany) between each cut. These
cleaning tissues and skin samples were stored at − 20 °C
until final analysis. An analytic high-performance liquid
chromatography method was developed for BA quantification in the different skin layers, acceptor medium and
cleaning utensils mentioned previously. Reverse phase analysis was performed using an Agilent 1100 system (Agilent,
Waldbronn, Germany) on a Kinetex column (5 μm, C18,
100 Å, 250 × 4.6 mm; Phenomenex, Torrance, US) at 35 °C
developing with acetonitrile:water (0.1% HCOOH) 4:1 (v/v)
at 2.5 mL/min. The diode array detector was set at 200 nm.

In vitro permeation

Statistical analysis

In order to investigate the penetration and permeation of
1% BA with 20% medium-chain triglycerides in “Basiscreme
DAC” through equine skin, the skin samples were defrosted
overnight at room temperature. The coat was clipped to a
length of approximately 0.5 mm. The integrity of the skin
samples was visually assessed. Skin slices of 800 μm (+/−
110 μm) thickness were obtained with an electrical dermatome (Zimmer, Eschbach, Germany). Franz-type diffusion
cells (FDC) (PermeGear, Riegelsville, USA, and Gauer Glas,
Püttlingen, Germany) with a diffusion area of 1.77 cm2 and
an acceptor chamber volume of approximately 12 mL were
filled with PBS and 1% bovine serum albumin. The acceptor chamber content was constantly stirred with a
magnetic stirrer at 500 rpm. Diffusion chambers were
maintained at 34 °C to ensure a skin temperature of 32 ±
0.5 °C. Before use, equal hydration of the skin samples was
obtained by 30 min immersion in PBS. After gently drying
with a paper tissue, 20 mg of the drug formulation was
carefully applied to the skin surface (stratum corneum) covering the complete diffusion area before mounting the skin
pieces onto the FDC. The donor chamber and sampling
tube were covered with parafilm.

Technical duplicates with a coefficient of variation of
more than 20% were excluded from the analysis of the cell
assays. The pharmacodynamic model 108 of Phoenix®
WinNonlin® software (version 8.1, Certara, USA) was used
to determine half-maximal inhibitory concentrations (IC50
values). Further statistical analysis was performed with R
3.5.1 [60]. A generalized additive model was fitted for both
MTS and CVS using the ‘mgcv’ package [61] to estimate
the effects of the BA concentration, cell line and duration
of incubation on the ratio of the mean optical density of
the duplicates from six to eight replicates to the mean optical density of the associated controls. The effect of concentration was modelled as a smoothed term interacting
with the duration of incubation using a thin plate regression spline. The P-values were obtained by performing a
Wald test for each parameter. Post-hoc comparisons for
the cell line and duration of incubation were performed
using the ‘multcomp’ package with single-step adjustment
of the P-values [62]. Plots were produced with ggplot2
[63]. Statistical significance was set at P < 0.05.

technical replicates for each combination of pharmacologic
compound, cell type, incubation time and concentration.
Diffusion of betulinic acid into equine skin
Skin samples

Skin samples from seven adult horses of different sex
(three mares, two geldings, two unknown) and breed (including three Warmbloods, one Icelandic horse and one
Welsh Cob pony, two unknown) were harvested at the
Institute of Pathology, University of Veterinary Medicine
Hannover, Foundation, Hannover, after euthanasia at
the Clinic for Horses, University of Veterinary Medicine
Hannover, Foundation, Hannover, for reasons unrelated
to the present study. The horses’ ages ranged from 4 to
24 years, with a median of 13.5 years. Skin from the lateral thorax was dissected and stored at − 20 °C for up to
5 months.
Drug formulation

Terminal procedures and BA quantification

After 24 h, the remaining donor formulation was removed from the skin with a dry cotton swab. Cotton
swabs, acceptor medium and exposed areas of the skin
samples, which were cut out with a scalpel blade, were
stored at − 20 °C until further processing and analysis. In
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Supplemental data

Cell culture experiments
The cytotoxic (MTS assay) and antiproliferative (CVS assay) effects of BA were also tested on
primary ES cells sRGO1 and sRGO2. ES cells were cultured under the same conditions as
described for EMM cells eRGO1, but special cell culture flasks and 96-well plates were used
(Nunc EasyFlask with Nunclon Delta Surface, ThermoFisher) and 15,000 cells/well were
seeded for MTS assay. Information on the origin of the cells can be found in manuscript II. As
even untreated sarcoid cells showed an altered growth behavior in 96 h experiments,
proliferation and cytotoxicity experiments were performed only for 5, 24, and 48 h for this cell
type.

cells

5h

24 h

48 h

sRGO1

70.0 (58–82)

31.4 (21–41)

25.7 (11–41)

sRGO2

56.0 (43–70)

33.8 ( 6–61)

25.3 (15–36)

Table S1. IC50 values (μmol/L) of betulinic acid for primary equine sarcoid cells
determined by MTS assay. Cytotoxic effects of betulinic acid on primary equine sarcoid cells
(sRGO1 and sRGO2) after a treatment duration of 5, 24, or 48 h. Data represent mean IC 50
values (μmol/L) of 6–8 independent experiments with 95% confidence interval in parentheses.

cells

5h

24 h

48 h

sRGO1

44.6 (32–57)

25.5 (21–30)

21.7 (16–28)

sRGO2

n.a.

22.1 (18–26)

20,8 (17–24)

Table S2. IC50 values (μmol/L) of betulinic acid for primary equine sarcoid cells
determined by CVS assay. Antiproliferative effects of betulinic acid on primary equine
sarcoid cells (sRGO1 and sRGO2) after a treatment duration of 5, 24, or 48 h. Data represent
mean IC50 values (μmol/L) of six independent experiments with 95% confidence interval in
parentheses. n.a.= value not available (quantity of cells affected was too low to calculate an
IC50 value with the software applied)
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FDC experiments
Besides FDC experiments with an incubation time of 24 hours, permeation studies with an
incubation time of 30 min were performed. The skin of six horses were used (two technical
duplicates each). Because of the short incubation time in the 30-min-experiments, skin slices
were pooled at 5 × 20 μm to investigate the concentration of BA/100 μm skin depth and, hence,
increase the possibility to find amounts of BA above the HPLC detection limit (0.1 μg/mL).
Otherwise, permeation studies, skin sample processing and HPLC analysis were performed as
described in the manuscript.

Figure S3. Concentration profile of BA correlative to skin thickness after 30 min of
incubation. Figure data represent mean concentration (± SD) of BA in cryostat skin slices at
different skin depths determined by high-performance liquid chromatography.

Manuscript II

3.

25

Manuscript II:

In vitro assessment of triterpenoids NVX-207 and betulinyl-bis-sulfamate as
a topical treatment for equine skin cancer
Lisa A. Weber1, Anne Funtan2, Reinhard Paschke2, Julien Delarocque1, Jutta Kalbitz3,
Jessica Meißner4, Karsten Feige1, Manfred Kietzmann4, Jessika-M.V. Cavalleri5*
1

Clinic for Horses, University of Veterinary Medicine Hannover, Foundation, Bünteweg 9, 30559
Hannover, Germany

2

Biozentrum, Martin-Luther-University Halle-Wittenberg, Weinbergweg 22, 06120 Halle (Saale),
Germany

3

Biosolutions Halle GmbH, Weinbergweg 22, 06120 Halle (Saale), Germany

4

Department of Pharmacology, Toxicology and Pharmacy, University of Veterinary Medicine
Hannover, Foundation, Bünteweg 17, 30559 Hannover, Germany

5

Equine Internal Medicine, University Equine Clinic, University of Veterinary Medicine Vienna,
Veterinärplatz 1, 1210 Vienna, Austria

*

Corresponding author

PLOS ONE 2020;15(11):1-22
Accepted: 14 October 2020, published online: 05 November 2020
DOI: 10.1371/journal.pone.0241448

Contribution to the manuscript:
LAW: study design, investigation (CVS and MTS assay, FDC experiments, skin sample
processing for HPLC analysis), data analysis, project administration, visualization, manuscript
drafting and editing; AF: study design, investigation (apoptosis tests), data analysis,
visualization, manuscript editing; RP: study design, funding requisition, project administration,
supervision of AF; JD: formal analysis, visualization; JK: investigation (HPLC analysis),
methodology; JM: study design, funding requisition, resources, supervision of LAW; KF:
funding requisition, supervision of LAW; MK: data analysis, resources, supervision of LAW;
JMVC: study design, funding requisition, project administration, manuscript review,
supervision of LAW. All authors read and approved the final manuscript.

PLOS ONE
RESEARCH ARTICLE

In vitro assessment of triterpenoids NVX-207
and betulinyl-bis-sulfamate as a topical
treatment for equine skin cancer
Lisa Annabel Weber ID1, Anne Funtan2, Reinhard Paschke2, Julien Delarocque ID1,
Jutta Kalbitz3, Jessica Meißner4, Karsten Feige1, Manfred Kietzmann4, JessikaMaximiliane V. Cavalleri5

a1111111111
a1111111111
a1111111111
a1111111111
a1111111111

1 Clinic for Horses, University of Veterinary Medicine Hannover, Foundation, Hannover, Germany,
2 Biozentrum, Martin-Luther-University Halle-Wittenberg, Halle (Saale), Germany, 3 BioSolutions Halle
GmbH, Halle (Saale), Germany, 4 Department of Pharmacology, Toxicology and Pharmacy, University of
Veterinary Medicine Hannover, Foundation, Hannover, Germany, 5 Equine Internal Medicine, University
Equine Clinic, University of Veterinary Medicine Vienna, Vienna, Austria
* Jessika.Cavalleri@vetmeduni.ac.at

Abstract
23(1 $&&(66
Citation: Weber LA, Funtan A, Paschke R,
Delarocque J, Kalbitz J, Meißner J, et al. (2020) In
vitro assessment of triterpenoids NVX-207 and
betulinyl-bis-sulfamate as a topical treatment for
equine skin cancer. PLoS ONE 15(11): e0241448.
https://doi.org/10.1371/journal.pone.0241448
Editor: Irina V. Lebedeva, Columbia University,
UNITED STATES
Received: May 1, 2020
Accepted: October 14, 2020
Published: November 5, 2020
Peer Review History: PLOS recognizes the
benefits of transparency in the peer review
process; therefore, we enable the publication of
all of the content of peer review and author
responses alongside final, published articles. The
editorial history of this article is available here:
https://doi.org/10.1371/journal.pone.0241448
Copyright:  2020 Weber et al. This is an open
access article distributed under the terms of the
Creative Commons Attribution License, which
permits unrestricted use, distribution, and
reproduction in any medium, provided the original
author and source are credited.

Equine sarcoid (ES) is the most prevalent skin tumor in equids worldwide. Additionally,
aging grey horses frequently suffer from equine malignant melanoma (EMM). Current local
therapies targeting these skin tumors remain challenging. Therefore, more feasible topical
treatment options should be considered. In order to develop a topical therapy against ES
and EMM, betulinyl-bis-sulfamate and NVX-207, derivatives of the naturally occurring betulin and betulinic acid, respectively, were evaluated for their antiproliferative (crystal violet
staining assay), cytotoxic (MTS assay) and apoptotic (AnnexinV staining, cell cycle investigations) effects on primary ES cells, EMM cells and equine dermal fibroblasts in vitro. The
more potent derivative was assessed for its in vitro penetration and permeation on isolated
equine skin within 30 min and 24 h using Franz-type diffusion cells and HPLC analysis.
Betulinyl-bis-sulfamate and NVX-207 inhibited the proliferation and metabolism in ES cells,
EMM cells and fibroblasts significantly (p  0.001) in a time- and dose-dependent manner.
NVX-207 had superior anticancer effects compared to betulinyl-bis-sulfamate. Both compounds led to the externalization of phosphatidylserines on the cell membrane and DNA
fragmentation, demonstrating that the effective mode of action was apoptosis. After 48 h of
treatment with NVX-207, the number of necrotic cells was less than 2% in all cell types.
Detected amounts of NVX-207 in the different skin layers exceeded the half-maximal inhibitory concentrations calculated by far. Even though data obtained in vitro are auspicious, the
results are not unconditionally applicable to the clinical situation. Consequently, in vivo studies are required to address the antitumoral effects of topically applied NVX-207 in ES and
EMM patients.
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within the manuscript and its Supporting
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Triterpenoids NVX-207 and betulinyl-bis-sulfamate against equine skin cancer

Introduction
The skin is the organ in horses most frequently affected by tumors [1]. With a reported occurrence ranging from 35 to 90% of all cutaneous neoplasms [2–4], the equine sarcoid (ES) is the
most prevalent skin cancer in equids worldwide [5–7]. The pathogenesis of this coat-color
independent tumor of the fibroblasts has been linked to an infection with the bovine papillomavirus type 1 and 2 [8–10], trauma [11, 12], and a genetic predisposition [13, 14]. According
to their gross appearance and clinical behavior, sarcoids are classified into six types: Mild
occult or verrucous tumors and more severe nodular, fibroblastic, mixed and malevolent
lesions [12]. Even though non-metastasizing and mostly not life-threatening, their locally invasive growth and predilection sites (e.g. head, saddle girth area) can seriously impair the equid’s
welfare and compromise the use and economic value of the animal [1]. Multiple treatment
modalities for the ES are described in the literature (e.g. surgery, radiation, chemotherapy,
immunotherapy) but universal effectiveness is not given and recurrence rates are high [11, 15].
Topical therapies generally seem particularly feasible as they are noninvasive and applicable,
even on treatment sites that are difficult to access. However, the results regarding the efficacy
of the acyclovir cream often used for mild-type ES treatment are contradictory [16, 17] and
imiquimod may temporarily cause severe local side effects [18]. In addition, although a variety
of other topical treatment options exists, mainly anecdotal evidence of their success is reported
[1, 15, 19, 20]. Therefore, the development of a novel topical treatment approach for ES should
be considered to take advantage of the benefits of topical therapies.
The equine malignant melanoma (EMM) is a frequently occurring, sex-independent skin
neoplasm with a high prevalence in grey horses older than 15 years of age [21–25]. Melanomas
are melanocytic tumors which typically occur as nodular in glabrous cutaneous regions (e.g.
ventral surface of the tail, perineum, anus, external genitalia) [22, 26]. The dominant agerelated phenotype of greying and the predisposition to melanoma are associated with a mutation in intron 6 of the syntaxin-17 gene [27, 28]. Most of the tumors show a slow growth pattern over years, however, more than 60% become malignant and cause clinical problems due
to enlargement und widespread metastases [29–31]. Treatment options reported with varying
outcomes include systemic and local approaches, such as immunotherapy [32–34], cimetidine
application [35, 36], radiation [37], surgery [38, 39], and chemotherapy with cisplatin alone
[40, 41] or in combination with electrochemotherapy [42, 43]. Although effective in many
cases, surgical excision can be challenging due to the unfavorable localization of the tumors
and the intratumoral injection of the mutagenic and carcinogenic cisplatin is linked to strict
safety rules [44]. Therefore, a more practical treatment option for early stages of EMM, for
example, in the form of a cream, would be useful.
Promising substances for topical ES and EMM treatment could be triterpenoids, such as
betulinic acid (BA) and its derivatives [45, 46]. Betulinic acid, the oxidation product of betulin,
is a pentacyclic lupane-type triterpenoid and can be extracted from various botanical sources
[47]. Since first studies proved BA’s antitumor activity against human melanoma and other
malignancies in cell culture and animal models [48, 49], a plethora of scientific work has verified the wide range of its biological capabilities in vitro and in vivo [50, 51]. Treatment with BA
induces apoptosis in cancer cells due to a direct effect on the mitochondria [52] independent
of CD95 ligand/receptor interaction [49]. Alterations in the mitochondrial membrane potential mediate a cytochrome c and apoptosis-inducing factor release, which results in the cleavage
of caspases and nuclear disintegration [53, 54]. Furthermore, the generation of reactive oxygen
species [49, 55], the subsequent mitogen-activated protein kinase activation [56] and the inhibition of eukaryotic topoisomerase I [57], endothelial-to-mesenchymal-transition [58] and
angiogenesis [59, 60] are suggested as BA-mediated antitumoral properties. The anticancer
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effects of BA against EMM cells and its potent permeation in isolated equine skin have recently
been reported [45]. However, based on a classification for the cytotoxicity of triterpenes [61],
the half-maximal inhibitory concentrations (IC50) of BA for EMM cells and other human and
animal cancer cell lines are considered to be only moderate. In addition, the compounds’
hydrosolubility is limited, which reduces the opportunities of medicinal use mainly to topical
applications [62]. A variety of synthetically modified derivatives have been synthesized in
the past few decades to enhance the pharmacological properties of BA and the closely related
compound betulin [62]. Among these are betulinyl-bis-sulfamate ((3Č)-Lup-20(29)-ene3,28-diol, 3,28-disulfamate; BBS) [63] and NVX-207 (3-acetyl-betulinic acid-2-amino3-hydroxy-2-hydroxymethyl-propanoate) [64], from which, especially the latter substance,
shows a higher cytotoxicity in various human and canine cancer cell lines compared to the parent BA [64–66]. It has been demonstrated that NVX-207 induces apoptosis in EMM cells [66].
In addition, the compound has already been successfully tested in a clinical study with canine
cancer patients [64]. Within the frame of pilot safety studies, NVX-207 was well tolerated
when applied topically in eight healthy horses [67] or injected intralesionally in two horses
affected by EMM [66].
The objectives of this study were (1) to investigate the betulin derivative BBS and BA derivative NVX-207 for their antiproliferative, cytotoxic and apoptotic effects on ES cells, EMM cells
and equine dermal fibroblasts and (2) to assess the more potent derivative for its penetration
and permeation on isolated equine skin in vitro with the aim of developing a topical therapy
for the ES and EMM.

Material and methods
Evaluation of the anticancer effects of BBS and NVX-207 on equine
melanoma cells and equine dermal fibroblasts
Compounds. Biosolutions Halle GmbH (Halle/Saale, Germany) synthesized BBS and NVX207. The compounds were dissolved in dimethyl sulfoxide (WAK-Chemie Medical GmbH,
Steinbach, Germany) to achieve 20 mM stock solutions.
Cells and culture conditions. All cells used for the experiments originate from different
horses. Primary EMM cells (MelDuWi) and primary equine dermal fibroblasts (PriFi1, PriFi2)
belong to the cell culture stock of the Clinic for Horses, University of Veterinary Medicine
Hannover, Foundation, Hannover, Germany. The cells were cultured as monolayers at 37˚C
in a humified atmosphere with 5% CO2 and maintained in RPMI1640 cell culture medium
with stable glutamine (Biochrom GmbH, Berlin, Germany) supplemented with 15% fetal
bovine serum superior (Biochrom GmbH) and 1% penicillin and streptomycin (10,000 international units (I.U.)/mL /10,000 μg/mL, Biochrom GmbH). Primary ES cells sRGO1 and
sRGO2 (kindly provided by Dr. Sabine Brandt, University of Veterinary Medicine Vienna,
Vienna, Austria) and primary EMM cells eRGO1 (kindly provided by Dr. Barbara Pratscher,
University of Veterinary Medicine Vienna, Vienna, Austria) were cultured as monolayers at
37˚C in a humified atmosphere with 5% CO2 and kept in Dulbecco’s modified Eagle’s high
glucose w/Glutamax (4.5 g/L) cell culture medium (GIBCO-Invitrogen, Thermofisher, Darmstadt, Germany) supplemented with 10% fetal bovine serum superior (Biochrom GmbH) and
1% Antibiotic-Antimycotic (100x; GIBCO-Invitrogen), containing penicillin (10,000 units/
mL), streptomycin (10,000 μg/mL) and amphotericin B (25 μg/mL).
Proliferation assay. The proliferation assay was performed as published [45]. Briefly, a
modified crystal violet staining assay (CVS) was carried out to investigate the antiproliferative
effects of BBS and NVX-207 on primary equine cells. The cells were exposed to BBS and
NVX-207 at nine different concentrations ranging from 1–100 μmol/L for 5, 24, 48 and 96 h.
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Proliferation and cytotoxicity experiments for this cell type were performed only for 5, 24 and
48 h as even untreated sarcoid cells showed an altered growth behavior in 96 h experiments.
Control cells were treated with medium only. The proportion of cells treated relative to
untreated controls was determined by crystal violet staining and photometric absorbance measurement at the incubation time points mentioned above. Proliferation assays were performed
in six to eight biological replicates with two technical replicates for each combination of cell
type, incubation time and compound concentration.
Cytotoxicity assay. The cytotoxicity of the compounds was assessed by the CellTiter 961
AQueous One Solution Cell Proliferation Assay (MTS) (Promega GmbH, Mannheim, Germany) as reported [45]. In brief, in order to reach cell confluence within 48 h, cells were seeded
into 96-well plates in adequate densities (MelDuWi 30,000 cells/well; PriFi1, PriFi2, eRGO1
20,000 cells/well; sRGO1and sRGO2 15,000 cells/well). Incubation times and concentrations
of BBS and NVX-207 were applied in accordance with the CVS assay. The formazan dye generated by the metabolic active cells was quantified photometrically. Cytotoxicity assays were
performed in six to nine biological replicates with two technical replicates for each combination of cell type, incubation time and compound concentration.
Cell cycle investigations. Approximately 7.5 × 105 cells (MelDuWi) and 1.0 × 106 cells
(PriFri2 and sRGO2) were seeded in 25 cm2 cell culture flasks. After 24 h of incubation, the
medium was replaced with medium containing either BBS or NVX-207 at their respective
double IC50 concentration (measured after 96 h by sulforhodamine B [SRB] assay, analogous
to [66]; see S1 and S2 Appendices). Following 24 and 48 h of incubation, the cells were harvested by mild trypsinization and washed twice with phosphate-buffered saline (PBS) buffer
(containing Mg2+ and Ca2+). Cells (1.0 × 106) were fixed with ethanol (70%, -20˚C, for 24 h).
After discarding the ethanol, the cells were washed in 1 mL PBS buffer (containing Mg2+ and
Ca2+) and were centrifuged. The cell pellet was resuspended in 1 mL of staining PBS buffer
(containing Mg2+ and Ca2+, 10 μg/mL RNASe [Thermofisher] and 15 μg/mL propidium
iodide [Sigma-Aldrich, Munich, Germany]) and was incubated for 30 min at room temperature. Analyses were performed using the Attune1 FACS machine (Life Technologies, Darmstadt, Germany) collecting data from the BL-2A channel. Doublet cells were excluded from the
measurements by plotting BL-2A against BL-2H. A total of 20,000 events were collected for
each cell cycle distribution. Each sample was measured in duplicate.
AnnexinV staining. Approximately 7.5 × 105 cells (MelDuWi) and 1.0 × 106 cells (PriFri2
and sRGO2) were seeded in 25 cm2 cell culture flasks. After 24 h of incubation, the medium
was replaced with medium containing either BBS or NVX-207 at their respective double IC50
concentration (measured after 96 h). Following 24 and 48 h of incubation, cells were harvested
by mild trypsinization and washed twice with PBS buffer (containing Mg2+ and Ca2+). Cells
(1.0 × 106) were resuspended in AnnexinV binding buffer (BioLegend1, San Diego, US) to a
concentration of 1.0 Ů 106 cells/mL. Approximately 100,000 cells were stained with propidium
iodide solution (3 mL, 1 mg/mL) and FITC AnnexinV solution (5 mL, BioLegend1) for 15
min in the dark at room temperature. After the addition of Annexin V binding buffer (400
mL), the suspension was analyzed using the Attune1 FACS machine (Life Technologies).
After gating for living cells, the data from detectors BL-1A and BL-3A were collected. A total
of 20,000 events were collected from each sample and technical duplicates were measured.

Diffusion of NVX-207 into equine skin
Test formulations. Two different pharmaceutical formulations were provided by Skinomics GmbH, Halle, Germany, for in vitro permeation studies. Based on previous permeation studies with BA [45], test formulation 1 consisted of “Basiscreme DAC” (pharmaceutical
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Table 1. Information about the equine skin donors used for Franz-type diffusion cell experiments.
Incubation
time

Number of
horses

Sex

Breed

Median age in years (range
min-max)

30 min

6

3 mares, 2 geldings, 1
unknown

1 Hanoverian Warmblood, 1 Icelandic horse, 1 Arabian horse, 1 Clydesdale, 19 (4–23)
2 unknown

24 h

6

2 mares, 4 geldings

2 Warmblood horses, 1 Hanoverian Warmblood, 1 Holsteiner Warmblood,
1 Arabian horse, 1 Icelandic horse

16 (6–25)

https://doi.org/10.1371/journal.pone.0241448.t001

amphiphilic cream as published in the German Drug Codex) with 1% NVX-207 and 20%
medium-chain triglycerides. The formulation was modified because of an inhomogenous distribution of NVX-207 in test formulation 1 (oily sediments and overall recovery rate < 50%
in Franz-type diffusion cells (FDC) experiments): Test formulation 2 contained “Basiscreme
DAC” with 1% NVX-207.
Skin sample preparation and Franz-type diffusion cell experiments. Skin from six
horses was used for each FDC experiment. The skin from the lateral thorax was dissected at
the Institute of Pathology, University of Veterinary Medicine Hannover, Foundation, Hannover, Germany, after euthanasia of the horses at the Clinic for Horses, University of Veterinary
Medicine Hannover, Foundation, for reasons unrelated to the present study. Therefore, a prospective approval of the experiments by an animal research ethics committee was not required.
Skin samples were stored at -20˚C until use (maximum five months). Table 1 provides information about the sex, breed and age of the different equine skin donors. Further skin sample
preparation and diffusion experiments were performed as reported [45]. Skin samples were
incubated with test formulation 1 for 24 h and with test formulation 2 for 30 min and 24 h,
respectively.
Sample processing and NVX-207 quantification. Following diffusion experiments, skin
sample processing and NVX-207 quantification were performed as published with a few modifications [45]. In short, in order to determine the concentration of NVX-207 in different skin
layers, skin samples were cut with a cryostat (CryoStar™ NX70 Cryostat, Thermofisher, Darmstadt, Germany) in slices parallel to the skin surface starting from the epidermal side. The first
slice had a thickness of 10 μm and, therefore, included the stratum corneum with potential residues of the test formulation, which had not been removed with the cotton swab. The following
slices were 20-μm thick. Because of the short incubation time in the experiments (30 min),
slices were pooled at 5 × 20 μm to investigate the concentration of NVX-207/100 μm skin
depth and, therefore, increase the possibility of finding amounts of NVX-207 above the detection limit (0.1 μg/mL). A higher permeation rate of the compound was expected for 24-h
experiments and, therefore, the 20-μm slices were stored and analyzed separately up to a depth
of 310 μm. The slices were then pooled at 5 × 20 μm until a depth of a maximal 910 μm was
reached. The cryostat blade was cleaned with tissues soaked in 80% methanol between each
cut. The quantity of NVX-207 was determined by an analytic high-performance liquid chromatography (HPLC) method. Reverse phase analysis was performed using an Agilent 1100 system (Agilent, Waldbronn, Germany) on a Luna1 Omega column (3 μm, PS C18, 100 Å, 150 x
4.6 mm; Phenomenex, Torrance, US) at 30˚C using a gradient method with acetonitrile (0.1%
HCOOH)(A):water (0.1% HCOOH)(B) at 1.1 mL/min, (from 60 to 10% B within 7.50 min).
The diode array detector was set at 200 nm.

Statistical analysis
Technical duplicates with a coefficient of variation of more than 20% were excluded from the
cell assay analysis. IC50 values of BBS and NVX-207 from the proliferation and cytotoxicity
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tests were calculated with the pharmacodynamic model 108 of Phoenix1 WinNonlin1 software (version 8.1, Certara, USA). Additional statistical data analysis was conducted with R
3.5.1. [68]. A generalized additive model was fitted for each test (MTS and CVS) and cell type
comparison (primary EMM cells and fibroblasts, and primary ES cells and fibroblasts) using
the ‘mgcv’ package [69]. Compound concentrations and the duration of incubation were modeled as tensor product smooth interacting with compound and cell line. Cell passage was
added as a random effect. An appropriate distribution was selected by the visual inspection of
residuals. The p-values were obtained by performing a Wald test for each parameter. Statistical
significance was set at 0.05.

Results
Proliferation inhibition and cytotoxicity of BBS and NVX-207 on equine
cells
The antiproliferative and cytotoxic effects of NVX-207 and BBS on ES cells, EMM cells and
equine dermal fibroblasts were assessed by the CVS and MTS assay. In general, both compounds had significant inhibitory effects on cell proliferation (p < 0.001 in CVS assay for
every cell type) and cell viability (p < 0.001 in MTS assay for every cell type) compared to
untreated controls. However, effects on the cells were dose- and time-dependent. Figs 1 and 2
show the results from the melanoma cell model. Results of the sarcoid cell model are attached
as additional files S3 and S4 Appendices. First significant, dose-dependent antiproliferative
effects on ES cells, EMM cells and fibroblasts were observed after 24 h of incubation with BBS
and after 5 h of incubation with NVX-207. A significant, dose-dependent reduction in cell viability was observed in ES cells, EMM cells and fibroblasts after 5 h of treatment with BBS and
NVX-207.
As assessed by determination of IC50 values (Table 2) NVX-207 was more active against the
investigated equine cells compared to BBS. When the cells were exposed to BBS for 5 h, the
quantity of cells affected was too low to calculate the IC50 values in both cytotoxicity and proliferation assays. After 48 h, NVX-207 exceeded BBSs’ antiproliferative effects about 23 and 29
times in ES cells sRGO1 and sRGO2, respectively, about 25 and 3 times in EMM cells eRGO1
and MelDuWi, respectively, and about 23 and 6 times in fibroblasts PriFi1 and PriFi2, respectively. NVX-207 was about 11 (sRGO1), 25 (sRGO2), 8 (eRGO1), 3 (MelDuWi), 34 (PriFi1)
and 9 (PriFi2) times more cytotoxic than BBS.
Selectivity of both compounds towards the different cells varied. Compared to normal
fibroblasts, BBS showed a selectivity to both sarcoid and EMM cells in the proliferation assay
and a selectivity to eRGO1 and both sarcoid cell types in the cytotoxicity assay. Sarcoid cells
were more sensitive to BBS than EMM cells. Normal fibroblasts did not show a better tolerance
towards NVX-207 compared to EMM cells; by contrast, MelDuWi were revealed to be more
resistant in both assays. A selectivity of NVX-207 towards fibroblasts was observed in the proliferation assay for sarcoid cells.
Cell cycle investigations. The cell death mechanisms of NVX-207 and BBS on ES cells,
EMM cells and equine dermal fibroblasts were assessed by cell cycle investigations via flow
cytometry. Condensation of chromatin and fragmentation of DNA and nuclei occurs in apoptotic cells, which can be detected by the SubG1 peak. In comparison to untreated cells (control), the treatment with BBS and NVX-207 caused an increase of subG1 cells after 48 h of
treatment for all equine cells (Fig 3 and S5–S12 Appendices). The subG1 peak for the EMM
cells MelDuWi arose after a treatment of 48 h to more than 40% for BBS and more than 60%
for NVX-207. The equine dermal fibroblasts PriFi2 also showed an increased numbers of
subG1 cells (> 80%) after 48 h of treatment with NVX-207 but only 14% after 48 h of
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Fig 1. Effects of betulinyl-bis-sulfamate and NVX-207 on primary equine cell proliferation at different time points. Proliferation dose-response
regression lines of betulinyl-bis-sulfamate (BBS) and NVX-207 on primary equine malignant melanoma (EMM) cells (eRGO1, MelDuWi) and
primary equine dermal fibroblasts (PriFi1, PriFi2) at four different time points (5, 24, 48 and 96 h) determined by CVS assay. Antiproliferative effects
of the compounds on primary equine cells increase with the concentration and time of drug exposition. Data represent regression lines and 95%
confidence intervals of 6–8 independent experiments for each combination of cell type, incubation time and concentration. Concentrations at which
the corresponding 95% confidence intervals do not cross the 100% line indicate a significant reduction of the proliferation rate.
https://doi.org/10.1371/journal.pone.0241448.g001

treatment with BBS (Fig 4 and S12 Appendix). Thus, a selectivity of BBS for the initiation of
the preferably programmed cell death in EMM cells could be shown. The effect of both active
substances on the sarcoid cells was noticeably lower compared to the other cell lines. After a
treatment time of 48 h, an enrichment of 20% subG1 cells was present.
AnnexinV staining. The externalization of phosphatidylserines to the extracellular side of
the plasma membrane is a characteristic and early event in apoptosis [70, 71]. The change of
the extracellular plasma membrane composition was detected by using AnnexinV-FITC/ (propidium iodide) staining and analysis by flow cytometry (Figs 5 and 6 and S13–S20 Appendices). Untreated cells were used for control. After a treatment period of 24 h with BBS, 19%
of the sarcoid cells were early apoptotic and 39% were late apoptotic, while 2% of the control
cells were early and 14% were late apoptotic. After 48 h, the number of apoptotic cells further
increased and approximately 90% of the cells were apoptotic (8% early apoptotic; 82% late apoptotic). NVX-207 had a weaker effect on the sarcoid cells and 40% were present as living cells
after 48 h. The equine dermal fibroblasts showed a slower increase of apoptotic cells after 24 h
of treatment with BBS. In this case, increases of 5% early apoptotic and 3% late apoptotic cells
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Fig 2. Effects of betulinyl-bis-sulfamate and NVX-207 on primary equine cell viability at different time points.
Cytotoxicity dose-response regression lines of BBS and NVX-207 on primary EMM cells (eRGO1, MelDuWi) and
primary equine dermal fibroblasts (PriFi1, PriFi2) at four different time points (5, 24, 48 and 96 h) determined by MTS
assay. Cytotoxic effects of the compounds on primary equine cells increase with concentration and time of drug
exposition. Data represent regression lines and 95% confidence intervals of 6–9 independent experiments for each
combination of cell type, incubation time and concentration. Concentrations at which the corresponding 95%
confidence intervals do not cross the 100% line indicate a significant reduction of cell viability.
https://doi.org/10.1371/journal.pone.0241448.g002

were present. However, an increase in late apoptotic cells after 48 h was observed (54% by
treatment with BBS and 67% with NVX-207). Thus, it was shown that BBS had a better selectivity to sarcoid cells compared to fibroblasts.
Compared to BBS, NVX-207 had the stronger potential to induce apoptosis in EMM cells.
After 48 h, 45% were late apoptotic cells and only 30% were living cells. In addition, 25% of
cells were present in the early apoptotic phase. It was proven for all three equine cell lines that
the necrosis rate after 48 h of treatment with NVX-207 was below 2%.

Diffusion of NVX-207 into equine skin and overall NVX-207 recoveries
When the skin samples were treated with test formulation 2 for 30 min, NVX-207 was detected
in both the epidermis and dermis (Fig 7). An incubation time of 24 h led to an accumulation
of the compound in the upper epidermis (11–30 μm) but did not increase the amount of
NVX-207 in the other skin layers analyzed (Fig 7 and S21 Appendix). The detected concentrations exceeded the 24 h IC50 values of NVX-207 for ES cells, EMM cells and equine dermal
fibroblasts determined in the proliferation and cytotoxicity assays even in the deeper skin layers examined (up to a depth of 810 μm). The overall NVX-207 recovery rate after 30 min of
incubation was 89 ± 23% (mean ± SD; n = 6), from which 68 ± 18% of the substance was
detected in the non-permeated proportion (cotton swabs) and 28 ± 17% in the skin. The overall recovery rate of NVX-207 in test formulation 2 after 24 h of incubation was 85 ± 14%
(mean ± SD; n = 6). A quantity of 51 ± 9% of the NVX-207 amount applied was found in the
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Table 2. IC50 values (μmol/L) of betulinyl-bis-sulfamate (BBS) and NVX-207 for primary equine cells determined
by CVS and MTS assay after 5, 24, 48 and 96 h of drug exposure.
5h
Compound and assay
BBS

NVX-207

Cells

CVS

MTS

CVS

sRGO1

-

-

7 (5–10)

MTS
9 (7–11)

sRGO2

-

-

6 (4–8)

8 (6–11)
9 (4–15)

eRGO1

-

-

10 (7–13)

MelDuWi

-

-

20 (13–26)

-

PriFi1

-

-

11 (-2–23)

11 (9–13)

PriFi2

-

-

14 (4–24)

20 (18–22)

24 h
Compound and assay
BBS

NVX-207

Cells

CVS

MTS

CVS

sRGO1

40 (31–49)

-

7 (5–10)

MTS
4 (2–5)

sRGO2

38 (33–43)

45 (40–49)

< 1 (0–2)

3 (2–4)

eRGO1

42 (36–48)

47 (37–57)

5 (3–7)

7 (4–15)

MelDuWi

50 (38–61)

60 (30–91)

16 (11–21)

18 (15–21)

PriFi1

52 (41–62)

59 (50–68)

4 (2–6)

4 (2–5)

PriFi2

62 (48–76)

77 (35–118)

8 (4–12)

7 (5–9)

48 h
Compound and assay
BBS

NVX-207

Cells

CVS

MTS

CVS

MTS

sRGO1

23 (16–31)

25 (21–30)

< 1 (0–1)

2 (1–4)

sRGO2

29 (19–31)

28 (21–35)

< 1 (< 0–8)

1 (< 1–2)

eRGO1

25 (7–44)

32 (26–38)

< 1 (< 0 –< 1)

4 (1–7)

MelDuWi

36 (26–46)

53 (41–65)

12 (6–18)

15 (12–19)

PriFi1

42 (32–51)

35 (31–39)

2 (1–3)

1 (< 1–2)

PriFi2

39 (32–46)

61 (48–74)

7 (< 0–15)

7 (< 1–7)

96 h
Compound and assay
BBS

NVX-207

Cells

CVS

MTS

CVS

sRGO1

n.a.

n.a.

n.a.

MTS
n.a.

sRGO2

n.a.

n.a.

n.a.

n.a.

eRGO1

15 (5–25) 0.04)

16 (13–18)

< 1 (< 0 –

< 1 (< 0 –< 1)

MelDuWi

16 (4–29)

32 (15–49)

4 (3–5)

8 (5–10)

PriFi1

17 (15–20)

28 (26–31)

< 1 (< 0 –< 1)

< 1 (< 0 –< 1)

PriFi2

16 (11–21)

20 (11–28)

< 1 (< 0 –< 1)

4 (< 1–7)

Antiproliferative (CVS assay) and cytotoxic (MTS assay) effects of BBS and NVX-207 on primary ES cells (sRGO1
and sRGO2), primary EMM cells (eRGO1 and MelDuWi) and primary equine dermal fibroblasts (PriFi1 and PriFi2)
after a treatment duration of 5, 24, 48 or 96 h. Data represent mean IC50 values (μmol/L) of 6–9 independent
experiments with 95% confidence interval in parentheses. “-” = Quantity of cells affected was too low to calculate
IC50 values with the software applied; “n.a.” = data not available
https://doi.org/10.1371/journal.pone.0241448.t002
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Fig 3. Cell cycle distributions of sRGO2, MelDuWi and PriFi2. Percentage of the four different phases in the cell
cycle investigation of equine sarcoid (ES) cells (left), EMM cells (middle) and equine dermal fibroblasts (right) treated
with BBS and NVX-207 at their double IC50 concentrations for 24 and 48 h. Magenta: subG1; light blue: G1/G0; grey:
S-phase; and dark blue: G2/M-phase.
https://doi.org/10.1371/journal.pone.0241448.g003

cotton swabs and 32 ± 12% of the NVX-207 amount applied was detected in the skin. No
NVX-207 was detected in the acceptor medium in any of the FDC experiments.

Discussion
The ES is the dermatologic neoplasm in equids diagnosed most frequently. The EMM is also a
common skin tumor, especially in aging grey horses. In order to develop a topical therapy

Fig 4. Cell cycle distributions for equine dermal fibroblasts PriFri2. The cells were untreated (control) or treated
with BBS and NVX-207 at their double IC50 concentrations for 24 and 48 h (as indicated). The DNA was stained with
propidium iodide and the cells were analyzed by flow cytometry. Red: SubG1 peak; light blue: G1/G0-phase peak;
yellow: S-phase peak; and dark blue: G2/M-phase. (See S5–S10 Appendices for the interpretation of the other cell
lines).
https://doi.org/10.1371/journal.pone.0241448.g004
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Fig 5. AnnexinV staining of ES cells sRGO2. The cells were untreated (control) or treated with BBS and NVX-207 at
their double IC50 concentrations for 24 and 48 h (as indicated). After harvesting, the cells were stained and flow
cytometry analysis was performed. Red: necrotic cells; green: late apoptotic cells; blue: early apoptotic cells; and
magenta: living cells.
https://doi.org/10.1371/journal.pone.0241448.g005

against the ES and EMM, the betulinic acid derivative NVX-207 and the betulin derivative
BBS were assessed for their antiproliferative, cytotoxic and apoptotic effects on ES cells, EMM
cells and fibroblasts in vitro. Both substances had significant anticancer effects on the cells and
induced apoptosis. NVX-207 was revealed to be the more potent substance. Therefore, this

Fig 6. AnnexinV staining of equine cells. Equine sarcoid cells sRGO2, EMM cells MelDuWi and equine dermal
fibroblasts PriFi2 were untreated (control) or treated with BBS and NVX-207 at their double IC50 concentrations for
24 and 48 h (as indicated) and used for the AnnexinV assay. Data shown are the percentages of living cells (magenta),
early apoptotic cells (light blue), late apoptotic cells (green) and necrotic cells (red).
https://doi.org/10.1371/journal.pone.0241448.g006
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Fig 7. Concentration profile of NVX-207 correlative to skin thickness after 30 minutes and 24 hours of incubation. The skin of
six horses (two technical replicates each) for each Franz-type diffusion cell experiment was used to investigate the permeation of 1%
NVX-207 in “Basiscreme DAC” within 30 min and 24 h. The concentration of the compound for 30-min experiments was
determined in 100 μm cryostat skin slices (pooled at 5 × 20 μm) at different skin depths by HPLC analysis. The 20-μm slices for 24-h
experiments were stored and analyzed separately up to a depth of 310 μm. The slices were then pooled at 5 x 20 μm until a depth of a
maximal of 910 μm was reached. All data are given per 100 μm skin depth in this figure for better comparison of the 30-min and 24-h
concentration profiles. A more detailed version of the 24-h permeation profile is provided in the supplemented appendix (S21
Appendix). An incubation time of 24 h led to an accumulation of the compound in the upper epidermis (11–30 μm) but did not
increase the amount of NVX-207 in the other skin layers analyzed. Figure data represent the mean concentration of NVX-207 at the
skin depths indicated ± SD. Data for the 10-μm skin depth (stratum corneum) with potential test compound residues were excluded in
this figure.
https://doi.org/10.1371/journal.pone.0241448.g007

compound was used for further in vitro permeation studies, where it was demonstrated that
high concentrations could be reached in isolated equine skin.
The compound NVX-207 was previously assessed for its cytotoxic effects on EMM cells
“MelDuWi” with the sulforhodamine B assay and a 96-h IC50 value of 5.6 μmol/L was reported
[66]. Results of this first study on EMM cells “MelDuWi” could be replicated in the present
study with different methodological approaches (CVS and MTS assay to assess the antiproliferative and cytotoxic effects, respectively) and widened by investigations with EMM cells
“eRGO1,” ES cells “sRGO1” and “sRGO2,” and equine dermal fibroblasts “PriFi1” and
“PriFi2.” Three further treatment time points (5, 24 and 48 h) were included in the experiments to provide more information about the time-dependent efficacy of the drug. It was demonstrated that the antiproliferative and cytotoxic effects on ES cells, EMM cells and dermal
fibroblasts enhanced with an increased treatment duration in a dose-dependent manner. After
48 and 96 h, very low concentrations of NVX-207 were sufficient to observe an inhibitory
effect on the cells’ proliferation and survival rate (e.g. for EMM cells eRGO1 < 1 μmol/L in
CVS and MTS assay after 96 h of incubation). In addition, after 5 h of drug exposure, the quantity of affected cells was already high enough to calculate IC50 values, substantiating the potent
effects of NVX-207 on equine cells. These data could be taken into account when prospective
in vivo treatment regimens are designed.
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This study is the first report on the influence of NVX-207 on ES cells and normal equine
dermal fibroblasts. NVX-207 had cell viability reducing and antiproliferative effects on both
cell types. The similar treatment response of the cells is not surprising, as the ES is addressed
as a tumor of the fibroblasts [12]. However, compared to normal equine cells, a selectivity of
the compound to ES cells could be demonstrated in the proliferation assay, suggesting that sarcoid cells are even more sensitive. A selectivity of NVX-207 to EMM cells was not observed.
The same was shown for EMM cells and fibroblasts when treated with the parent BA [45]. In
contrast to these findings, it was reported that NVX-207 had little impact on the in vitro survival of normal human umbilical vein endothelial cells, fibroblasts and keratinocytes [64]. Furthermore, current in vivo data indicate a good systemic and local tolerability of 1% NVX-207
after topical application twice a day for seven consecutive days in eight healthy horses [67]. In
addition, the intralesional injection of the compound in two EMM patients once a week for 19
consecutive weeks proved to be safe [66]. Intravenous application of the compound in mice
did not lead to any side effects [64] and the intralesional treatment of different malignancies in
five dogs was well tolerated and clinically beneficial tumor response was observed [64].
It has been demonstrated previously that NVX-207 triggers the mitochondrial-induced
apoptotic pathway in human melanoma cell lines via activation of caspases-9, -3 and -7 and
cleavage of poly (ADP-ribose) polymerase [64]. Furthermore, an increase of subG1 cells after
treatment of various human cancer cell lines with BA and NVX-207 has been reported [72,
73]. An induction of both initiator caspases (caspase-8 and caspase-9) in EMM cells led to an
activation of effector caspase-3 [66]. Comparable to a treatment with the parent BA, an accumulation of EMM cells in the subG1 phase and externalization of phosphatidylserines to the
extracellular side of the plasma membrane, a characteristic feature of apoptosis, were observed
after treatment with NVX-207 [66]. These preliminary investigations by Liebscher et al. on
EMM cells MelDuWi could be reproduced in this study. However, up to now, no data on the
molecular mechanisms in ES cells and normal equine cells after treatment with NVX-207 has
existed. Cell cycle investigations and AnnexinV staining were performed to address this lack.
Results from these apoptosis tests demonstrated that NVX-207 triggers apoptosis in ES cells
sRGO2. However, the effects were less pronounced compared to EMM cells MelDuWi and
equine dermal fibroblasts PriFi2. After 48 h, the number of apoptotic cells detected with
AnnexinV staining was about 60%, of which 48% were late apoptotic. Only 17% of the cells
were found to be in the subG1 phase with a fragmented DNA. The different quantity of apoptotic cells analyzed with different methods may be explained by the temporally staggered
occurrence of characteristic cellular changes, which are made visible by the respective method.
The results reported here further indicate that similar modes of action observed in equine cancer cells also take place in unaltered equine cells when treated with NVX-207. After an incubation of 48 h, about 85% of equine dermal fibroblasts PriFi2 were apoptotic and a clear shift to
cells in the subG1 phase was already observed after 24 h of treatment. It is remarkable that the
proportion of necrotic cells, whether in altered or normal cell types, was below 2% after a treatment of 48 h. Even though the results reported from in vitro experiments with equine skin cancer cells are promising, it must be emphasized that cells in their native microenvironment can
be much more robust against (phyto)chemotherapeutic influences [74–76]. Therefore, no reliable conclusions can be drawn regarding the efficacy of a topical NVX-207 application in ES
and EMM patients and prospective in vivo studies have made to address this question.
The betulin derivative BBS had significant antiproliferative and cytotoxic effects on all three
cell types investigated in the present study, however, it was considerably less effective compared to NVX-207. In addition, the IC50 values of BBS calculated for EMM cells were higher
than the ones reported for BA [45, 66]. Therefore, further permeation studies were performed
with NVX-207. Nevertheless, in contrast to NVX-207, the compound was less toxic for normal
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cells. In order to clarify the cellular pathways of BBS in ES cells, EMM cells and equine dermal
fibroblasts, it was shown by AnnexinV staining and cell cycle investigations that BBS induced
apoptosis in these cells. However, while the apoptotic impact of BBS was stronger in sarcoid
cells compared to the effects of NVX-207 in these equine skin cancer cells, this was not the
case for EMM cells and fibroblasts. In EMM cells, the amount of late apoptotic cells after 48 h
was 44.8% (NVX-207) compared to 28.2% (BBS). Regarding the results from the proliferation
test and the cell cycle analysis, there seems to be a selectivity of BBS towards equine skin cancer
cells in comparison to unaltered equine dermal fibroblasts. In addition, AnnexinV staining
revealed a preferred triggering of the programmed cell death for the sarcoid cells (82.1% late
apoptotic after a 48-h treatment with BBS) when compared to the late apoptotic phase of fibroblasts (53.6%). However, only 28.2% of EMM cells were late apoptotic at this stage.
In addition to its apoptotic effects, it should be noted that BBS has been demonstrated to be
an efficient inhibitor of human carbonic anhydrase isoenzymes I, II and IX [63]. Carbonic
anhydrase IX is overexpressed in many tumors and involved in complex pathways leading to
changes in the tumor microenvironment and subsequent tumor progression [77]. Human
malignant melanoma cells also express this enzyme and a combination of proton pump and
carbonic anhydrase IX inhibitors led to enhanced anticancer effects in these cells in vitro [78].
Further investigations are necessary to confirm and expand these results in equine malignancies, however, carbonic anhydrase inhibitors such as BBS could represent potential candidates
as anti-tumor agents alone or adjunctive therapeutic drugs.
Except for ulcerated tumors, histopathologic examinations address the localization of melanocytic skin tumors in horses mostly as “dermal” or “subcutaneous” [79, 80]. The ES is
regarded as a neoplasm of the dermal fibroblasts, which appear with an increased density and
proliferation [81, 82]. Epidermal alterations, such as hyperplasia, hyperkeratosis or rete pig formation, vary between the different clinical ES types but are present in the majority of cases
[82]. Due to the tumors’ microscopic appearance, the topically applied compound NVX-207
needs to liberate from the drug formulation, penetrate the body protective stratum corneum
and permeate through the viable epidermal and dermal strata to reach the sarcoid and melanoma cells. A standardized use of ES or EMM skin was not possible for FDC experiments due
to technical reasons, which is a limitation of the study. Therefore, normal thoracic equine skin
was utilized, as described previously [45, 83].
It has been reported previously that high concentrations of BA could be reached in isolated
equine skin when 1% of the compound was mixed in “Basiscreme DAC” with 20% mediumchain triglycerides [45]. Therefore, a drug formulation containing “Basiscreme DAC” with
20% medium-chain triglycerides and 1% of betulinic acid derivative NVX-207 (test formulation 1) was initially tested for in vitro permeation. A significant phase separation was already
observed 24 h after the production of test formulation 1. The oily sediments were probably the
20% medium-chain triglycerides added, which coalesced as the emulsifier system combined
with 1% NVX-207 was presumably not strong enough to form a stable emulsion with the additional fatty acids. The inhomogeneous distribution of NVX-207 suspected in test formulation
1 was confirmed when less than 50% of the substance, which had allegedly been applied on the
diffusion area, was detected in the HPLC analysis. The drug formulation was improved as such
a low recovery rate in permeation studies and such high variations of active compound distribution in the cream are not acceptable for a topical medication. When 1% NVX-207 was
mixed with “Basiscreme DAC” but without additional medium-chain triglycerides (test formulation 2), no phase separation was observed by visual inspection and the overall recovery
rate was above 85%.
There was a nearly identical concentration profile of the compound in isolated equine
skin when incubated for 30 min and 24 h, except for a considerable difference in the upper
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epidermal layers. This indicates a rapid penetration of the lipophilic NVX-207 through the
stratum corneum and accumulation in the viable epidermal skin layers, followed by a slower
permeation into the subjacent, more hydrophilic dermal skin layers [84, 85]. As the blood circulation in in vitro FDC experiments is missing, no compound is absorbed by dermal capillary
blood vessels, which could further explain the steady state between the 30-min and 24-h permeation studies. Regarding the in vitro data determined about antiproliferative and cytotoxic
effects of NVX-207 towards ES cells and EMM cells reported here and formerly for EMM cells
[66], the concentrations of the compound reached up to a depth of 810 μm in isolated equine
skin after 30 min and 24 h of incubation in vitro would be sufficient to have an inhibitory or
even cytotoxic impact on the cells’ metabolism. This might suggest that the proliferation and
survival rate of ES and EMM cells especially in the superficial dermal skin layer could be
reduced by NVX-207 in vivo. However, as mentioned previously, the epidermal nature in ES
varies and epidermal thickening can influence the permeation rate of a topically applied drug
negatively [86]. Furthermore, it should be considered that the in vitro permeation of acyclovir
in ES skin differs significantly from epidermal to superficial dermal and deep dermal skin layers and that less acyclovir was found in the deep dermal layers of sarcoid skin compared to
normal skin [87]. By contrast, the in vitro concentration profiles of NVX-207 in thoracic skin
and hairless EMM predilection site skin (e.g. undersurface on the tail, perianal region) can be
assumed to be comparable, as the concentrations of hydrocortisone, a lipophilic substance
similar to NVX-207, did not differ significantly in the clipped thoracic equine skin and nearly
glabrous groin skin [88]. However, an increased vascularization was described in some EMM
[31, 79]. Compound elimination by dermal blood vessels cannot be evaluated by FDC experiments and, therefore, the permeated dose required to exert antitumoral effects in vivo can also
be significantly higher. Furthermore, an encapsulation of the tumor could reduce the drug permeation rate at the treatment site. Because the in vitro anticancer effects were demonstrated to
be concentration- and time-dependent, prospective in vivo treatment regimens with short
application intervals and long treatment durations could favorably influence the concentration
and efficacy of NVX-207 in the skin of ES and EMM patients.

Conclusion
In conclusion, the betulinic acid derivative NVX-207 has a superior antiproliferative and cell
viability reducing effect on primary ES cells and EMM cells compared to BBS. Both compounds induced apoptosis. High concentrations of NVX-207 were reached in isolated equine
skin–even after only 30 min of incubation–demonstrating a potent skin permeation. Although
the in vitro data reported are promising, the results are not unconditionally applicable to the
clinical situation. Therefore, in vivo studies are needed to assess the antitumoral effects of topically applied NVX-207 in equine patients suffering from ES or EMM.

Supporting information
S1 Appendix. IC50 values measured by SRB Assay after 96 h. IC50 values (μmol/L) of betulinyl-bis-sulfamate (BBS) and NVX-207 thereof on three equine cell types (equine sarcoid [ES]
cells sRGO2, equine malignant melanoma [EMM] cells MelDuWi and equine dermal fibroblasts PriFi2) determined by SRB-Assay after 96 h of drug exposure. Measurements were carried out at least as thrice determination.
(DOCX)
S2 Appendix. Cytotoxicity dose-response curves of BBS and NVX-207. ES cells sRGO2
(left), EMM (middle) and equine fibroblasts PriFri2 (right) determined by SRB Assay after 96
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h (one representative of three independent experiments).
(PNG)
S3 Appendix. Effects of BBS and NVX-207 on primary equine cell proliferation at different
time points. Proliferation dose-response regression lines of BBS and NVX-207 on primary ES
cells (sRGO1, sRGO2) and primary equine dermal fibroblasts (PriFi1, PriFi2) at three different
time points (5, 24 and 48 h) determined by crystal violet staining assay. Antiproliferative effects
of the compounds on primary equine cells increase with concentration and time of drug exposition. Data represent regression lines and 95% confidence intervals of 6–8 independent experiments for each combination of cell type, incubation time and concentration. Concentrations
at which the corresponding 95% confidence intervals do not cross the 100% line indicate a significant reduction of the proliferation rate.
(PNG)
S4 Appendix. Effects of BBS and NVX-207 on primary equine cell viability at different
time points. Proliferation dose-response regression lines of BBS and NVX-207 on primary ES
cells (sRGO1, sRGO2) and primary equine dermal fibroblasts (PriFi1, PriFi2) at three different
time points (5, 24 and 48 h) determined by MTS assay. Cytotoxic effects of the compounds on
primary equine cells increase with concentration and time of drug exposition. Data represent
regression lines and 95% confidence intervals of 6–8 independent experiments for each combination of cell type, incubation time and concentration. Concentrations at which the corresponding 95% confidence intervals do not cross the 100% line indicate a significant reduction
of the cell viability rate.
(PNG)
S5 Appendix. Cell cycle distributions of ES cells sRGO2. Cells were untreated (control) or
treated with BBS and NVX-207 at their double IC50 concentrations for 24 and 48 h (as indicated). The DNA was stained with propidium iodide and the cells were analyzed by flow
cytometry. Red: SubG1 peak; light blue: G1/G0 phase peak; Yellow: S-phase peak; and dark
blue: G2/M phase.
(PNG)
S6 Appendix. Cell cycle percentage of ES cells sRGO2. Cells were untreated (control) or
treated with BBS and NVX-207 at their double IC50 concentrations for 24 h.
(DOCX)
S7 Appendix. Cell cycle percentage of ES cells sRGO2. Cell were untreated (control) or
treated with BBS and NVX-207 at their double IC50 concentrations for 48 h.
(DOCX)
S8 Appendix. Cell cycle distributions of EMM cells MelDuWi. Cells were untreated (control) or
treated with BBS and NVX-207 at their double IC50 concentrations for 24 and 48 h (as indicated).
The DNA was stained with propidium iodide and the cells were analyzed by flow cytometry. Red:
SubG1 peak; light blue: G1/G0 phase peak; Yellow: S-phase peak; and dark blue: G2/M phase.
(PNG)
S9 Appendix. Cell cycle percentage of EMM MelDuWi. Cells were untreated (control) or
treated with BBS and NVX-207 at their double IC50 concentrations for 24 h.
(DOCX)
S10 Appendix. Cell cycle percentage of EMM MelDuWi. Cells were untreated (control) or
treated with BBS and NVX-207 at their double IC50 concentrations for 48 h.
(DOCX)

PLOS ONE | https://doi.org/10.1371/journal.pone.0241448 November 5, 2020

16 / 22

PLOS ONE

Triterpenoids NVX-207 and betulinyl-bis-sulfamate against equine skin cancer

S11 Appendix. Cell cycle percentage of equine dermal fibroblasts PriFri2. Cells were
untreated (control) or treated with BBS and NVX-207 at their double IC50 concentrations for
24 h.
(DOCX)
S12 Appendix. Cell cycle percentage of equine dermal fibroblasts PriFri2. Cells were
untreated (control) or treated with BBS and NVX-207 at their double IC50 concentrations for
48 h.
(DOCX)
S13 Appendix. AnnexinV staining. Percentage of ES cells sRGO2 untreated (control) or
treated with BBS and NVX-207 at their double IC50 concentrations for 24 h.
(DOCX)
S14 Appendix. AnnexinV staining. Percentage of ES cells sRGO2 untreated (control) or
treated with BBS and NVX-207 at their double IC50 concentrations for 48 h.
(DOCX)
S15 Appendix. AnnexinV staining of equine dermal fibroblasts PriFri2. Cells were
untreated (control) or treated with BBS and NVX-207 at their double IC50 concentrations for
24 and 48 h (as indicated). After harvesting, the cells were stained and flow cytometry analysis
was performed. Red: necrotic cells; green: late apoptotic cells; blue: early apoptotic cells;
magenta: living cells.
(PNG)
S16 Appendix. AnnexinV staining. Percentage of equine dermal fibroblasts PriFri2 untreated
(control) or treated with BBS and NVX-207 at their double IC50 concentrations for 24 h.
(DOCX)
S17 Appendix. AnnexinV staining. Percentage of equine dermal fibroblasts PriFri2 untreated
(control) or treated with BBS and NVX-207 at their double IC50 concentrations for 48 h.
(DOCX)
S18 Appendix. AnnexinV staining of EMM cells MelDuWi. Cells were untreated (control)
or treated with BBS and NVX-207 at their double IC50 concentrations for 24 and 48 h (as indicated). After harvesting, the cells were stained and flow cytometry analysis was performed.
Red: necrotic cells; green: late apoptotic cells; blue: early apoptotic cells; magenta: living cells.
(PNG)
S19 Appendix. AnnexinV staining. Percentage of EMM cells (MelDuWi) untreated (control)
or treated with BBS and NVX-207 at their double IC50 concentrations for 24 h.
(DOCX)
S20 Appendix. AnnexinV staining. Percentage of EMM cells (MelDuWi) untreated (control)
or treated with BBS and NVX-207 at their double IC50 concentrations for 48 h.
(DOCX)
S21 Appendix. Concentration profile of NVX-207 correlative to skin thickness after 24 h
of incubation. The skin of six horses (two technical replicates each) were used to investigate
the permeation of 1% NVX-207 in “Basiscreme DAC” within 24 h for the Franz-type diffusion
cell experiment. The concentration of the compound was determined in 20 μm and 100 μm
(deeper skin layers; pooled at 5 × 20 μm) cryostat skin slices at different skin depths by HPLC
analysis. Figure data represent mean concentration of NVX-207 at the skin depth indicated
and ± SD. Data for 10-μm skin depth (stratum corneum) with potential test compound
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residues were excluded from this figure.
(TIF)
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in further clinical trials with horses suffering from EMM; however, penetration and
permeation of the compounds may be altered in skin affected by tumors.
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cancers most frequently diagnosed in horses (Baker & Leyland,
1975; Scott & Miller, 2011; Valentine, 2006). The equine malignant

Dermatologic disorders are a common problem in horses (Scott &

melanoma (EMM) occurs primarily in gray horses and develops from

Miller, 2011; Traub-Dargatz, Salman, & Voss, 1991). Cutaneous

the malignant transformation of normal melanocytes (Reed, Bayly, &

neoplasms account for about 50% of all equine neoplasms (Baker

Sellon, 2018; Smith, Goldschmidt, & McManus, 2002). The onset of

& Leyland, 1975), and it has been reported that equine sarcoids,

the disease is usually characterized by the growth of small, solitary,

squamous cell carcinomas, papillomas, and melanomas are the skin

raised tumors at glabrous predilection sites, such as the undersurface
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of the tail, perianal and perineal region, external genitalia, eyelids,
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and lips (Fleury, Bérard, Balme, & Thomas, 2000; Moore et al., 2013;

that time- and concentration-dependent antiproliferative and cyto-

Seltenhammer et al., 2010). Multiple and rapidly growing melano-
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mas, which are capable of metastasizing, can occur with disease pro-
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gression (Macgillivray, Sweeney, & Piero, 2002; Moore et al., 2013;

the best of the authors’ knowledge, no further literature exists about

Valentine, 1995). The EMM may reduce the horse’s value and lead

the effects of either compound on equine keratinocytes or other

to economic losses due to cosmetic issues, interference with bit and

m-Ѵ|;u;7 ;tbm; vhbm 1;ѴѴv 0| =b0uo0Ѵ-v|vĺ ror|ovbvŊѴbh; ;==;1|v
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have been observed in normal human melanocytes after in vitro

1997). However, even more severe clinical problems, such as tumor

|u;-|l;m|b|_Ő-Ѵ]omķ)o_Ѵu-0ķş u࢜];uķƑƏƏƔĸ";Ѵ;u;|-Ѵĺķ

ulceration with secondary bacterial infection, fecal impaction, os-
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teomyelitis, and signs arising from lymphatic and hematogenous

keratinocytes reacted by enhanced differentiation and apoptosis,

visceral metastasis, have been reported (Macgillivray et al., 2002;

respectively (Galgon et al., 2005). Unfortunately, study results from

Moore et al., 2013; Patterson-Kane, Sanchez, Uhl, & Edens, 2001;

clinical trials in humans evaluating the safety and efficacy of topical
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2002). The few systemic and local therapies described for EMM are
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of varying efficacy (MacKay, 2019; Moore et al., 2013; Phillips &

ouvh-ķƑƏƐƖőĺ$_;Ŋ7;ub-|b;(*ŊƑƏƕ_-7Ѵb||Ѵ;blr-1|om|_;

Lembcke, 2013). Commercially available, validated topical (epicu-

cell survival of normal human fibroblasts and keratinocytes in vitro

taneous) treatment options for this skin cancer are currently miss-

Ő)bѴѴl-mm;|-ѴĺķƑƏƏƖőĺ)_;m(*ŊƑƏƕ-vbmf;1|;7bm|u-Ѵ;vbom-ѴѴ

ing. One study describes the topical use of the triphenylethylene

in canine and two equine tumor patients, it was well tolerated and

derivative toremifene in a horse affected by melanoma, which re-

only mild local adverse effects were observed in dogs (Liebscher

sulted in a slight volume reduction of the neoplasm (Soe et al., 1997).
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Positive therapeutic effects after topical application of frankincense

the in vivo percutaneous permeation and safety of epicutaneously

oil in five EMM horses are reported in a PhD thesis (Moore, 2013).
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However, results from both studies were never confirmed in further

to develop a topical therapy against EMM, the first objective of this

evidence-based clinical trials.
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The advantages of topical therapies for skin tumors include the
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noninvasiveness of the treatment and the possibility of comfortable

consecutive days in eight healthy horses. The second objective was

7u] -rrѴb1-|bom ;;m om m=-ou-0Ѵ; |u;-|l;m| vb|;v Őo];bu-

to evaluate the local and systemic tolerability of both compounds

et al., 2006). Furthermore, the treatment can be conducted easily by

after epicutaneous application.

the horse owners without the need for specialized equipment or facilities. Finally, undesired systemic side effects can be reduced (Luís,
Ruela, Perissinato, Esselin, & Lino, 2016).
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proliferative and cytotoxic effects in equine melanoma cells in vitro,
which is mediated by the induction of apoptosis (Liebscher et al., 2016;

The pilot permeation and safety studies were performed between
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May and September 2019 at the Clinic for Horses of the University

view). Furthermore, a sufficient penetration and permeation of both

of Veterinary Medicine Hannover, Foundation, Hannover, Germany.

compounds in isolated equine skin has been reported, as assessed by

mbl-Ѵ;r;ubl;m|v;u;-rruo;70-m-mbl-Ѵ;Ѵ=-u;o==b1;uo=

u-mŊ|r;7b==vbom1;ѴѴŐ

ő;r;ubl;m|vŐ);0;uķ;bzm;uķ;|-Ѵĺķ

the University of Veterinary Medicine Hannover, Foundation, and

ƑƏƑƏĸ);0;uķ m|-mķ;|-ѴĺķƑƏƑƏķm7;uu;b;őĺ=|;u-rrѴb1-|bom

|_;"|-|;==b1;=ouomvl;uuo|;1|bom-m7 oo7"-=;|Ő( "őbm

of 1% formulations, the in vitro concentration profiles determined in

-11ou7-m1;b|_|_;;ul-mmbl-Ѵ);Ѵ=-u;-Ő( "!;=;u;m1;

the integument exceeded the half-maximal inhibitory concentrations

ml0;uĹƐѶņƑƖƓƐőĺ$_;(b7;Ѵbm;Ɠƒľ$-u];|mbl-Ѵ"-=;| ou

(IC50) for equine melanoma cells in the epidermal layers and super-

Veterinary Pharmaceutical Products” (VICH, 2008) was followed

=b1b-Ѵ -m7 r-u|b-ѴѴ 7;;r 7;ul-Ѵ vhbm Ѵ-;uv Ő);0;uķ ;bzm;uķ ;| -Ѵĺķ

regarding the experimental design (number of animals used for the

ƑƏƑƏĸ );0;uķ m|-mķ ;| -Ѵĺķ ƑƏƑƏķ m7;u u;b;őĺ o|_ l;|_o7vķ

study, clinical local and systemic examinations, histopathological ex-

cell culture experiments and FDC studies, are valuable tools for the

aminations of skin biopsies). Eight horses (five mares, two geldings,

evaluation of the in vitro efficacy and quality of topical formulations.

and one stallion) with a median age of 14.5 years (range 7–23 years)

However, the whole complexity of a biological system, including the

and a median body weight of 587.5 kg (range 488–649 kg) were used

metabolism, distribution, and elimination of a therapeutic agent, can-

for target animal safety and permeation studies. Coat colors included

not be reproduced by FDC experiments, and in vivo data may have to

0-Őƒőķ0Ѵ-1hŐƑőķ1_;v|m|ŐƑőķ-m7]u-ŐƐőĺr-u|=uol_ouv;ƕ-m7

follow the initial evaluations (Luís et al., 2016; OECD, 2004; OECD/

8, all were long-term residents of the Clinic for Horses, University

OCDE, 2004). Furthermore, as normal equine dermal fibroblasts are

of Veterinary Medicine Hannover, Foundation. The horses, except

|
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for the stallion, were maintained outdoors on grass pastures before

scoring were conducted twice a day during each treatment period

commencing the study. They were stabled during treatment peri-

and one day before and after each treatment period. The parameters

ods but lunged or walked daily. They were fed with hay (2 kg/100 kg

obtained included behavior, posture, appetite, rectal temperature,

bodyweight) and a mix of pellets and muesli (1.5–2 kg/horse/day).

mandibular lymph nodes, heart rate, mucous membranes, jugular

11;vv|o-|;u-v-7Ѵb0b|lĺ

vein filling, respiratory rate, auscultation of the thorax and the abdomen, and defecation. Summarized results from the clinical examination, skin areas treated and horses’ behavior during test formulation

ƑĺƑՊ|Պ$orb1-Ѵ|u;-|l;m|

-rrѴb1-|bom;u;v1ou;7bm-11ou7-m1;b|_$-0Ѵ;Ƒķķ-m7ĺ"1ou;
results from the morning and evening examination were summed up

The horses were topically treated with test formulations that had

daily in order to assess the burden for each horse. Horses with a

been previously tested in permeation studies with isolated equine

v1ou;ƾƐƐomom;7-ouƾƖo;u|_u;;7-vķb|_-v;;u;Ѵblr-bu;7

vhbmŐ);0;uķ;bzm;uķ;|-ѴĺķƑƏƑƏĸ);0;uķ m|-mķ;|-ѴĺķƑƏƑƏķm7;u

general condition or severe skin reactions, were excluded from the

review). They were assigned to the following treatment groups: Test

study. The horses were clinically examined once a day on day 2–7 of

=oulѴ-|bom Ɛ Ő$ Ŋ ő 1om|-bm;7 ľ-vbv1u;l;

each washout period but not scored.

Ŀ Ő-l-

phiphilic cream as published in the German Drug Codex; Table 1)
b|_ƑƏѷl;7blŊ1_-bm;7|ub]Ѵ1;ub7;vĸ|;v|=oulѴ-|bomƑŐ$ Ŋő
1om|-bm;7 ľ-vbv1u;l;

Ŀ b|_ ƑƏѷ l;7blŊ1_-bm;7 |ub]Ѵ1-

ƑĺƓՊ|Պ"-lrѴbm]

;ub7;v -m7 Ɛѷ ĸ -m7 |;v| =oulѴ-|bom ƒ Ő$ Ŋ(*ƑƏƕő 1om|-bm;7
ľ-vbv1u;l; Ŀ b|_ Ɛѷ (*ŊƑƏƕĺ $_; |;v| =oulѴ-|bomv ;u;

Blood samples for complete blood counts and blood chemistry

blinded by a number and letter code and unblinded after all analyses

were taken in the morning of day 1 of each treatment period and

at the end of the study. The treatment was always performed by

in the morning of day 1 of each washout period. Blood chemistry

|_;v-l;bm;v|b]-|ouŐ)őĺ1uovvo;u7;vb]m-vv;7|o|u;-|

bm1Ѵ7;7 ;Ѵ;1|uoѴ|;v Ő-ķ ķ Ѵķ -ķ ]őķ 0bѴbu0bmķ ]Ѵ1ov;ķ u;-ķ

every horse with every formulation on the neck and undersurface

creatinine, bile acids, triglycerides, total protein, albumin, lactate,

of the tail for seven consecutive days, with a seven-day washout pe-

v;ul -lѴob7  -m7 |_; ;ml-|b1 -1|bb| o= |_; -Ѵh-Ѵbm; r_ov-

riod between each formulation. The order of the formulations was

phatase, glutamate dehydrogenase, aspartate amino-transferase,

randomized for each horse. Figure 1 gives an overview of the exact

γ-glutamyl transferase, creatine kinase, and lactate dehydrogenase.

treatment sites. Treatment areas on the neck and control areas on
the contralateral neck site were clipped 24 hr before each treatment

u|_;ulou;ķѴb|_blŊ_;r-ubmrѴ-vl--v-m-Ѵ;7=ouou(*Ŋ
207 content after the respective treatment, as described below.

period. The treatment sites were completely covered with about

Skin biopsies from the treatment and control sites were taken

1 g of the test formulations twice a day. If cream remnants from the

in the morning of day 1 of each washout period. The horses were

previous treatment were still present, the skin was carefully cleaned

sedated with butorphanol (0.01 mg/kg i.v.; “Butorgesic,” cp-pharma,

with saline and swabs. The treatment and control sites in four horses

Burgdorf, Germany) and detomidine (0.01 mg/kg i.v.; “Cepesedan,”

(horses 3, 4, 7, and 8; randomly selected) were protected with a

1rŊr_-ul-őĺ;rb-1-bm;Őľ;rb7ouĿĸ) $ő-vv;7=ouѴo1-Ѵ-m-

om77u;vvbm]Őľmbl-Ѵ"o=|ķĿ"mक़]]ő-m71olrѴ;|;Ѵ1o;u;7b|_

esthesia. Three 8-mm punch biopsies were obtained from the neck

ľ bolѴѴ v|u;|1_Ŀ Ő" l;7b1-Ѵ l0őĺ $_; 1o;ubm] om |_; m;1h

(two from the treatment site, one control) and two 6-mm punch

-v-77b|bom-ѴѴ-||-1_;7b|_ľmbl-ѴoѴv|;uĿŐ"mक़]]őĺ

biopsies from the undersurface of the tail (one from the treatment site, one control) using single-use punch-biopsy instruments
Őľ ;ul-Ѵborvm1_ķĿ) $őĺmѴom;|-bѴŊ1om|uoѴr;u_ouv;-v

ƑĺƒՊ|ՊѴbmb1-Ѵ;-lbm-|bom-m7v1oubm]

taken during the whole study to reduce the infection risk at this site.
Biopsy wounds were cleaned, disinfected, and treated with ointment

$_; _ouv;v ;u; ;-lbm;7 -m7 v1ou;7 0 |_; =buv| -|_ou Ő)őķ

1om|-bmbm]rob7om;Ŋbo7bm;Őľ(;|Ŋ";r|"-Ѵ0;ĿĸѴ0u;1_|l0ő-m7

who was blinded to the treatment. The clinical examination and

-Ѵlbmlvru-ŐľѴlbmblvru-Ŀĸ-mb;7b1-l0őĺ"hbm0borvb;v
were fixed in 10% neutral-buffered formalin until further process-

$    Ɛ Պ m]u;7b;m|vo=|_;Ş-vbv1u;l; Ş-11ou7bm]|o|_;
German Drug Codex. Composition of 100 g cream
Purified aqua

40.0 g

Petrolatum

25.5 g

Propylene glycol

10.0 g

Medium-chained triglycerides

7.5 g

PEG-20-glyceryl stearate

7.0 g

Cetyl alcohol

6.0 g

Hydrogenated palm glycerides

4.0 g

ing for histopathological examination. The second biopsy from the
|u;-|;7m;1hvb|;-v=uo;m-|ƴƑƏŦbm-Ѵlbml=obѴm|bѴ=u|_;u
processing for compound analysis.

ƑĺƔՊ|Պ -m|b=b1-|bomo=-m7(*ŊƑƏƕbm|_;
0borvvr;1bl;m-m7rѴ-vl$_; vhbm v-lrѴ; ruo1;vvbm] -v r;u=oul;7 -v 7;v1ub0;7 Ő);0;uķ
;bzm;uķ ;| -Ѵĺķ ƑƏƑƏőĺ ub;=Ѵķ |_; =uo;m vhbm v-lrѴ;v ;u; 1|

|

WEBER ET AL.

ƓՊ Պ ՊՍ

  & !  Ɛ Պ Schematic illustration of the treatment sites. (a) The three 5 × 5 cm treatment sites (one for each formulation) on the neck
were located four, six and eight handbreadths caudal to C1 (atlas) and one handbreadth ventral to the crest. (b) The three 5 × 5 cm treatment
-u;-vom|_;;m|u-Ѵvu=-1;o=|_;|-bѴ;u;Ѵo1-|;7-rruobl-|;Ѵom;ķ|o-m7|_u;;_-m70u;-7|_v1-7-Ѵ=uol|_;|-bѴuoo|ĺo|;|_-||_;
different treatment sites are not drawn to scale

$    Ƒ Պ Scoring system
"1ou;


Clinical examination

0 = unremarkable
1 = mild alterations
2 = moderate alterations
3 = severe alterations

B

Skin reaction on treatment site

0 = skin is unremarkable
1 = skin is mildly reddened, warm, swollen, painful, mild desquamation
2 = skin is moderately reddened, warm, swollen, painful, moderate desquamation
3 = skin is severely reddened, warm, swollen, painful, severe desquamation

C

Behavior during test formulation application

0 = horse shows no defense movements or only mild muscle twitching
1 = horse is nervous; tail striking
2 = horse kicks, bites, tries to attempt application by active movement

Note: Horses were scored twice a day during treatment periods and one day before and after the treatments.

_oubom|-ѴѴ |o |_; ;rb7;ulbv b|_ - 1uov|-| Őľuo"|-uŤ *ƕƏ
Cryostat,” Thermo Fisher) in skin slices (each with a thickness of

ƑĺѵՊ|Պbv|or-|_oѴo]b1-m-Ѵvbvo=|_;
0borvvr;1bl;m

20 μm), after the first 10 μm (stratum corneum) had been separated
due to possible cream residues. The skin slices were pooled at

The skin specimens fixed in neutral-buffered formalin were em-

5 × 20 μlķ-m7|_;1om1;m|u-|bomvo=-m7(*ŊƑƏƕr;uƐƏƏμm

bedded in paraffin. Sections (each with a thickness of 3 μm) were

skin depth were consecutively analyzed by high-performance liquid

stained with hematoxylin-eosin and evaluated histopathologically

1_uol-|o]u-r_Őőĺ$_;-m-Ѵvbv=ou-vr;u=oul;7

by a European specialist in veterinary pathology (CP) in a blinded

-v u;rou|;7 Ő);0;uķ ;bzm;uķ ;| -Ѵĺķ ƑƏƑƏőĺ !;;uv; r_-v; -m-Ѵvbv

process. Cell layers of the stratum spinosum were counted to assess

-v 1om71|;7 =ou (*ŊƑƏƕ 7;|;ulbm-|bom vbm] -m ]bѴ;m| ƐƐƏƏ

the degree of epidermal hyperplasia. If there were up to twice as

vv|;lŐ]bѴ;m|őom-m-® Omega column (3 μm, PS C18, 100 Å,

many cell layers compared to the corresponding control, the acan-

ƐƔƏ  Ɠĺѵ llĸ _;mol;m;ő -| ƒƏ Ŧ |bѴbbm] - ]u-7b;m| l;|_o7

thosis was defined as “mild.” If up to three times as many cell layers

b|_ -1;|omb|ubѴ; ŐƏĺƐѷ őŐőĹ-|;u ŐƏĺƐѷ őŐő -|

compared to the corresponding control were counted, the acantho-

1.1 ml/min (from 60% to 10% B within 7.50 min). The diode array

sis was addressed as “moderate.” More than three times as many cell

detector was set at 200 nm.

layers compared to the control in the same location was defined as

Plasma samples were freeze-dried, extracted for 30 min with

“severe acanthosis.”

ƐlѴl;|_-moѴ=ou(*ŊƑƏƕv-lrѴ;v-m7ƐlѴ;|_-moѴ=ouv-lples, and centrifuged with centrifugal filter units at 10T rpm for
ƐƏlbmĺt-m|b|o=ƓƏμl of the supernatant was injected directly

ƑĺƕՊ|Պ"|-|bv|b1-Ѵ-m-Ѵvbv

into the HPLC.
The detection limits of the HPLC methods were 0.1 μg/ml for both
compounds (0.219 μloѴņ=ou-m7ƏĺƐѵѵμloѴņ=ou(*ŊƑƏƕőĺ

-|- -m-Ѵvbv -v r;u=oul;7 vbm] "" ƖĺƓlƔ b|_ |_; ""
m|;urubv; b7;ķ ;uvbom ƕĺƐ Ő"" mv|b||; m1ĺőĺ $_; t-m|b|-|b;

|
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parameters were checked for normal distribution by visual assess-

$ Ŋn =Ɣĸ$ Ŋ(*ƑƏƕn = 3). Palpation of the altered treatment

ment of the Q-Q plots of the model residuals and calculating the

site skin did not elicit a pain response. In most cases, side effects

"_-rbuoŋ)bѴh |;v|ĺ ; |o moul-Ѵ 7bv|ub0|bom o= _;l-|oѴo] -m7

started during the fourth or fifth treatment day and resolved com-

blood chemistry parameters, the effect of each treatment (TF-

pletely within the second to third day of the washout period. Mild

 ķ$ Ŋ-m7$ Ŋ(*ƑƏƕő=ou;-1_0Ѵoo7r-u-l;|;uŐ7b=-

alopecia on the neck ventral to the treatment site was observed in

ference between pre- and posttreatment) was calculated with a

_ouv;ƐŐ$ Ŋő-m7_ouv;ѵŐ$ Ŋ ő-|7-ƕo=|u;-|l;m|ĺ

paired tŊ|;v|=our-bu;7o0v;u-|bomvĺ|oŊ--m-Ѵvbvo=-ub-m1;

The skin of the ventral tail was less affected compared to the cer-

with independent (covering) and correlated (treatments; all three

vical skin. Only horse 7 showed a mild erythema and desquamation

treatments were performed on each horse with a time interval in be-

on the skin of the tail from day four to seven when treated topically

tween) measurements and the interaction between the two effects

b|_$ Ŋĺo;b7;m1;o=r;ul-m;m|1ovl;|b1ou=m1|bom-Ѵ7;=b-

was calculated to compare the effects between treatment groups

cits was observed in any horse on either treatment site (neck or tail).

Ő$ Ŋ ķ $ Ŋķ -m7 $ Ŋ(*ƑƏƕő -m7 1o;ubm] Ő1o;ubm] o=

Scores for the clinical examination revealed a good overall sys-

treatment site vs. no covering of treatment site) on the influence of

temic tolerability of the topical treatment. The mean clinical score

hematology and blood chemistry parameters (difference between

(±SDő=ou-ѴѴ_ouv;v-=|;uv;;m7-vo=|u;-|l;m|b|_$ Ŋ 

pre- and posttreatment). The drug concentrations in the different

was 0.6 (± 1.0), 0.4 (± ƏĺѶő b|_ $ Ŋķ -m7 Əĺƒ Ő± 0.8) with TF-

vhbm 7;r|_v ;u; 1olr-u;7 0;|;;m  -m7 (*ŊƑƏƕķ 0o|_ b|_

(*ƑƏƕĺ 11-vbom-Ѵ o0v;u-|bomv o= vѴb]_|Ѵ bm1u;-v;7 _;-u| ou

and without covering, using a two-way analysis of variance analo-

respiratory rates could always be linked to reasons other than the

gous to the evaluation of the blood parameters. The number of cell

|orb1-Ѵ|_;u-rĺouv;Ɣ7;;Ѵor;7=;;uŐl-ĺƒƖĺƒŦőb|_-lbѴ7

layers of the corresponding control was subtracted from the num-

leukocytosis (max. 14.6 G/L; reference limits: 4.3–12 G/L) and in-

ber of cell layers in the treated skin to compare the impact of the

1u;-v;7 v;ul -lѴob7  Ől-ĺ ѵƏƕ μg/ml; reference limit: <7 μg/

|_u;;7b==;u;m||u;-|l;m|vŐ$ Ŋ ķ$ Ŋķ-m7$ Ŋ(*ƑƏƕő

lѴőbm|_;-v_o|r;ubo7-=|;u|u;-|l;m|b|_$ Ŋ(*ƑƏƕĺborv

and covering (covering of treatment site vs. no covering of treat-

wounds of this horse on the neck were mildly to moderately swol-

ment site) on the thickness of the stratum spinosum. In accordance

Ѵ;m -m7 ;7-|b;ĺ )-v_ v-lrѴ;v =uol |_; ]||u-Ѵ ro1_;v =ou

with blood parameters, the differences were analyzed with a two-

Strep. equi ssp. equi diagnostic and nasal swabs for Equine Influenza

way analysis of variance. The Procedure Mixed was used for the lin-

Virus type 1 and Equine Herpes Virus type 1 and 4 diagnostic were

ear model. The post hoc Tukey test was applied for multiple pairwise

negative. The mare received metamizole (30 mg/kg i.v.; “Metamizol

comparisons, while maintaining the experiential error rate. p-values

) $Ŀĸ) $ő|b1;-m7u;1o;u;7b|_bm|_u;;7-vĺ$_;_ouv;-v

<.05 were considered statistically significant.

suspended from the study for two weeks and then treated again to
give her rest and ensure that the medication did not have any impact
on the study results.

ƒ Պ|Պ ! " & $ "

The blood results did not reveal any clinically relevant abnormalities, but there were occasional statistical differences. There

ƒĺƐՊ|Պo1-Ѵ-m7vv|;lb1|oѴ;u-0bѴb|o=|_;|orb1-Ѵ
|u;-|l;m|v

was a statistically significant (p < .01) increase in lactate dehydro];m-v;-=|;u|u;-|l;m|b|_ĺ)_bѴ;|_;Ѵ-1|-|;7;_7uo];m-v;o=
horse 4 changed from 351 to 311 U/L (reference range 0–235 U/L),

Horse 8 had to be excluded from the study as it developed an acute

the values of the other horses were within the reference range.

lameness grade IV/V on the left front limb due to an orthopedic

Furthermore, a statistically significant decrease (p < .05) was ob-

disorder (infected keratoma) on day 7 of the first washout period.

v;u;7bmѴlr_o1|;v-=|;u|u;-|l;m|b|_ĺo;;uķ|_;0Ѵoo7

$_; _ouv; -v |u;-|;7 b|_ $ Ŋ(*ƑƏƕ -m7ķ |_;u;=ou;ķ 7-|- =ou

values of the horses were within the reference range (20 – 45% of

;b]_|_ouv;vbm|_;$ Ŋ(*ƑƏƕ]uor-m7v;;m_ouv;vbm|_;$ Ŋ

)őķ;1;r|=ou_ouv;Ɛķ_b1_1_-m];7=uolƐƕĺƔѷ|oƐѶĺƑѷĺ

 -m7$ Ŋ]uorķu;vr;1|b;Ѵķ;u;--bѴ-0Ѵ;ĺ

statistically significant increase (p < .05) was found in albumin and

ѴѴ _ouv;v |oѴ;u-|;7 |_; u;r;-|;7 |orb1-Ѵ -rrѴb1-|bomv om 0o|_

decrease (p < ĺƔő bm 0bѴ; -1b7v -=|;u |u;-|l;m| b|_ (*ŊƑƏƕķ 0|

treatment sites very well (Score C: 0 for every horse in every treat-

the blood values of all horses for both parameters were within the

ment group). The mean score (±SD) for skin reactions after nine

reference ranges (27–40 g/L for albumin and 0–12 μmol/L for bile

scoring days for each treatment was 3.4 (± ƒĺƓő =ou $ Ŋ ķ

-1b7vőĺ)_;m|_;;==;1|v0;|;;m|u;-|l;m|]uorvŐ$ Ŋ ķ

4.4 (± ƒĺƖő =ou $ Ŋ -m7 ƐĺƓ Ő± Ɛĺѵő =ou $ Ŋ(*ƑƏƕķ b|_ mo 7b=-

$ Ŋķ-m7$ Ŋ(*ƑƏƕő-m71o;ubm]Ő1o;ubm]o=|u;-|l;m|vb|;vĺ

ference observationally noted between horses with covered or

no covering of treatment site) on the influence of hematology and

uncovered treatment sites. The most common local side effects on

blood chemistry parameters were compared, a statistically signifi-

|_; m;1h -=|;u -ѴѴ |_u;; |u;-|l;m|v Ő$ Ŋ ķ $ Ŋķ -m7 $ Ŋ

1-m|7b==;u;m1;-vo0v;u;70;|;;m|_;rѴ-1;0o-m7(*ŊƑƏƕbm

(*ƑƏƕő ;u; lbѴ7 ;u|_;l- Ő$ Ŋ  n = Ɠĸ $ Ŋ n = 3;

hematocrit (p < .05) and erythrocytes (p < .05). However, the values

$ Ŋ(*ƑƏƕn =ƐőķlbѴ7v;ѴѴbm]Ő$ Ŋ n =ƒĸ$ Ŋn = 1;

of both parameters were within reference ranges (0.3–0.45 L/L for

$ Ŋ(*ƑƏƕ n = Ɣőķ -m7 lbѴ7 7;vt-l-|bom Ő$ Ŋ  n = 4;

hematocrit and 5–10 T/L for erythrocytes).

|
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ƒĺƑՊ|Պmbor;ul;-|bomruo=bѴ;vo=-m7(*Ŋ
ƑƏƕbm;tbm;vhbm-m7-m-Ѵvbvo=rѴ-vl-v-lrѴ;v

1olr-ubvomŊu;Ѵ-|;7 ;uuou ruo0-0bѴb|ĺ ;;u|_;Ѵ;vvķ bm |_; 1-v; o=
experiment-wise error rates (post hoc Tukey tests), the significances
could not be shown due to the large number of tests, the small sam-

The skin biopsies differed in thickness, and each sample was processed at the cryostat as long as uniform sections were possible.
Therefore, the skin depths analyzed ranged from 1,510 to 2,010 μm

ple size, and the large scattering.
;b|_;u  mou (*ŊƑƏƕ ;u; 7;|;1|;7 bm -m o= |_; rѴ-vl-
samples.

(median skin depth 2,010 μlőĺ )_;m |_; _ouv;Ľv vhbm -v |u;-|;7
|b1;-7-=ouv;;m1omv;1|b;7-vķ(*ŊƑƏƕ-m7Ѵb0;u-|;7
from the carrier cream penetrated the stratum corneum and perme-

ƒĺƒՊ|Պbv|or-|_oѴo]b1-Ѵ;-lbm-|bomo=|_;vhbm

-|;7|_uo]_|_;;rb7;ul-Ѵ-m77;ul-ѴvhbmѴ-;uvĺo|b1;-0Ѵ;ķ-Ѵ0;b|
not statistically significant (p > .05) differences in the amount of per-

Histopathological changes were observed in the epidermis and der-

meation and skin depth were found between the two compounds

lbv =ou -ѴѴ _ouv;v -=|;u -ѴѴ |u;-|l;m|v Ő$ Ŋ ķ $ Ŋķ -m7

-m7 - _b]_;u t-m|b| o= (*ŊƑƏƕ -v 7;|;1|;7 r |o - 7;r|_ o=

$ Ŋ(*ƑƏƕőĺ $_; _bv|or-|_oѴo]b1-Ѵ 7b-]mov;v ;u; u;l-uh-0Ѵ

2,010 μlŐ b]u;Ƒőĺ u|_;ulou;ķ_b]_;u1om1;m|u-|bomvo=-m7

similar, regardless of whether the treatment site was covered or not.

(*ŊƑƏƕ;u;o0v;u;7bm|_;vhbmbm_ouv;vb|_-1o;u;7|u;-|-

Most of the changes in the tail were very mild to mild, and those

ment site compared to those with uncovered treatment sites, but

in the neck were mild to moderate. The stratum corneum on both

differences were not statistically significant (p > .05) (Figure 2).

treatment sites showed orthokeratosis in all horses after all treat-

$_; bm7bb7-Ѵ 1olr-ubvomv 0;|;;m (*ŊƑƏƕņ1o;u;7 |u;-|-

ments. Three horses additionally displayed multifocal parakeratotic

ment site and the other groups were significant (p-values <.05, .01

-u;-vo=|_;m;1hŐ_ouv;ƕ-=|;u|u;-|l;m|b|_$ Ŋ ķ_ouv;

and .001) especially in the upper skin layers (up to 1,310 μm) with

ѵ-=|;u|u;-|l;m|b|_$ Ŋķ-m7_ouv;Ɣ-=|;u|u;-|l;m|b|_$ Ŋ
(*ƑƏőĺ  lbѴ7Ŋ|oŊlo7;u-|; -1-m|_ovbv o= |_; stratum spinosum
was observed in the cervical and tail skin after treatment with all
three test formulations in all horses without any statistically significant difference (p > ƏĺƏƔő 0;|;;m ]uorv Ő$ Ŋ ķ $ Ŋķ
-m7 $ Ŋ(*ƑƏƕņ 1o;u;7 |u;-|l;m| vb|; vĺ m1o;u;7 |u;-|l;m|
site). The increase in the absolute number of stratum spinosum cell
layers is shown in Table 3. Figure 3 illustrates the histopathological
images of horse 2 after treatment with all three formulations as a
representative example. One apoptotic keratinocyte each was found
om|_;m;1ho=_ouv;vƐ-m7ƒ-=|;u|u;-|l;m|b|_$ Ŋ(*ƑƏƕĸ|_;
same was found on the neck of horses 1 and 2 after treatment with
|_;rѴ-1;0oĺ;uvѴb]_||olo7;u-|;ķlѴ|b=o1-Ѵķr;ub-v1Ѵ-uѴ-1centuated, lymphohistiocytic inflammation with a few neutrophils
was observed in the superficial dermis of the neck and tail skin after
all treatments (Figure 4).

  & !  Ƒ Պ om1;m|u-|bomruo=bѴ;vo=0;|Ѵbmb1-1b7-m7(*Ŋ
207 in equine skin. Seven horses were treated topically on the
m;1hb|_ľ-vbv1u;l; Ŀ+20% medium-chained triglycerides
-m7Ɛѷ0;|Ѵbmb1-1b7Őő0ĺbĺ7ĺ=ouv;;m1omv;1|b;7-vĺ b]_|
_ouv;v;u;|u;-|;7b|_ľ-vbv1u;l; Ŀ-m7Ɛѷ(*ŊƑƏƕĺ$_;
|u;-|l;m|vb|;-v1o;u;7bm|_u;;Ő]uorő-m7=ouŐ(*Ŋ
207 group) horses. Data represent mean concentration (±SD) of
-m7(*ŊƑƏƕbm1uov|-|vhbmvѴb1;v-|7b==;u;m|vhbm7;r|_v
7;|;ulbm;70_b]_Ŋr;u=oul-m1;Ѵbtb71_uol-|o]u-r_ĺ -1_
-m7(*ŊƑƏƕ1om1;m|u-|bomrѴo||;71ouu;vrom7v|oƐƏƏμm skin
7;r|_ķu;vr;1|b;Ѵĺ$_;-1|b;-];m|bm|_;$ Ŋ]uor-v=om7
up to a median skin depth of 2,010 μm in horses with a covered
treatment site (range from 1,310 to 2,010 μm) and up to a median
skin depth of 760 μm in horses with an uncovered treatment site
(range from 310 to 1,210 μm). The median permeated skin depth
bm_ouv;v|u;-|;7b|_$ Ŋ(*ƑƏƕ-vƐķѶƐƏμm in both groups
(covered and uncovered treatment site); however, it ranged from
1,510 to 2,010 μm in the covered and from 510 to 2,010 μm in
|_;m1o;u;7|u;-|l;m|vb|;_ouv;vĺov|-|bv|b1-ѴѴvb]mb=b1-m|
difference between the groups could be shown

Ɠ Պ|Պ  "  & " "   
The aim of this placebo-controlled pilot study was to determine
|_; 1om1;m|u-|bom ruo=bѴ;v o=  -m7 (*ŊƑƏƕ bm |_; vhbm o= ;b]_|
healthy horses when applied topically twice a day for seven consecutive days. The local and systemic tolerability of the compounds
-v -Ѵvo -vv;vv;7ĺ b]_;u 1om1;m|u-|bomv o= (*ŊƑƏƕ 1olr-u;7
|o;u;=om7bm|_;vhbmĺ]oo7vv|;lb1|oѴ;u-0bѴb|-m7omѴ
mild local adverse effects were observed in all three groups (TF ķ$ Ŋķ-m7$ Ŋ(*ƑƏƕőĺ
The transport of a therapeutic agent into the skin is a multistep process, which has to be assessed carefully when developing
a topical drug (Kalia & Guy, 2001; Luís et al., 2016). Firstly, the active compound needs to dissolve within and liberate from the pharl-1;|b1-Ѵ =oulѴ-|bomĺ =|;u r;m;|u-|bm] -m7 7b==vbm] |_; vhbmĽv
outermost layer and “major barrier”—the stratum corneum—mainly

|
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$    ƒ Պ Increase in stratum spinosum cell layers
;ub1-Ѵvhbm

(;m|u-Ѵ|-bѴvhbm

$ Ŋ 

$ Ŋ

$ Ŋ(*ƑƏƕ

$ Ŋ 

$ Ŋ

$ Ŋ(*ƑƏƕ

Uncovered treatment
site

3 ± 1 (n = 4)

3 ± 1 (n = 4)

4 ± 1 (n = 4)

5 ± 3 (n = 4)

5 ± 2 (n = 4)

4 ± 2 (n = 4)

Covered treatment site

3 ± 2 (n = 3)

3 ± 1 (n = 3)

4 ± 2 (n = 4)

2 ± 4 (n = 3)

2 ± 2 (n = 3)

2 ± 1 (n = 4)

Note: ouv;v;u;|u;-|;7|orb1-ѴѴom|_;m;1h-m7|-bѴb|_-rѴ-1;0oŐ$ Ŋ őķ-Ɛѷ0;|Ѵbmb1-1b71u;-lŐ$ Ŋőou-Ɛѷ(*ŊƑƏƕ1u;-l
Ő$ Ŋ(*ƑƏƕő0ĺbĺ7ĺ=ouv;;m1omv;1|b;7-vbm-1uovvo;u7;vb]mĺ;ѴѴѴ-;uvbm|_;stratum spinosum;u;1om|;7ĺlbѴ7Ŋ|oŊlo7;u-|;-1-m|_ovbv
-vo0v;u;7bm-ѴѴ_ouv;v-=|;u;;u|u;-|l;m|Ő$ Ŋ ķ$ Ŋ-m7$ Ŋ(*ƑƏƕőĺ -|-u;ru;v;m||_;7b==;u;m1;0;|;;m1;ѴѴѴ-;uvo=
the treatment site and corresponding control (absolute numbers; mean ± SD), with positive values implying an increase in cell layers. There was
no statistically significant difference (p >ĺƏƔő0;|;;m|_;]uorvŐ$ Ŋ ķ$ Ŋ-m7$ Ŋ(*ƑƏƕņ1o;u;7|u;-|l;m|vb|;vĺm1o;u;7
treatment site).

via intercellular lipids, the therapeutic agent has to permeate the

when treating a melanoma located laterally on the ventral tail. It was

viable epidermis to reach the superficial dermis. The compound is

demonstrated that higher concentrations of the compounds were

absorbed in the dermis by local capillary blood vessels and an uptake

found in the covered compared to the uncovered skin, but differ-

into the systemic circulation takes place.

ences were not statistically significant. Furthermore, permeated skin

m |_; ru;v;m| v|7ķ  -m7 Ŋ7;ub-|b; (*ŊƑƏƕ Ѵb0;u-|;7

depths were deeper in horses with a covered treatment site. This

=uol|_;1-uub;u1u;-lľ-vbv1u;l; Ŀb|_ƑƏѷl;7blŊ1_-bm

may have been because the creams always remained at the desired

|ub]Ѵ1;ub7;vŐőouľ-vbv1u;l; ĿomѴŐ(*ŊƑƏƕőķr;m;|u-|;7

location in these horses, even when they were rolling or laying in

the stratum corneum, and permeated the viable epidermal and der-

lateral recumbency for sleeping. Occlusion effects, which can occur

mal skin layers of equine cervical skin after topical application.

due to covering of the skin or ingredients of the topical pharmaceu-

Equine skin from the lateral thorax was used for in vitro permeation

tical formulation (e.g., propylene glycol, petrolatum), also could have

v|7b;vb|_-m7(*ŊƑƏƕŐ);0;uķ;bzm;uķ;|-ѴĺķƑƏƑƏĸ);0;uķ

had a positive influence on the permeation (Chang & Riviere, 1993;

Funtan, et al., 2020, under review). Regarding the in vivo study re-

Prausnitz et al., 2012). Occlusion effects cause a hydration of the

ported here, the horses were treated on the neck rather than the

stratum corneum and, therefore, alter the barrier function of the skin

thorax to prevent the cream from being licked off by the animals.

(Chang & Riviere, 1993; Prausnitz et al., 2012).

Concentration profiles were determined for the cervical skin only

=|;u - |u;-|l;m| o= v;;m 7-v ou ƐѵѶ _u bm boķ |_; -lom|

and, despite the 6-mm punch biopsy for histopathologic examina-

o=-m7(*ŊƑƏƕ7;|;1|;7bm|_;vhbmo=_ouv;vb|_-1o;u;7

tion, no second biopsy was taken from the treated area underneath

treatment site was generally considerably higher than in the 24-hr in

the tail. The rationale for this decision was the higher risk of infec-

b|uov-lrѴ;vŐ);0;uķ;bzm;uķ;|-ѴĺķƑƏƑƏĸ);0;uķ m|-mķ;|-Ѵĺķ

tion at this location. The possible quantities of permeated active

2020, under review). On the one hand, this does not seem to be sur-

compounds calculated previously in skin slices of only 6 mm in diam-

prising due to the prolonged incubation time. On the other hand,

eter were below the detection limits of the HPLC methods (0.1 μg/

it shows that although certain amounts of active agents are always

ml). Thus, the risk of taking a second at least 8-mm large biopsy for

transported away from the treatment site by capillary dermal ab-

substance quantification was considered inadequate. Equine neck

vour|bomŐ-Ѵb-şķƑƏƏƐőķ_b]_1om1;m|u-|bomvo=-m7(*Ŋ

skin is structurally similar to the skin of the thorax regarding epider-

207 can be achieved especially in the epidermis and superficial and

mal and dermal thickness and the number of hair follicles (Scott &

partially deep dermis of equine skin in vivo. The concentration pro-

bѴѴ;uķƑƏƐƐĸ)om]ķ;1_m;uŊ-;ѴѴķş-mmbm]ķƑƏƏƔő-m7ķ|_vķ

=bѴ;vo=(*ŊƑƏƕbm_ouv;vb|_-1o;u;7-m7m1o;u;7|u;-|l;m|

]oo71olr-ubvomv1oѴ70;l-7;b|_|_;bmb|uou;vѴ|vŐ);0;uķ

vb|;;1;;7;7|_;u;vr;1|b;1om1;m|u-|bomruo=bѴ;vo=bmboĺ

;bzm;uķ;|-ѴĺķƑƏƑƏĸ);0;uķ m|-mķ;|-ѴĺķƑƏƑƏķm7;uu;b;őĺ$_;

1om|u-v|ķ_b]_;u-lom|vo=;u;=om7bmbvoѴ-|;7;tbm;vhbm

concentration profiles of the substances in the tail skin can be ex-

in vitro after an incubation of 24 hr in FDC experiments compared

pected to correspond, as there was no difference in the penetration

|o |_; 1om1;m|u-|bomv o= (*ŊƑƏƕ Ő);0;uķ  ;bzm;uķ ;| -Ѵĺķ ƑƏƑƏĸ

o=_7uo1ou|bvom;ķ-v0v|-m1;b|_Ѵbror_bѴb1ruor;u|b;v1Ѵov;|o

);0;uķ m|-mķ;|-ѴĺķƑƏƑƏķm7;uu;b;őĺ$_bvlb]_|0;;rѴ-bm;7

-m7 (*ŊƑƏƕķ bm 1Ѵbrr;7 ;tbm; |_ou-1b1 vhbm -m7 m;-uѴ ]Ѵ-0uov

by a high affinity of both substances to the lipophilic stratum corneum,

equine groin skin (Mills & Cross, 2006).

but there were differences in permeation rates through the viable,

The area treated was covered with a patch in four horses in order

aqueous epidermis and dermis, which only became apparent in vivo

to investigate whether this practice influences the permeation. The

after an application over a longer period of time (Guy & Hadgraft,

predilection sites for EMM are glabrous cutaneous regions, and the

1984). The rapid penetration of the stratum corneum is followed by

tumors are mainly found underneath the tail (Fleury et al., 2000;

-m-11lѴ-|bomo=-m7(*ŊƑƏƕbm|_bvvhbmѴ-;uķ_b1_Ѵ;-7v|o

";Ѵ|;m_-ll;u ;| -Ѵĺķ ƑƏƐƏőĺ )_bѴ; mo| ;;u r-u| o= |_; m7;uvu-

-u;v;uobu;==;1|Ō(*ŊƑƏƕl-r;ul;-|;|_;_7uor_bѴb1;rb7;u-

face of the tail is in contact with the hind legs, the covering proce-

mal and dermal tissue somewhat slower and is, therefore, absorbed

dure may be necessary to prevent the cream from being rubbed off

more slowly by capillary blood vessels.

|
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  & !  ƒ Պ Hematoxylin and eosin
staining of equine skin (horse 2).
Histopathological images of cervical skin
(left column—a, c, e, g) and ventral tail
skin (right column—b, d, f, h) of horse 2
as a representative example of all eight
horses enrolled in the study. The horse
was treated topically twice daily for seven
consecutive days with a placebo cream
(c, d), a 1% betulinic acid cream (e, f) and
-Ɛѷ(*ŊƑƏƕ1u;-lŐ]ķ_őĺ7b==;u;m|
area of the neck or tail was treated for
each test substance, and there was a
one-week washout period between the
individual test substances. Treatment sites
were not covered on this horse. Pictures
-m7v_o|_;m|u;-|;71om|uoѴvb|;vĺ
=|;u|_;|_u;;|u;-|l;m|r;ubo7vķ-lbѴ7Ŋ
to-moderate acanthosis of the stratum
spinosum was observed in the neck and
|-bѴvhbmĺlbѴ7|olo7;u-|;ķlѴ|b=o1-Ѵķ
perivascularly accentuated, predominantly
lymphohistiocytic inflammation was
observed in the superficial dermis of both
treatment sites (Hematoxylin and eosin,
40×, dimension bars correspond to a
length of 200 μm)

Previously reported 96-h IC50 values with cytotoxic effects on

had been permeated by the active ingredients. Taken together, the

EMM cells were reached in the deep dermis (up to 2,010 μm) for

findings from the in vivo permeation study suggest that the treat-

 -m7 (*ŊƑƏƕ bm _ouv;v b|_ - 1o;u;7 |u;-|l;m| vb|; Ő);0;uķ

l;m| vb|; v_oѴ7 0; 1o;u;7 bm |_; |orb1-Ѵ -rrѴb1-|bom o=  -m7

;bzm;uķ;|-ѴĺķƑƏƑƏĸ);0;uķ m|-mķ;|-ѴĺķƑƏƑƏķm7;uu;b;őĺ$_;

(*ŊƑƏƕĺo;;uķ|_bvlv|0;1om=bul;70-Ѵ-u];uv-lrѴ;vb;ķ

-lom|vo=-m7(*ŊƑƏƕ7;|;1|;7bm_ouv;vb|_-mm1o;u;7

as the differences between groups were not significant. Statistically,

treatment site exceeded the IC50 values for EMM up to a depth of

omѴ - |;m7;m1 -v o0v;u;7 |_-| - |u;-|l;m| b|_ (*ŊƑƏƕ bm

510 and 2,010 μlķu;vr;1|b;Ѵĺ)_bѴ;|_;vhbmv-lrѴ;|_b1hm;vvbm

combination with a covered treatment field increases the concen-

previous FDC experiments was standardized and did not exceed

tration in the skin compared to the other treatments. The covering

910 μm, the skin biopsy thickness in this study differed but never

could ensure that concentrations of the compounds, which have

exceeded 2,010 μm. The active ingredients were found at the deep-

shown good effects against EMM cells at least in vitro, also reach

;v|vhbm7;r|_v-m-Ѵ;7ķ;vr;1b-ѴѴbm_ouv;v|u;-|;7b|_(*ŊƑƏƕ

Ѵ;vbomvѴo1-|;7bm7;;r;u;tbm;vhbmѴ-;uvĺ;;u|_;Ѵ;vvķ-Ѵ-1ho=

Ő1o;u;7-m7m1o;u;7ő-m7Ő1o;u;7őĺ|bvķ|_;u;=ou;ķrovvb0Ѵ;

correlation between the cell behavior in the natural microenviron-

that even deeper skin layers, which were not reached by the biopsy,

ment and under in vitro cell culture conditions is not uncommon, and

WEBER ET AL.
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permanent cosmetic or functional deficits. Despite the clinical differences between the cervical and tail skin, interestingly, similar
findings were obtained histopathologically for both treatment sites.
m ;rb7;ul-Ѵ _r;urѴ-vb- ouķ lou; ru;1bv;Ѵķ -m -1-m|_ovbv o=
the stratum spinosum and perivascularly accentuated lymphohistiocytic inflammation were the dominant findings in the histopathological examination of both the cervical and tail skin. The stratum
corneum was not included in the data analysis. The cells of this skin
layer are exposed to numerous exogenous influences and, therefore,
the results may easily be falsified, for example, by the mechanical
abrasion which can occur when a topical treatment is given twice a
day. Epidermal hyperplasia is described as a common, nondiagnostic feature of virtually any chronic inflammatory process of the skin
bm _ouv;v Ő"1o|| ş bѴѴ;uķ ƑƏƐƐőĺ mo|_;uķ -Ѵ0;b| u-|_;u blruo0-0Ѵ;ķ
  & !  Ɠ Պ Hematoxylin and eosin staining of equine cervical
vhbm-=|;u(*ŊƑƏƕ-rrѴb1-|bomŐ_ouv;Ƒőĺ$_;_ouv;-v|u;-|;7
topically twice daily for seven consecutive days on the neck
b|_-1u;-l1om|-bmbm]Ɛѷ(*ŊƑƏƕĺlo7;u-|;ķlѴ|b=o1-Ѵķ
perivascularly accentuated, mainly lymphohistiocytic, partly
neutrophilic inflammation was observed in the superficial dermis.
Black arrows: Lymphocytes; black arrowheads: Macrophages; open
-uuovĹ;|uor_bѴ]u-mѴo1|;vŐ;l-|oѴbm-m7;ovbmķƓƏƏ×,
dimension bar corresponds to a length of 20 μm)

reason for the increased cell count of the stratum spinosum could be
the so-called retention acanthosis, where the keratinocytes show a
prolonged postmitotic lifespan and the epidermal turnover time is
increased (Bullough, 1972; Lubach & Kietzmann, 1988). The perivascular dermatitis, as seen in nearly every horse after every treatment,
could have arisen due to a hypersensitivity reaction to the creams
applied (Scott & Miller, 2011). However, one would expect significantly more eosinophilic granulocytes and mast cells in real allergic
or hyperergic processes than was the case with most of the biopsies in this study. It can be assumed that the clinical and histopatho-

cells in vivo may, therefore, be more robust against pharmacological

logical skin alterations were associated with the ingredients of the

bm=Ѵ;m1;vŐѴv-u|ŊbѴѴv|uक़l;|-ѴĺķƑƏƐѵĸ)bѴvomķ7;Ѵv|;bmķ;;]-mķ

ľ-vbv1u;l; Ŀ0|mo|b|_|_;-1|b;1olrom7vou(*Ŋ

Barrett, & Kutz, 1996; Yao et al., 2014). Furthermore, EMM-induced

207, as they were observed without a difference in all three treat-

changes in the skin structure (e.g., ulceration, encapsulation of the

l;m|]uorvŐ$ Ŋ ķ$ Ŋķ-m7$ Ŋ(*ƑƏƕőĺľ-vbv1u;l;

tumor) may alter the percutaneous permeation of the agents applied

Ŀbv-r_-ul-1;|b1-Ѵ1u;-l1ollomѴv;7bm_l-mv-m7];m-

significantly compared to normal skin and, consequently, prospec-

erally considered safe. However, it consists of, among others things,

tive clinical trials have to prove the antitumoral efficacy of the drugs.

propylene glycol, cetyl alcohol, and glyceryl stearate, ingredients

;b|_;u  mou (*ŊƑƏƕ ;u; 7;|;1|;7 bm rѴ-vl- v-lrѴ;v 0

which have been demonstrated to induce mild skin irritations in an-

HPLC analysis at the end of each treatment period. Hematology

imals such as mice and rabbits, partially even in lower doses than

and blood chemistry revealed no clinically relevant abnormalities.

|_;om;vbmľ-vbv1u;l; ĿŐo_mvomķƐƖѶѶķƑƏƏƓĸo_mvom;|-Ѵĺķ

Consequently, it could be assumed that the risk of systemic adverse

2012). Furthermore, it has been demonstrated that an experimental

effects in horses after topical application is negligible due to the

acanthosis can be induced in guinea pigs after a seven-day treatment

low systemic bioavailability of the compounds and an overall good

with yellow petrolatum (Born, 1969). Reports about safety assess-

systemic tolerability. It seems unlikely that the fever which devel-

ments of pharmaceutical (or even cosmetic) ingredients in horses are

or;7 bm _ouv; Ɣ bm |_; -v_o| r;ubo7 -=|;u (*ŊƑƏƕ -rrѴb1-|bom

rare and, therefore, no secure conclusion can be drawn from which

was related to the previous treatment, as the skin treated showed

bm]u;7b;m|Ővő|_;Ѵo1-Ѵvb7;;==;1|voub]bm-|;7bm|_bvv|7ĺѴ|_o]_

no clinical signs of inflammation. The biopsy wounds were mildly to

evidence of a mild skin irritative potential was observed, a further

moderately reactive one day after the biopsies were taken, which

v;o=|_;-lr_br_bѴb1ľ-vbv1u;l; Ŀ-v-;_b1Ѵ;=ouƐѷ-m7

1oѴ7rovvb0Ѵ;rѴ-bm|_;7bv|u0;7];m;u-Ѵ1om7b|bomĺoo|_;ubm-

Ɛѷ(*ŊƑƏƕv_oѴ70;1omvb7;u;7ķ-v-_olo];mov-m7v|-0Ѵ;7bv-

fectious cause or ultrasonographic changes in the thorax or abdo-

tribution of the compounds in the cream is given (own laboratory

men could be detected.

controls; unpublished data). Furthermore, the previously mentioned

Mild erythema, mild swelling, and mild desquamation were the

=bm7bm]v=uolbmb|uov|7b;v|bѴbbm]|_;v;1u;-lvŐ);0;uķ m|-mķ

most common treatment-related local side effects clinically ob-

et al., 2020, under review) were supported here by analytic in vivo

served in the horses, regardless of whether the treatment site was

;r;ubl;m|vĺѴ|_o]_|_;|orb1-Ѵ|u;-|l;m|b|_0;|Ѵbmķ-m-Ѵ1o-

covered or not. The local alterations were observed on the cervical

_oѴu;Ѵ-|;7bmv|u1|u;|oķ-v;ѴѴ|oѴ;u-|;7bm_l-mr-|b;m|v

skin and on the ventral tail skin only in one horse. These adverse

suffering from actinic keratosis (Huyke, Laszczyk, Scheffler, Ernst, &

;==;1|v0;1-l;-rr-u;m|mo|omѴ-=|;u|u;-|l;m|b|_$ Ŋ-m7

Schempp, 2006; Huyke et al., 2008), further studies in humans are

$ Ŋ(*ƑƏƕ 0| -Ѵvo -=|;u |u;-|l;m| b|_ |_; rѴ-1;0oĺ $_; vhbm

missing and, consequently, owners and veterinarians should wear

alterations resolved within two to three days with no evidence of

gloves for safety reasons when treating the horses topically.

|

WEBER ET AL.

ƐƏՊ Պ ՊՍ

The relatively short treatment period and the small sample population in this pilot safety study limits the accurate tolerance predictability for a therapy over weeks and for a larger population and
bvķ|_;u;=ou;ķmo|1olr-u-0Ѵ;b|_-m-rruo-Ѵv|7ĺ;;u|_;Ѵ;vvķ
]oo7=buv|bmvb]_|vbm|o|_;1om1;m|u-|bomruo=bѴ;v-m7v-=;|o=
-m7(*ŊƑƏƕ-=|;u|orb1-Ѵ-rrѴb1-|bombm_ouv;v;u;o0|-bm;7ĺ

ƔՊ |Պ    & "   
The results of this in vivo permeation and safety study indicate that
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drug concentration in the skin as well as the permeated skin depth,
;vr;1b-ѴѴ=ou(*ŊƑƏƕĺ u|_;ulou;Ӆ it was demonstrated that the
topical treatment of horses with both compounds is convenient and
safe. Only mild local adverse effects were observed in all groups (TF ķ$ Ŋķ-m7$ Ŋ(*ƑƏƕőķ_b1_v]];v|v-m-vvo1b-|bom
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trials with horses suffering from EMM; however, the concentration
profiles of the compounds may be altered in skin bearing tumors.
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Abstract
Background: The naturally occurring betulinic acid (BA) and its derivative NVX-207 induce
apoptosis in equine melanoma cells in vitro. After topical (epicutaneous) application, high
concentrations of the substances can be reached in healthy horse skin. Consequently, the topical
therapy of the equine melanoma with BA or NVX-207 could be a feasible approach to treat
early stages of the disease. The objective of the study was to gain insights into the effect and
safety of topically applied BA and NVX-207 in horses with melanocytic tumors. The
longitudinal, prospective, randomized, double-blind, placebo-controlled study protocol
included eighteen Lipizzaner mares with early stage cutaneous melanoma assigned to three
groups, each with six horses. One or two melanocytic lesions per horse were topically treated
either with a placebo, 1 % BA or 1 % NVX-207 twice a day for 91 days. Caliper measurements,
clinical examinations and blood tests were performed to assess the effects and safety of the
treatment.
Results: The topical treatment was convenient and safe. After 91 days of treatment, 2 out of 8
tumors (25 %; 1 out of 6 horses) responded in the placebo group, 8 out of 12 tumors (67 %; 5
out of 6 horses) responded in the BA group and 4 out of 9 tumors (44 %; 3 out of 6 horses)
responded in the NVX-207 group by means of tumor size and volume reduction.
Conclusions: The approach investigated might provide a feasible therapy to stabilize or even
reduce tumor bulk in early stage equine melanoma cases. However, large-scale studies are
required to verify these preliminary results.
Keywords: equine melanocytic tumor; horse; oncology; skin neoplasia; topical drug;
triterpenoids

Manuscript IV

65

Introduction
The susceptibility to melanoma development in grey horses is high due to genetic
mutations [1,2]. Early stages of the melanomas located mainly in the dermis frequently occur
as single, black-pigmented, firm nodules in glabrous skin under the tail root, around the anus,
perineum, external genitalia, in the lips and eyelids, or in rare circumstances at other
locations [3–5]. Economic and functional problems such as interference with harness and
breeding impairment have been reported [6,7] but more severe and life-threatening visceral
signs can occur with disease progression and metastasis [8–13]. The often slow-growing nature
of the tumors, the proximity to important anatomical structures such as nerves, vessels or the
anal sphincter, and the currently challenging or inefficient therapeutic options have led many
practitioners to advocate benign neglect of small melanocytic tumor masses in horses [8,9].
However, every equine melanocytic neoplasm should be considered potentially malignant and,
therefore, worthy of treatment [8,9]. The topical (epicutaneous) treatment of equine melanomas
could be a feasible approach to treat early stages of the disease. Topical therapies are
characterized by their non-invasive nature and reduced systemic side effects [14,15]. Usually,
they are affordable and can be performed with low logistical effort by the horse owners
themselves, which reduces the stress factor on the horse significantly.
Betulinic acid (BA) is a pentacyclic lupane-type triterpenoid of plant origin [16]. Considerable
amounts of the substance can be extracted from the bark of certain tree species, for example,
the plane or the white-barked birch tree [16,17]. A wide range of pharmacological properties
have been described for BA [18], among which the antitumoral features have been particularly
studied [16,19,20]. The main antitumoral effects of the substance are based on the ability to
trigger the mitochondrial pathway of apoptosis in cancer cells [21,22] to inhibit the eukaryotic
topoisomerase I and II [23–25] and suppress the angiogenesis within the tumor [26–29].
Among a variety of BA derivatives, the compound NVX-207 has been identified as one of the
most biologically active and pharmacologically significant agents [30–32]. The efficacy and
mechanisms of BA and NVX-207 as potential therapeutics against equine melanoma were
evaluated by in vitro cell culture experiments [32–34]. Reported findings suggest that BA and
NVX-207 may achieve anticancer activity in equine melanoma cells due to cytotoxic and
antiproliferative effects, whereby cell death is induced by apoptosis [32–34]. Concentration
profiles of BA and NVX-207, both of which have been determined in vitro and in vivo, further
indicated that the compounds’ half-maximal inhibitory concentrations for equine melanoma
cells can be achieved in healthy horse skin [33–35]. The in vitro and in vivo studies reported
provide a promising basis for the use of BA and NVX-207 as topical drugs in clinical trials for
equine melanoma treatment [32–35]. Consequently, the aim of this longitudinal, prospective,
randomized, double-blind, placebo-controlled pilot study was to gain first insights into the
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effect and safety of BA and NVX-207 in horses with early stage melanoma after a 13-week
long topical application.
Results
Tumor response
A total of 29 melanoma lesions (groups placebo n = 8; BA n = 12; NVX-207 n = 9) were treated
twice a day for 13 weeks. The tumors were located on the ventral aspect of the tail or between
the tail root and anus. The longest tumor diameter (length) measured on day 0 was 6.5 mm
(median; min: 5.0 mm, max: 11.0 mm) in the placebo group. Tumors in the BA group had a
median lenght of 5.5 mm (min: 3.0 mm, max: 12.0 mm). Tumor diameters in the NVX-207
group ranged from 4.0 to 9.0 mm with a median length of 6.0 mm.
A reduction in median absolute tumor volume was observed in every group. The median
absolute tumor volumes in the placebo group reduced from 139.8 mm3 (min: 62.5 mm3, max:
550.0 mm3) on day 0 to 117.0 mm3 (min: 62.5 mm3; max: 500.0 mm3) on day 92. After
treatment with BA, median tumor volumes decreased from 75 mm3 (min: 32.0 mm3, max: 864.0
mm3) on day 0 to 51.3 mm3 (min: 18.0 mm3, max: 550.0 mm3) on day 92. Median tumor
volumes in the NVX-207 group decreased from 108.0 mm3 (min: 32.0 mm3, max: 288.0 mm3)
to 62.5 mm3 (min: 32.0 mm3, max: 288.0 mm3). However, notably more tumors were
categorized as “responded to treatment” in the BA and NVX-207 group than in the placebo
group. After 91 days of treatment, 2 out of 8 tumors (25 %; 1/6 horses) responded to the
treatment in the placebo group with a reduction of at least 1 mm in length and 1 mm in width
compared to baseline measurements on day 0 (Figure 1). Eight out of 12 tumors (67 %; 5/6
horses) responded to the topical application of BA (Figure 2). In the NVX-207 group, 4 out of
9 tumors (44 %; 3/6 horses) decreased in length and width according to the definition of
responsiveness (Figure 3). No new melanocytic lesions were detected in any of the horses
during the treatment period.
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Figure 1 Tumor measurement values for the placebo group. Tumors were defined as
“responsive to treatment” when there was a reduction of at least 1 mm in both dimensions
(length and width) on day 92 compared to baseline measurements (day 0). F = values from
follow-up measurements four months after the last treatment
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Figure 2 Tumor measurement values for the BA group. Tumors were defined as “responsive
to treatment” when there was a reduction of at least 1 mm in both dimensions (length and width)
on day 92 compared to baseline measurements (day 0). F = values from follow-up
measurements four months after the last treatment
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Figure 3 Tumor measurement values for the NVX-207 group. Tumors were defined as
“responsive to treatment” when there was a reduction of at least 1 mm in both dimensions
(length and width) on day 92 compared to baseline measurements (day 0). F = values from
follow-up measurements four months after the last treatment

In the follow-up tumor measurements (Figures 1, 2, 3), tumor II of horse 7 (NVX-207 group)
enlarged by 1 mm in both dimensions compared to values gained on day 92, whereas tumor I
of horse 4 (BA group) and tumor II of horse 1 (placebo group) reduced by 1 mm in both
dimensions. All other tumors were stable in size.
Clinical safety assessment of the treatment
All horses tolerated the topical drug application well and no active defense movements were
observed during the treatments. The dressings covering the treatment areas reliably remained
at the desired location. Based on the clinical examinations of the horses, the topical melanoma
treatment was safe in all groups. Two horses developed a mild spasmodic colic on day 7 (horse
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7; NVX-207 group) and on day 13 (horse 17; BA group). Both cases of colic were successfully
treated with a single administration of mild spasmoanalgesics (50 mg/kg bodyweight
metamizole sodium IV plus 0.2 mg/kg bodyweight butylscopolammonium bromide IV;
“Novasul,” Richter Pharma AG, Wels, Austria and “Buscopan compositum,” Boehringer
Ingelheim, Ingelheim, Germany). All pregnant mares gave birth to healthy foals. Blood results
revealed no hematologic toxicity or clinically relevant abnormalities at any time point.
Depigmentation of the melanomas or the melanoma overlying skin was observed in 4 out of 8
tumors treated with the placebo (50 %; tumors of horses 1, 15, 18). The same was noted in 7
out of 12 tumors treated with BA (58 %; tumors of horses 4, 6, 13, 17) and 3 out of 9 tumors
treated with NVX-207 (33 %; tumors of horses 7 and 14). An ulceration of melanoma II was
observed in horse 6 from day 43 to day 70 after treatment with BA (Figure 4). The skin around
the tumors treated was clinically unremarkable in all horses during the course of the study,
except for horse 2 and 18 of the placebo group. In horse 2, the melanoma surrounding skin
revealed isolated, depigmented areas from day 24 to day 86 of treatment. In horse 18, an isolated
to extensive depigmentation of the skin around melanoma II was observed from day 16 to day
30 (Figure 5).
Four months after the end of the last treatment small, depigmented areas were apparent only in
the two tumors of horse 17 (BA group). The skin of all the other horses was pigmented again.

Figure 4 Clinical changes of melanoma I and II in horse 6 over time. The clinical changes
of melanoma I and melanoma II (as indicated) on days 0, 35, 63 and 92 of the study. The tumors
were treated twice a day with the 1 % BA preparation (in “Basiscreme DAC” + 20 % mediumchain triglycerides). In addition to the depigmentation of both tumors, an ulceration of
melanoma II was occasionally observed from day 43 to day 70. Tumor volumes decreased from
63 mm3 (melanoma I) and 63 mm3 (melanoma II) on day 0 to 18 mm3 (melanoma I) and
32 mm3 (melanoma II) on day 92.
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Figure 5 Clinical changes of melanoma I and II in horse 18 over time. The clinical changes
of melanoma I (a) and melanoma II (b) on days 0, 21, 77 and 92 of the study and at follow-up
examination. The tumors were treated twice a day with the placebo preparation (“Basiscreme
DAC” + 20 % medium-chain triglycerides). A crust formed on melanoma I on the 13th day of
treatment. When the crust was removed on day 19, the skin was ulcerated and the tissue
underneath the crust was black and surrounded by an epithelial border. The tumor had decreased
noticeably in size. The area was completely covered with partially depigmented skin on day 84.
There was a reduction in the tumor volume by 239 mm3 (melanoma I) and 109 mm3 (melanoma
II) at day 92 compared to the baseline volume. An isolated to extensive depigmentation of
melanoma II and the surrounding skin was observed from day 16. Depigmentation was a
temporary side effect.
Discussion
In the present pilot study, the topical application of 1 % BA or 1 % NVX-207 twice a day for
13 consecutive weeks in equine melanoma patients proved to be safe and was well tolerated.
The topical therapy resulted in part in clinically visible and measurable changes in small
melanoma lesions, which were reflected in skin depigmentation and reduction in tumor
diameters and volumes. However, two tumors in the placebo group also showed a reduction in
tumor size.
Although most melanocytic tumors in horses show a slow growth pattern for many years, more
than two-thirds are thought to progress to malignancy [8,36]. Therefore, even small, early stage
equine melanocytic tumors should be treated. Previously reported in vitro cell culture
experiments and in vitro and in vivo permeation studies on unaltered horse skin indicated that
the naturally occurring BA and its derivative NVX-207 may exert anticancer effects against
equine melanoma [32–35]. The findings of this preceding work prompted further evaluation of
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safety and efficacy of the compounds in equine melanoma patients in the current study. Smaller
tumors were deliberately treated to explore a potential therapy that can be used for early stages
of the disease. Since changes of a few mm even in only one dimension (length or width) already
have a large effect on the relative volume of small tumors compared to the relative volume of
larger lesions, the relative volume changes were not indicated in the present study in order to
prevent the results from being overinterpreted. It has been demonstrated previously that
calculation of tumor volumes with caliper measurement and the formula used here correlates
well with tumor volumes calculated using three-dimensional ultrasound measurements [37,38].
Eight out of 12 early stage cutaneous melanomas in 5 out of 6 horses responded to the topical
therapy with BA in terms of a reduction in length and width of at least 1 mm. Although these
first results after topical BA application on small equine melanocytic lesions are promising, the
observations must be confirmed in larger studies with a more diverse horse population in order
to be able to draw sound conclusions regarding the effectiveness of the substance in melanomaaffected horses. Modifications in the test formulation, such as increasing the concentration of
the active ingredient or incorporating permeation enhancers that transport large amounts of the
compound through the fibrous tumor capsule of equine melanomas to the tumor cells, could
also have a positive effect on tumor volume regression.
Regarding the existing in vitro and in vivo data of NVX-207, it seems surprising that this
derivative appears to have fewer anticancer effects on the tumors than its parent BA [30,32–
35]. Its reported in vitro half maximal inhibitory concentrations which lead to antiproliferative
and cytotoxic effects in equine melanoma cells are much lower than those determined for
BA [32–34]. After 91 days of topical treatment with a cream containing 1 % NVX-207, 4 out
of 9 melanocytic lesions in 3 out of 6 horses decreased in diameters and volume, but a complete
tumor regression was not achieved. However, it should not be disregarded that tumor cells
integrated in their native microenvironment can be much more robust against pharmacological
influences than tumor cells cultivated under in vitro two-dimensional cell culture conditions
and, therefore, a reliable transferability of in vitro to in vivo results is not always given [39,40].
In addition, permeation barriers, such as the firm tumor capsule often found around equine
melanocytic tumors and which could hinder the active substance to diffuse into the tumor cell,
are also missing [5,39,41]. While the half maximal inhibitory concentrations determined for
equine melanoma cells were surpassed after topical application of 1 % NVX-207 in the
epidermis, superficial and deep dermis of healthy horse skin [34,35], a less potent permeation
into melanoma-affected skin could, therefore, further explain the only moderate effects of the
compound in this study. It is also likely that tumors were located in the deep dermis and the
NVX-207 applied topically may not have reached the full depth of the tumor invasion. An
analysis of the NVX-207 content in the study medication a few weeks after the study
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termination revealed that the NVX-207 concentration had decreased only negligibly and a
correlation between the reduced active ingredient content and reduced effectiveness can, thus,
be excluded (own laboratory controls; data not shown).
The topical treatment of early stages of equine melanoma with 1 % BA and 1 % NVX-207
resulted in part in tumor volume and tumor diameter reductions and may represent an alternative
to the frequently practiced approach of benign neglect of small solitary masses. Nevertheless,
the results for lesions belonging to the BA und NVX-207 groups should be interpreted against
the background that two tumors (both horse 18) in the placebo group also showed a decrease in
tumor size that matched the definition of response to therapy. It was stated previously that no
reports about spontaneous melanoma regressions in horses exist [37,42]. When the growth
behavior of 59 untreated melanomas was investigated in 17 Lipizzaner stallions, the tumor
volume increased by 0.14 % per day over an observation period of 162 days, but a slight
reduction in tumor volume was sporadically observed in some lesions [43]. A trend in
melanoma growth was observed in the placebo group of another study over only 64 days [44].
When the same pharmaceutical formulations as those used in this study were topically applied
twice a day for seven consecutive days on eight healthy horses, an activation of the immune
system by means of a perivascularly accentuated, lymphohistiocytic inflammation with a few
neutrophils was observed in the superficial dermis of both the cervical and ventral tail skin [35].
As these alterations were noted in all treatment groups, an association with ingredients in the
carrier cream “Basiscreme DAC” but no causative effect of the compounds BA or NVX-207
was suggested [35]. In the present study, the repeated topical application of the formulations
for 13 consecutive weeks and the covering of the treatment areas could have led to an increased
blood supply to the tumor area with increased immune cell infiltration. The presence of tumorinfiltrating lymphocytes has been associated with a favorable prognosis for human
melanoma [45,46]. However, as no histopathological examinations of the melanomas treated
with appropriate staining for vascularization markers or immune cell typing were performed in
the present study, it remains unknown whether immunological adjuvant effects were involved
in the tumor volume reduction. Since the tumor measurements were carried out by only one
person, measurement variations can almost be excluded.
In equine sarcoids, treatment durations between three and 45 weeks are reported for the topical
approach [47–50]. As there are currently no topical treatment options for the equine melanoma
that rely on larger clinical evidence-based studies, the treatment regime in the current study
could only be presumed. Previous determined in vitro data indicated that in vivo treatment
regimens with short application intervals and long treatment durations could favorably
influence the concentration and efficacy of BA and NVX-207 in the skin of equine melanoma
patients [33,34]. In addition, the application interval of 13 weeks utilized in the recent study is
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similar to an 11-week topical application of frankincense oil to an Arabian mare with stage 3
equine melanoma, which resulted in a clear tumor volume reduction [51]. Whether an even
longer application time of BA or NVX-207 leads to more notable clinical effects or even
complete tumor regressions has to be investigated in further clinical studies. Interestingly,
frankincense oil contains boswellic acids, pentacyclic triterpenoids comparable to BA and
NVX-207, which were also shown to have in vitro and in vivo anticancer properties in human
malignancies [51–55]. These data in conjunction with the results reported here could further
indicate that prospective studies with this class of phytochemicals are auspicious in the field of
equine skin cancer.
The topical melanoma treatment was safe and well tolerated in all groups as assessed by regular
clinical examinations and serial blood sampling. The inconspicuous behavior may be related to
the fact that the treatment did not cause painful skin inflammations. All horses showed an
undisturbed general condition during the entire course of the study, apart from two horses with
acute and medically resolved mild colic. Both horses that developed colic had a history of
occasionally developing slight spasmodic colic at this time of the year. It seems very unlikely
that the occurrence of colic was related to the topical melanoma treatment.
Depigmentation was occasionally observed in the skin surrounding and overlaying the tumors.
The decreased amounts of melanin in the epidermis might be caused by toxic effects on the
melanocytes or disturbed melanization due to the treatment [56]. Observations from follow-up
examinations four months after the last treatment revealed that the depigmentation was a
temporary side effect. While toxicity data of BA or NVX-207 for normal equine melanocytes
are missing, a cytotoxicity of BA for human melanocytes by induction of apoptosis was
described to varying degrees [57–59]. As the cases of depigmentation were also observed in the
placebo group, an association with the ingredients of the amphiphilic carrier vehicle
“Basiscreme DAC” is likely. With regard to the evidence of a mild skin irritative potential
reported here and previously [35] and with respect to the fact that two tumors in the placebo
group responded to the treatment, it is recommended to use another pharmaceutical formulation
as a placebo and vehicle for BA and NVX-207 in future studies.
Although it is advantageous that topical medications are commonly affordable and can be easily
applied by horse owners, the benefits of topical therapies appear to be limited to only the lesions
treated and no systemic antitumor effects can be achieved. Melanomas of the lip seem
unsuitable for a topical therapy because of the risk that the animal will lick off the cream or
ointment and absorb it orally. By contrast, the treatment of melanomas located on the ventral
tail and in the perianal region has been proven to be very feasible in this study. The study horses
available for the present study had melanomas only at these regions. Future trials should
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evaluate the effect, safety and feasibility of the topical medication investigated when applied to
melanomas located in different anatomical regions.
Particularly because there is no established gold standard treatment for equine melanoma,
comparative study protocols should be considered for prospective studies. The phytochemical
therapy introduced here and other described treatment modalities including surgery [60,61],
radiation [62,63], (electro)chemotherapy [64–66] or immunotherapy [37,44,67,68] could be
investigated. Moreover, approaches combining the aforementioned therapies with BA or NVX207 as an adjunctive topical treatment could be the subject of further research.
Limitations of this pilot study include the usage of a single horse breed and sex, which limits
predictability for a larger, more diverse population. In addition, due to the small number of
animals, it was not further investigated whether the state of pregnancy in nine mares as well as
the possibly different melanoma growth potential in horses with grey, flea-bitten or white coats
could have an influence on the tumor response. Furthermore, no samples of the melanomas
treated and surrounding skin were taken as this was not accepted by the stud management.
Prospective studies should include tumor and skin biopsies in order to evaluate local treatment
effects histophatologically and to measure compound concentrations in tumor tissues.
Conclusion
The results presented in this pilot study indicate that topical treatment of early stage equine
melanoma with 1 % BA and 1 % NVX-207 twice a day over a period of 13 weeks is feasible
and safe. A greater number of tumors responded to the therapy with BA and NVX-207 than
tumors from the placebo group. This might suggest that this approach might be a potential
therapy for early stage equine melanoma and, thus, reduce the health risks associated with the
malignant degeneration of the tumors. However, these findings must be regarded as preliminary
due to the limited group size and need to be replicated in a larger cohort. Modifications of the
pharmaceutical formulations may further improve the clinical outcome.
Materials and Methods
Approval of the animal experiments
The longitudinal, prospective, randomized, double-blind, placebo-controlled study protocol
was approved by the ethics committee of the University of Veterinary Medicine Vienna,
Vienna, Austria and the Austrian Federal Ministry of Education, Science and Research in
accordance with the Austrian Animal Welfare Law (BMBWF-Reference number: 68.205/0197V/3b/2019). Informed consent was obtained from the stud management.
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Horses
The study was performed between January and April 2020 at a stud farm in Austria. Eighteen
white, flea-bitten or dappled Lipizzaner mares with cutaneous melanomas were included in this
study (Table 1). The number of animals was determined by a power analysis using G*Power 3
[69].
Table 1 Characteristics and group assignment of the 18 Lipizzaner mares.
Horse

Treatment

ID

Age

Color

(years)

Melanoma

Number of

Localization of

stage*

melanomas

the melanomas

treated

treated

1

Placebo

19

white

2

2

ventral tail

2

Placebo

14

white

2

1

ventral tail

5

Placebo

19

white

2

1

between tail root
and anus

10

Placebo

9

dappled

2

1

between tail root
and anus

15

Placebo

9

flea-

2

1

ventral tail

bitten
18

Placebo

28

white

2

2

ventral tail

4

BA

17

white

2

2

ventral tail

6

BA

11

white

2

2

ventral tail

9

BA

12

flea-

2

2

ventral tail

white

2

2

ventral tail

flea-

2

2

ventral tail

bitten
12

BA

18

13

BA

15

bitten
17

BA

27

white

2

2

ventral tail

3

NVX-207

24

flea-

2

2

ventral tail

2

2

ventral tail

bitten
7

NVX-207

20

grey
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8

NVX-207

77
12

flea-

2

2

ventral tail

bitten
11

NVX-207

14

grey

2

1

ventral tail

14

NVX-207

6

grey

2

2

ventral tail +
between tail root
and anus

16

NVX-207

9

grey

2

1

ventral tail

*Disease staging according to Moore et al. [9]

The median age of the horses was 14.5 years (range 6 to 28 years) and the median body
condition score was 6 (range 4 to 8) according to the scoring scheme of Kienzle and
Schramme [70]. Nine of the eighteen horses (horses 1, 5, 6, 9, 12, 13, 14, 15, 16) were in foal
and the births of the foals were expected during or shortly after the study period. Horses were
considered eligible for the study if they had not received a therapy for melanoma in the last
three months and had cutaneous melanomas in localizations easy to treat (e.g. undersurface of
the tail, udder in nonpregnant mares). Irrespective of the total number of melanomas identified
on an individual horse, a maximum of two tumors per horse with a respective diameter of
maximal 15 mm were treated. The tumors to be treated had to be easily distinguishable from
each other and from other tumors. Clinical diagnosis was set at the beginning of the study on
the basis of localization and gross appearance of the lesions in conjunction with the horses’
signalment. Fine needle aspirations of tumor masses were performed in seven horses (horses 1,
5, 7, 12, 13, 17, 18) and clinical diagnosis was confirmed by cytological evaluation. For the
other horses, the procedure would only have been possible under sedation, which was not
permitted by the stud management. Medical histories were obtained before the instigation of
the topical treatment and a thorough physical examination was performed on each horse to
ensure eligibility for the trial. The animals were kept in groups of 15 to 25 horses in stables
overnight and on a paddock during the day. After birth, mothers and foals were separated in
individual boxes for about seven days before they were kept together in groups with other mares
and foals in large stables. All horses were fed a mix of muesli, oats and mineral feed daily, the
quantity of which depended on body weight and performance. They had ad libitum access to
hay and water.
Topical treatment
The patients were randomized into three groups of six horses. Melanomas were topically treated
with pharmaceutical test formulations (creams) which had been previously tested for
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tolerability on eight healthy horses and in which a homogenous and stable distribution of BA
and NVX-207 had been shown [35]. Treatment was performed twice daily and consisted of
topical application of either 1 % BA in “Basiscreme DAC” (amphiphilic cream as published in
the German Drug Codex) with 20 % medium-chained triglycerides, 1 % NVX-207 in
“Basiscreme DAC” or a placebo (“Basiscreme DAC” with 20 % medium-chained triglycerides)
for 13 consecutive weeks (91 days). Each tumor was completely covered with the cream and
protected with an appropriately sized wound dressing (“Animal Soft,” Snögg, Vennesla,
Norway), which was fixed with “Fixomull stretch” (BSN medical GmbH, Hamburg, Germany)
to prevent the cream from being rubbed off (Figure 6).

Figure 6 Covering the treatment site. Each tumor was treated topically with a placebo, a 1%
betulinic acid cream or a 1% NVX-207 cream and protected with an appropriately sized wound
dressing (“Animal Soft,” Snögg, Vennesla, Norway), which was fixed with “Fixomull stretch”
(BSN medical GmbH, Hamburg, Germany) to prevent the cream from being rubbed off.

Any cream residues from previous treatments were removed with a swab once a day. If
necessary, the skin was degreased with swabs soaked in 70 % ethanol to ensure the fixation of
the patches.
The study protocol stipulated that if the melanoma(s) disappeared completely before the end of
the 13 weeks (tumor no longer palpable), the tumor was treated with the preparation assigned
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to it for another 14 days after tumor regression. The treatment was discontinued before the end
of the 13 weeks if the tumor(s) grew aggressively.
The treatment was performed blinded by the first author (LAW). Horses 17 and 18 were treated
by the stud’s staff from day 56 to 83 of treatment due to restrictions in the context of the SARSCoV-2 crisis. The identical-appearing study medication was packed in identically numbercoded jars. The numerical code was unblinded after all analyses had been completed.
Clinical safety assessment of the treatment
Safety and tolerability of the topical treatment were evaluated by general clinical examinations,
monitoring of the tumor and its surrounding clinically normal skin, and hematologic and blood
biochemistry profiles. The animals were examined clinically prior to each topical application
(twice a day) in the first week of treatment. Thereafter, a general clinical examination was
performed twice at 14-day intervals (day 21 and 35) and then twice at 30-day intervals (day 63
and 92). The melanoma to be treated and the surrounding tissue were assessed daily for local
inflammation, swelling, ulceration and depigmentation. Blood was collected on days 0, 7, 21,
35, 63 and 92 for a complete blood count and serum chemistry profile, including electrolytes
(sodium, potassium, chloride, calcium, magnesium), urea, creatinine, total protein, albumin,
lactate, serum amyloid A and enzymatic activity of the alkaline phosphatase, glutamate
dehydrogenase, g-glutamyl transferase and creatine kinase.
The study protocol specified that treatment was discontinued if the horse showed moderate skin
changes in the area treated for more than two days, if the horse showed mild abnormal physical
examination parameters for five days or moderate abnormal physical examination parameters
for three days, and in the case of significant illness or general deterioration in the condition of
the horse.
Tumor response evaluation
Target lesions were photographed and the length (mm, longest diameter) and width (mm,
perpendicular to length) were measured with calipers (CONNEX GmbH, Oldenburg, Germany)
prior to treatment (day 0) and on days 7, 21, 35, 63, 77 and 92. Measurements were performed
in duplicates. Tumor volume (mm3) was calculated according to a formula described
previously [37,38]: Tumor volume = length × width2 × 0.5. Tumors were defined as “responsive
to treatment” when there was a reduction of at least 1 mm in both dimensions (length and width)
on day 92 compared to baseline measurements (day 0). All tumors were measured by the first
author (LAW). Follow-up examinations of the horses and tumors were performed four months
after the last treatment.
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BA = betulinic acid
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6. General discussion
6.1.

Summarized findings

With a growing awareness of animal welfare, an increasing population of horses being kept into
older age and through better detection of tumors by horse owners and veterinarians there is
considerable scientific and commercial interest in the discovery of new anticancer agents in
equine medicine. Furthermore, cutaneous neoplasms are a significant cause of economic losses,
morbidity and mortality in horses [6,7]. On this basis, the present thesis comprises four studies,
all with the aim of contributing to the development of a topical therapy against equine skin
cancer. The main focus of the investigations was the development of a novel drug for the
treatment of EMM, however, the generated data can also contribute to further research projects
dealing with treatment strategies for ES. Conducted cell culture experiments revealed
antiproliferative, cytotoxic and apoptotic effects of BA, BA derivative NVX-207 as well as
betulin derivative BBS against primary EMM and primary ES cells in vitro. Further in vitro and
in vivo studies demonstrated a sufficient permeation of BA and NVX-207 into the epidermis
and dermis of unaltered horse skin. A good systemic tolerability and only mild local, vehiclerelated side effects were observed after topical application of BA and NVX-207 in eight healthy
horses. Finally, the feasibility and effects of the topical BA and NVX-207 application in horses
suffering from EMM were tested and these preliminary data indicated that this treatment
approach – after further modifications of the pharmaceutical formulation – should be worth
following up in a subsequent study with a larger number of patients included.

6.2.

Interpretation of the findings

Currently, there is no topical medication for the treatment of EMM commercially available. For
topical ES treatment, the results regarding the efficacy of topical acyclovir application are
contradictory [69,86], imiquimod cream may temporarily cause severe local side effects [144]
and for other topical therapies only anecdotal evidence exists [83,84]. Consequently, there is a
need for a topical drug for the treatment of EMM and ES, backed by in vitro and in vivo
evidence. The topical therapy of skin tumors in horses is a feasible approach, as neoplastic
lesions at almost any localizations can be treated. Since the application is usually carried out by
the horse owner in the environment to which the horse is accustomed, the treatment stress on
the animal is significantly reduced. Besides, topical drug administration maximizes the local
concentration of the agent and consequently increase the local efficacy [85]. Through the
reduced systemic exposure of the drug, probable side effects to normal tissues are
limited [87,145]. Furthermore, the non-invasiveness of the treatment and the good patient
compliance has been extensively demonstrated in the present work.
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Historically, natural products from botanical or animal sources have been used for virtually all
medicinal preparations [9]. To this day, plant-derived substances or their synthetically modified
analogues and derivatives are still a significant source for the development of new drugs and
especially investigated within the area of cancer treatment [146,147]. The lupane-type
triterpenes BA and betulin can be isolated from many plants, predominantly from the bark of
birch and plane trees and have gained attention mainly due to their anticancer features
[148,149]. On the basis of previously described cytotoxic and apoptotic effects on human and
equine melanoma cells [96,109,113,150] and preliminary experiments within the framework of
the current PhD project, the compounds BA, NVX-207 and BBS were used for the described
investigations. The main focus of the in vitro and in vivo studies for the development of a topical
drug against equine skin cancer was the clarification of penetration and permeation behavior of
the compounds in equine skin as well as their safety and efficacy in the target species rather
than the elucidation of detailed molecular pathways at the cellular level.
6.2.1. In vitro cell culture experiments
In a first step, in vitro experiments were carried out to determine whether the developed
substances and the pharmaceutical test formulations had the potential to be used as topical
medications for further in vivo experiments.
Cytotoxicity and proliferation assays. As described in manuscript I and II, the compounds BA,
NVX-207 and BBS were demonstrated to exert significant antiproliferative and cytotoxic
effects against primary EMM cells (MelDuWi and eRGO1), primary ES cells (sRGO1 and
sRGO2) and primary equine dermal fibroblasts (PriFi1 and PriFi2) in a time- and dosedependent manner. NVX-207 was by far the most potent drug that exerted the strongest effects
on the different cells at each incubation time point in both CVS and MTS assay. While BA was
more effective than BBS, the differences between these two compounds were not quite as
marked. NVX-207 is synthesized by derivatization at C-3 (hydroxyl group) and C-28
(carboxylic group) positions of BA [137,151]. The present study demonstrated that simple
modifications of the parent structure of BA can lead to a highly potent derivative. Thus,
previous findings [96] on the cytotoxicity of BA and NVX-207 against EMM cells MelDuWi
and MelJess after 96 h of incubation could be confirmed and widened by further methodical
approaches (CVS and MTS assay), incubation times (5 h, 24 h, 48 h), cell types (sarcoid cells
and fibroblasts) and a compound (BBS). Previously published cytotoxic activity on EMM cells
was determined by the sulforhodamine B assay [96]. This might explain the differences of up
to 10 μmol/L in the IC50 values for MelDuWi after 96 h of incubation with BA. While the
sulforhodamine B dye binds to protein components of fixed cells independent of their active
mitochondrial metabolic rate [152], the photometrical measurable formazan dye in the MTS
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assay is generated by mitochondrial dehydrogenases in metabolically active cells only [153].
Consequently, the MTS assay provides a more sensitive detection of reduced cell viability and,
thus, lower IC50 values compared to those formerly reported were calculated in the present
thesis (23.6 μmol/L vs. 33.1 μmol/L [96]). The IC50 values for MelDuWi after treatment with
NVX-207 were proportionate (7.7 μmol/L reported here vs. 5.6 μmol/L [96]). In comparison
to EMM cells eRGO1, higher concentrations of BA, NVX-207 and BBS were needed to exert
antiproliferative and cytotoxic effects on MelDuWi, which therefore appear to be more robust
against the active substances. This is a particular interesting observation since all the cells used
for the cell culture experiments originated from different horses. Thereby, the results may
indicate that EMM patients are not necessarily comparable and differences in the tumor
response rates within a treatment group can be expected in future clinical studies with horses
affected by this disease. This assumption has already been supported by the results of the in
vivo efficacy study described in manuscript IV, in which 5/6 horses (67 % of tumors) in the BA
group and 3/6 horses (44 % of tumors) in the NVX-207 group responded to the respective
topical treatment. The ES cells sRGO2 were more sensitive to treatment with all three
substances than sRGO1, but the differences were only marginal.
In vitro anticancer effects were observable in both EMM and ES cells as early as after 5 h of
exposition to BA, NVX-207 or BBS. However, at this time point the quantity of cells affected
by BA or BBS was mostly not high enough to calculate IC50 values with the applied software.
The fact that 5-h IC50 values are available for NVX-207 in MTS and CVS assay for each type
of cell investigated once again underlines the high in vitro efficacy of this substance. Generally,
the data demonstrated that the antiproliferative and cytotoxic effects of the three substances
investigated on equine skin tumor cells enhanced with an increased treatment duration in a
dose-dependent manner. The lowest IC50 values were generated by CVS and MTS assay after
48 h of drug exposure for ES cells (no data available for 96 h) and 96 h for EMM cells. This
information was particularly valuable for the study design of the reported in vivo efficacy trial,
as it indicated that with a longer treatment period even lower concentrations of the active
substances – as this was the case with the used 1 % creams – could be sufficient to trigger
antitumor effects in equine skin cancer patients. Hence, these observations should also be
incorporated into the design of future clinical studies with horses affected by EMM or ES.
Apoptosis assays. The study described in manuscript II is the first to investigate the induced
form of cell death in ES and EMM cells after treatment with BBS and in ES cells after exposure
to NVX-207. From the literature it is known that BA and NVX-207 induce apoptosis in various
malignancies [96,115,125,137,149,154]. In previous investigations on EMM cells, BA and
NVX-207 were demonstrated to activate both initiator caspases (caspase-8 and caspase-9) and
the effector caspase-3 [96]. Furthermore, after treatment with BA and NVX-207 an
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accumulation of equine melanoma cells in the subG1-phase characterized by condensed
chromatin and fragmented DNA and an externalization of phosphatidylserines to the
extracellular side of the plasma membrane, also a characteristic feature of apoptosis, were
reported [96]. Utilizing fluorescence-activated cell sorting (FACS), this controlled, highly
regulated and therefore desired form of cell death could be confirmed for both types of equine
skin cancer cells (EMM and ES) after treatment with NVX-207 and BBS. Within cell cycle
analysis a clear increase of EMM and ES cells in the subG1-phase was detected after 48 h of
drug exposure. Interestingly, BBS exerted greater apoptotic effects in ES cells as investigated
by AnnexinV/propidium iodide staining compared to NVX-207, which was reverse in EMM
cells. Together with the observation that sarcoid cells generally were more sensitive to BBS
than melanoma cells in the sense that lower drug concentrations were needed to induce
anticarcinogenic effects in vitro, this compound appears to be an interesting candidate for future
studies dealing with treatment of ES. Even though apoptosis tests for sarcoid cells after
treatment with BA were not explicitly carried out, such a mechanism of action can also be
assumed for this compound. Still, this has to be confirmed in prospective cell culture
investigations.
Effects on normal cells. Although various studies reported a selectivity of BA and NVX-207 to
human cancer cells with no or only minimal toxic effects to human normal control cells
including melanocytes [150], dermal fibroblasts [119,137], keratinocytes [137], peripheral
blood lymphocytes [119,155], and umbilical vein endothelial cells [137], these findings could
not be confirmed in the present studies. Both compounds were not revealed to exert a selective
cytotoxicity or proliferation inhibition to EMM cells compared to normal equine dermal
fibroblasts from healthy animals. Compared to ES cells, the unaltered cells were more robust
to the compounds in CVS assay only. It is still remarkable that the proportion of necrotic cells,
whether in altered or normal cell types, was below 2 % after a treatment of 48 h with NVX207. In contrary to BA and NVX-207, the generated data gained on BBS indicated a selectivity
of the compound to ES and EMM cells. In fact, EMM cells MelDuWi were the only exception
from this observation in the MTS assay and revealed to be less affected by BBS than fibroblasts.
Moreover, results from cell cycle analysis and AnnexinV staining revealed that BBS had mostly
greater apoptotic impact in EMM and ES cells compared to fibroblasts. However, with regard
to the broad array of pharmacological effects that are described for triterpenes and their
derivatives [148], it seems not surprising, that non-cancerous equine skin cells could be affected
by the compounds as well. Indeed, there are also some reports of BA’s cytotoxicity in normal
human melanocytes [154,156], low selectivity indices for dermal fibroblasts [120], and its
induction of differentiation in keratinocytes, which is regarded as a specific form of
apoptosis [154]. Studies concerning more detailed mechanisms of actions after treatment with
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triterpenes are rare in human unaltered cells and, to the best of the author’s knowledge, have
not yet existed for equine cells. As assessed by cell cycle investigations and
AnnexinV/Propidium iodide staining in the present studies, NVX-207 and BBS induced
apoptosis in equine dermal fibroblasts. Thus, with the FACS analysis reported here a valuable
contribution could be made to this research topic. No apoptosis tests were performed on equine
dermal fibroblasts after treatment with BA. Although similar results can be presumed, these
must be confirmed in prospective cell culture experiments. BA has already found experimental
application in rats [157] and mice [113,121,122,158]. NVX-207 was used in mice [137], dogs
[137], and horses [96]. A good systemic tolerability for both compounds and only mild local
adverse effects in dogs after NVX-207 therapy have previously been reported. Nevertheless,
the results generated so far by the in vitro studies of the present work demonstrated that the
tolerability of the substances after topical application on horse skin had to be investigated within
the scope of the development of a topical drug against equine skin cancer. This was done in the
studies described in manuscript III and IV and is discussed below.
Cell culture experiments – Conclusion and outlook. Taken together, the in vitro data gathered
previously by Liebscher and colleagues [96] combined with our findings evaluating anticancer
effects in EMM and ES cells supported further experiments with the three investigated
compounds BA, NVX-207 and BBS. However, in order not to go beyond the scope of the
project, it was decided that further studies would continue with the two more potent substances
BA and NVX-207 only. Nevertheless, it should be emphasized at this point that the carbonic
anhydrase IX inhibitor BBS is still a potential substance for the treatment of equine skin cancer,
either alone or as an adjuvant therapeutic drug. The generated results proved it to be effective
in both, EMM and ES cells, wherein the impact on ES cells was even more pronounced.
Furthermore, of all, BBS was the compound that appeared to be the least toxic to healthy cells.
In a study with human malignant melanoma cells a combination of proton pump- and carbonic
anhydrase IX inhibitors did lead to enhanced anticancer effects in these cells in vitro [141].
Also, other carbonic anhydrase IX and XII inhibitors are discussed as versatile, emerging
antitumor drugs [143]. Further studies are now necessary to confirm and expand these results
in equine malignancies.
6.2.2. In vitro permeation studies
In a clinical setting, the topically applied BA and NVX-207 need to reach the tumor cells in the
patient to be effective. Consequently, the next step was to find a way to transport the substances
– dissolved in an appropriate vehicle – in sufficiently high concentrations into the horse skin.
Test formulations. The project partner Skinomics GmbH provided the 1 % pharmaceutical test
formulations used for the in vitro permeation experiments on isolated equine skin and the in

90

General discussion

vivo safety and efficacy studies in horses. The amphiphilic “Basiscreme DAC” was selected as
a carrier vehicle due to the fact that lipophilic substances like BA and NVX-207 can be easily
incorporated and at the same time, as a standard vehicle in human medicine, it is considered to
have little or no skin irritation potential. While a homogenous distribution of 1 % NVX-207
was given in “Basiscreme DAC” alone, 20 % medium-chained triglycerides had to be added to
the BA formulation. The project partners performed long-term stability controls (including tests
for chemical stability of the compounds, pH values, index of refraction, weight changes, gas
evolution) and in-use controls, both at refrigerator temperature (4–8°C), room temperature (19–
21°C) and 40°C with multiple batches of the creams. Both tests were performed up to three
months. The unpublished results from the various tests demonstrated that a homogenous and
stable distribution of the compounds in the test formulations was given at refrigerator and room
temperatures.
Penetration and permeation in isolated equine skin. With the FDC cell experiments and
subsequent compound detection in the skin samples via HPLC analysis it was demonstrated
that both BA and NVX-207 were able to penetrate the stratum corneum, the major barrier for
transdermal drugs, and permeate through the epidermal and dermal strata of unaltered equine
thoracic skin. The concentrations reached after 30 minutes and 24 h of incubation exceeded the
24-h IC50 values for ES and EMM cells even in the deepest skin layers examined (up to
810 μm). Due to differences in skin structure in a range of animal species [159–162], it was of
great advantage that the skin of the target species could be used for in vitro FDC studies.
Nevertheless, the results should be interpreted against the background of some limitations.
Melanomas in grey horses are mainly localized in the dermis or subcutis of nearly glabrous
cutaneous regions [17,19,20]. In the light of the in vitro results generated in this thesis, it
appears that after topical application of BA or NVX-207 melanomas located in the superficial
and partially deep dermis would come into contact with sufficiently high amounts of the
compounds and, therefore, might be affected by their cytotoxic and antiproliferative effects.
However, the concentration profiles of the drugs may be altered in skin affected by tumors –
either because the permeation of the drugs through the tumor tissue itself is altered or because
skin changes caused by tumor growth could influence it. On the one hand, tumor ulcerations
could have a positive influence on the permeation rates, as the stratum corneum has no longer
to be overcome. This phenomenon was already suspected in an ulcerated EMM that responded
well to topical frankincense oil therapy [55]. On the other hand, fibrous tumor capsules, which
envelop some EMM [20], may protect the tumor tissue from being permeated by the
compounds. Epidermal alterations like hyperplasia and hyperkeratosis as well as rete peg
formation is frequently observed in verrucous and mixed sarcoids, but often not present in
occult and nodular lesions [65]. The epidermal thickening could negatively influence the
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concentration profiles of the topically applied drugs [90] and the penetration and permeation of
the active agents in the latter two forms of ES could, therefore, rather be comparable with the
data gained from unaltered horse skin. Hence, one major limitation of the present work is the
lack of data about the concentration profiles of the compounds in EMM or ES affected skin.
Due to technical reasons, the utilization of a standardized protocol with tumor skin was not
possible during the present thesis project. However, it is highly recommended to solve this task
in future projects. As in previously reported FDC experiments with isolated equine skin
[93,161,163], the integument from the lateral thorax was used in the present work. In view of
the fact that ES often occur in the saddle area and saddle girth position [56], the choice of the
lateral thorax skin for the FCD protocol does not need to be justified for this type of tumor. On
the contrary, a minor limitation of the utilized FDC protocol is the use of equine thoracic skin
rather than the skin of EMM predilection sites (ventral tail, perianal region, external genitalia,
etc.). Nonetheless, the concentration profiles of hydrocortisone, a substance with lipophilic
properties similar to BA and NVX-207, did not differ significantly in clipped equine thoracic
skin and nearly glabrous groin skin [163]. In addition, as groin skin and EMM predilection site
skin are equivalent in morphology [2,164] the permeated amounts of the compounds hence can
be expected to be comparable.
In vitro permeation studies – Conclusion. Summarized, the gained in vitro data in equine skin
cancer cells and the in vitro concentration profiles in isolated equine skin as described in
manuscript I and II indicated BA and NVX-207 as promising candidates for the topical
treatment of equine skin cancer and substantiated further study of BA and NVX-207 in horses.
Although in vitro FDC studies can be predictive for in vivo penetration and permeation data
[87,94], they cannot provide information about the amount of a compound that is eliminated
from the skin by capillary dermal blood vessels, as isolated skin lacks of circulation. Besides,
the whole complexity of a biological system, including the metabolism, distribution and
elimination of a drug, cannot be reproduced by FDC experiments [87,94]. Therefore, it was of
great advantage that the concentration profiles and safety of the active substances could
subsequently be determined in vivo in the target species, as described in manuscript III.
6.2.3. In vivo safety and permeation studies
As the calculated IC50 values for ES and EMM cells were reached in isolated equine skin after
topical application of the respective 1 % test formulations, for animal welfare reasons and with
regard to possible cytotoxic effects on normal skin cells, the utilization of test formulations with
higher concentrations was not justifiable. Consequently, further in vivo studies were carried out
with the previously investigated creams.

92

General discussion

Study horse compliance. All eight horses enrolled in the in vivo safety and permeation study
(manuscript III) tolerated the topical treatment on the neck and ventral tail twice a day very
well and no defense movements during drug application were noted at any time. Two of the
mares were previously used as brood mares and were therefore used to having their tails lifted
by humans. The other six horses represented a mixed population, demonstrating that repeated
topical treatments of the ventral tail should also be associated with good patient compliance in
other horses.
Concentration profiles. After seven days of treatment with the test formulation containing either
1 % BA or 1 % NVX-207, the permeated amounts of the compounds in the cervical horse skin
in vivo exceeded the concentrations found in isolated equine skin after 24 h of incubation
noticeably. Moreover, in horses with a covered treatment site the concentrations of BA and
NVX-207 surpassed the 96-h IC50 values for equine skin cancer cells even in the deep dermal
skin layers (up to 2010 μm). While this was also true for NVX-207 in horses without covered
treatment sites, the required concentrations for BA in horses with uncovered treatment sites
were only reached in the superficial dermis. According to these findings, two important
statements regarding the concentration profiles of BA and NVX-207 in equine skin could be
generated by the in vivo permeation study. First, even though certain amounts of topically
applied drugs are always transported away from the treatment site by capillary dermal
absorption [91], high concentrations of BA and NVX-207 can be achieved especially in the
epidermis and superficial and partially deep dermis of equine skin in vivo. Second, the results
indicated that the treatment field should be covered after topical application of the 1% test
formulations. Although this hypothesis could not be statistically confirmed, the results
suggested that by covering the treatment area both, the amount of the active ingredient in the
skin increased and deeper skin layers could be reached by the compounds. On the one hand,
this could be explained by the fact that the cream remained more reliably at the treated location,
regardless of whether the horses were rolling or laying in lateral recumbency. Nevertheless, it
was frequently observed that there were still cream residues on the skin between the
applications even in horses with uncovered treatment areas. Therefore, on the other hand,
occlusion effects caused by covering of the skin or ingredients in the cream (e.g. propylene
glycol, petrolatum) could be the reason for the increased permeation [90,165]. Swelling of the
keratinocytes leads to a distention of the intercellular spaces, and polar and nonpolar substances
can penetrate through “pores” in the stratum corneum interstices more rapidly [90].
Local and systemic safety. One major issue in cell culture research with BA and NVX-207
concerned the compounds’ cytotoxicity to normal equine dermal fibroblasts. Within the scope
of the current study, the local and systemic safety of the substances was therefore also
investigated clinically as well as by blood tests and histopathological examinations.
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Theoretically, regarding the reported IC50 values for equine dermal fibroblasts, the achieved
BA and NVX-207 concentrations in the skin were high enough to have cytotoxic and
antiproliferative effects on these skin cells. However, although these influences on equine
dermal fibroblasts were described in vitro and apoptosis- and necrosis-like effects and increased
differentiation in human keratinocytes and melanocytes were observed after in vitro treatment
with BA [150,154,156], only a very few apoptotic keratinocytes and no necrotic cells were
detected histopathologically in the skin samples after treatment with NVX-207 and the placebo
formulation. These findings are in line with other studies demonstrating that fibroblasts grown
under three-dimensional cell culture conditions are less sensitive to toxic agents than those
grown in monolayers [166,167]. In contrast to their cultivation as monolayers on a plastic cell
culture flask, the equine dermal fibroblasts in intact skin are surrounded by extracellular matrix
and interact with the matrix macromolecules [168]. The matrix molecules, mainly structural
proteins and proteoglycans, strongly influence cell physiology and affect cell responses to
stimuli, whereby they improve the ability of fibroblasts to withstand stresses [166–168].
The topical treatment of horse skin with 1 % BA in “Basiscreme DAC” and 20 % mediumchained triglycerides and 1 % NVX-207 in “Basiscreme DAC” as well as the placebo
preparation (“Basiscreme DAC” and 20 % medium-chained triglycerides) was occasionally (n=
1 – 5 / 8 horses; depending on test formulation) associated with local adverse reactions like
mild erythema, mild swelling and mild desquamation at the cervical skin. The tail skin showed
mild alterations in one horse only. These skin alterations resolved within two to three days with
no evidence of permanent cosmetic or functional deficits in any affected horse. An acanthosis
of the stratum spinosum and perivascularly accentuated lymphohistiocytic inflammation were
the dominant findings in the histopathological examination of both the cervical and tail skin.
As these clinical and histopathological reactions were observed without a difference in all three
treatment groups (BA, NVX-207 and placebo), an association with the ingredients of the carrier
cream “Basiscreme DAC” but not with the active compounds BA or NVX-207 could be
assumed. No secure conclusion could be drawn from which ingredient(s) the local side effects
originated in this study due to the fact that reports about safety assessments of pharmaceutical
or even cosmetic ingredients in horses are rare. However, the ingredients propylene glycol,
cetyl alcohol and glyceryl stearate contained in “Basiscreme DAC” have been demonstrated to
induce mild skin irritations in animals such as mice and rabbits, partially even in lower doses
than the ones found in the test formulations [169–171].
The unremarkable systemic clinical examinations of the horses, no abnormalities in hematology
and blood chemistry as well as the fact that neither BA nor NVX-207 was detected in any of
the plasma samples at the end of each treatment period, attest a low systemic bioavailability
and an overall good systemic tolerability of the substances after topical application in horses.
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The repeated intralesional injection of NVX-207 was well tolerated in two horses suffering
from EMM [96]. This study in conjunction with the results reported in this thesis indicate that
the topical application of BA and NVX-207 should be considered as safe in equine patients.
Although a mild skin irritative potential was observed, a further use of the amphiphilic
“Basiscreme DAC” as a vehicle for 1 % BA and 1 % NVX-207 was decided. The previous
findings from the in vitro permeation experiments have been supported by the in vivo study.
Furthermore, the long-term studies on the stability and homogeneous distribution of the active
ingredients in the cream were positive.
Safety and permeation studies – Limitations and conclusion. Limitations of the in vivo safety
and permeation studies included the short treatment period and small sample population. This
is presumably the reason why only a statistically tendency could be shown that covering of the
treatment site seems to increase the drug concentration in the skin as well as the permeated skin
depth, especially for NVX-207. Moreover, the data do not allow any conclusion to be drawn
about the safety of the therapy over several weeks and for a larger population. Nonetheless,
valuable first insights into the concentration profiles and safety of topically applied BA and
NVX-207 in horses were obtained.
Despite these promising preliminary in vivo results, it should be considered that the permeation
behavior of the substances in skin affected by EMM or ES can be changed for reasons already
explained above. In addition, tumor cells integrated in their in vivo native microenvironment
can be more robust against pharmacological influences than those cultivated under twodimensional in vitro cell culture conditions [172–174]. Therefore, still no reliable statement
about the efficacy of topically applied BA and NVX-207 on equine skin cancer patients could
be made with the data generated so far (manuscript I, II and III).
6.2.4. In vivo efficacy study
To assess the in vivo antitumoral effects of the topically applied drugs, the investigated test
formulations were used in eighteen horses suffering from early stage EMM (manuscript IV). A
further clinical trial with ES patients was not possible within the present PhD project, but the
investigations described in manuscript I, II and III provide a good basis to advance the
development of a topical therapy for this form of equine skin cancer. The various clinical and
histopathological manifestations of ES might explain the differences that are encountered in the
treatment responses to the multiple described therapy options [65,84]. Accordingly, there is still
a great need for research on risk factors, etiology, pathogenesis and possible treatment
approaches to the disease in order to develop reliable and evidence-based therapies. So far, no
studies have been published about the mechanisms of action of BA, NVX-207 or BBS in ES
cells. The data from this work may thus help to develop a way in which the tumors could be
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controlled on the cellular level with topically applied phytochemicals – either as a monotherapy
or as part of a combinational treatment protocol. Treatment durations between three weeks and
eight months are reported for the topical approach in ES [69,83,86,144]. An appropriate
treatment period for sarcoids treated with the formulations investigated here must be
determined in future studies with ES patients.
As shown by the study described in manuscript IV, the topical application of 1 % BA or 1 %
NVX-207 twice a day for 13 consecutive weeks (91 days) in EMM patients proved to be
convenient and safe. The topical therapy resulted in part in clinically visible und measurable
changes in early stage EMM lesions, which were reflected in skin depigmentation and reduction
in tumor volumes. Eight out of 12 tumors responded to treatment in the BA group and four out
of nine tumors reduced in volume in the NX-207 group. However, two tumors in the placebogroup showed also a reduction in tumor size. The treatment regime for the efficacy study could
only be presumed, as there are currently no topical treatment options for EMM patients that
rely on larger clinical evidence-based studies. Chemotherapy usually works best in fast growing
tumors with high mitotic indices [11]. Due to the often slow growth rate of early stage EMM,
it could, therefore, be speculated that a long-lasting treatment duration had to be applied
[7,21,30]. Results from in vitro cell culture experiments indicated that the longer the cancer
cells are in contact with the compounds, the less concentration of BA and NVX-207 is required
to exert antiproliferative and cytotoxic effects. In addition, another study reported an 11-week
long topical treatment of frankincense oil to a large EMM lesion, which led to a noticeably
volume reduction of the tumor [55].
Tumor selection. Early stage melanomas were selected for the efficacy study described here. In
accordance with the clinical EMM classification system published by Moore and colleagues
[21], the disease of all horses treated within the study were classified as EMM stage 2 (multiple,
slow growing tumors < 2 cm without metastasis). However, it should be noted that no
metastasis control was performed in the study horses. A reliable metastasis control in the living
horse is currently not possible due to limited diagnostic possibilities. Prospective EMM
classification systems should be modified accordingly. Generally, it is advisable to consider
early therapy of all accessible small EMM and ES lesions. Late stages of EMM have an
increased risk of malignancy [7,21] and, besides, the therapy of larger EMM and ES tumors is
known to be challenging or even impossible [21,84]. Hence, for the current study it was inferred
that smaller tumors are (at least theoretically) more susceptible to the topical
phytochemotherapy because there are fewer and more easily accessible tumor cells to kill [11].
Consequently, the rationale for the decision to treat small EMM lesions was the consideration
that the deepest cells within the tumor mass core in large tumors might be physically protected
from the effects of the topically applied BA and NVX-207. Probably the drugs would have been
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resorbed from outer tumor cell layers and no sufficient levels would have reached the deepest
cells. To address this hypothesis, prospective FDC experiments with melanoma-affected skin
have to be carried out. Concentration profiles of the compounds within tumors of different sizes
could be determined, once the methodology for these kinds of experiments is established and
standardized protocols are available.
Efficacy in EMM patients. Even though treated EMM lesions were small, only tumor size
reductions but no complete tumor remissions could be achieved after treatment with BA or
NVX-207. It is likely that tumors were located in the deep dermis and the topically applied
drugs may have not reached the full depth of the tumor invasion – even though the treatment
fields were continuously covered, which does, as shown in study III, increase the amount of
drug in the skin and permeated skin depth. Furthermore, tumor induced skin changes like the
fibrous tumor capsule, which was palpable around many lesions, could have negatively
influenced the permeation of the drugs. Besides – as already mentioned above – chemotherapies
work best in rapidly dividing cells, whereas the effects in tumors with slower growth fractions
and lower mitotic indices might be reduced [11]. Early stages of EMM are small and often
extraordinary slow-growing [21]. Therefore, even if high concentrations of BA or NVX-207
had reached the centrally located cells within the solid tumors, these cells may have had a
particularly slow replicative rate and were, in consequence, less sensitive to the compounds
[11]. This could be another reason why the treated tumors reacted only slowly to the therapy.
If a prospective improved pharmaceutical formulation could increase the penetration depth and
concentration of the active ingredients in the tumors, an application in study horses suffering
from larger, faster growing tumors would potentially be conceivable.
With regard to the in vitro and in vivo data about BA and NVX-207 reported here and previously
[96,110,137], it seems surprising that NVX-207 had less in vivo anticancer effects on the
melanocytic lesions than its parent BA. The determined in vitro IC50 concentrations for NVX207 leading to antiproliferative and cytotoxic effects in EMM cells were much lower than those
calculated for BA. Furthermore, the amount of NVX-207 found in the skin of healthy horses
after topical application was considerably higher than the concentrations of BA. The tumor
microenvironment of a solid tumor comprises the tumor cells themselves, but also resident and
infiltrating nontumor cells like fibroblasts, endothelial cells, macrophages, other immune cells
and the cytokines, chemokines, and growth factors that they secrete [174,175]. Hence, a reliable
transferability of in vitro results gained from monolayer cell culture experiments with cancer
cells to in vivo conditions is not always given and tumor cells in their native microenvironment
can be much more robust against chemotherapeutic influences [172–174]. It is also conceivable
that esterases in the skin have cleaved the active groups of NVX-207 at the C-3 and C-28
position, thus, rendering the substance ineffective or less effective [176]. Indeed, deacetyl-
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TRIS, a decomposition product of NVX-207, was also investigated by the project partners of
the Biozentrum (Martin-Luther-University Halle-Wittenberg) in cell culture experiments and
tested as significantly less effective against EMM cells MelDuWi and other human cancer cells
than NVX-207 (unpublished data). However, it is only speculative that a cleavage takes place
and appropriate studies have to be carried out to clarify this hypothesis. If the latter proves to
be true the next step would be to develop a drug carrier (i.e. liposome, microemulsion) that
protects the active ingredient from enzymatic hydrolysis or oxidation, delivers it intact to the
desired layer(s) in the skin and, hence, increases its bioavailability [85,177]. The results of the
skin sample examinations by means of HPLC analysis from the permeation studies clearly
verified the intact substance NVX-207 in healthy equine skin, which in turn speaks against this
assumption. Although the generated in vitro data on NVX-207 showed greater promise than the
results from the clinical efficacy trial, there were still valuable insights obtained with respect to
the effective mode of action in equine skin cancer cells and the in vivo safety and efficacy of
the compound. Nevertheless, the existing data fail to resolve the contradiction between in vitro
cell culture experiments and in vivo efficacy study.
Even though no complete tumor regression was observed after 91 days of treatment, the
preliminary observations from the efficacy study indicate that topical BA application might be
a feasible treatment to successfully stabilize or even reduce tumor bulk in early stage EMM
cases. This could, thus, reduce the health risks associated with the malignant degeneration of
tumors. BA has been demonstrated to exert greater anticancer effects in an environment with a
pH lower than 6.8 [178,179]. From a clinical perspective, this is an important property of the
compound since microenvironmental acidification is found in the majority of tumors as a
consequence of upregulated glycolysis and inadequate drainage through tumor tissue perfusion
[180,181]. To the author’s best knowledge, no data about pH values in EMM tissue exist.
However, those in human melanoma have been reported to range from 6.4 to 7.3 [181]. There
are no reports about the cytotoxicity of NVX-207 in an acidic microenvironment and reduced
efficacy at low pH may explain why NVX-207 was less effective than BA in the present study.
Investigations carried out by the project partner Skinomics GmbH showed that NVX-207
remains stable under acidic conditions to more than 94% (unpublished data). Further studies
must follow to prove the effectiveness of the compound in equine cancer cells in an
environment with acidic pH.
Although the topical treatment of early stages of EMM with 1 % BA and 1 % NVX-207 resulted
in part in tumor volume reductions, the results should be interpreted against the background
that two tumors (both horse 18) in the placebo group also showed a decrease in tumor size that
matched the definition of response to therapy. Histopathological examinations of the treated
skin at neck and ventral tail in study III revealed a perivascularly accentuated,
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lymphohistiocytic inflammation with few neutrophils in the superficial dermis. Results
indicated that the activation of the immune system was associated with ingredients in the carrier
cream “Basiscreme DAC”, as the alterations were observed in the placebo group also. Hence,
the repeated topical application of the study medication for 13 consecutive weeks in
combination with the covering of the treatment sites could have led to an increased blood supply
to the tumor area with increased immune cell infiltration not only in horses treated with BA and
NVX-207, but also in horses treated with the placebo [182]. Tumor infiltrating lymphocytes are
associated with a favorable prognostic role in the overall survival of human melanoma patients
[183,184]. Unfortunately, no histopathological examinations of the treated melanomas with
appropriate staining for vascularization markers or immune cell typing could be performed,
because skin biopsy samplings were not accepted by the stud management. This can be
considered a limitation of the present study. Thus, appropriate investigations are recommended
for future studies in order to elucidate if immunological adjuvant effects are involved in the
tumor volume reduction.
Study horse compliance. Even after 13 consecutive weeks of topical treatment twice a day the
equine patient compliance was very good. On the one hand, the study horses were broodmares
and therefore used to a manipulation in the sense of lifting the tail. On the other hand, neither
the horses enrolled in the study described in manuscript III nor private horses, in which the tail
was lifted for tests, showed defensive movements. The inconspicuous behavior of the mares
may also indicate that the treatment did not cause painful inflammatory reactions in the skin.
These observations are in line with the findings from study III demonstrating that mild clinical
skin changes occurred dominantly in the skin of the neck rather than on the tail. Thus, the topical
therapy of melanomas located on the ventral tail and in the perianal region has been proven to
be very feasible in this study. On the contrary, the topical approach for melanomas located in
the lip is probably not suitable due to the risk of the horse licking the cream and absorbing it
orally.
Local and systemic safety. The regular physical examinations of the study horses were
unremarkable and no clinically relevant abnormalities in serial blood samplings were noted.
The mild colic diagnosed in two horses each could be associated with reasons other than the
topical therapy. The follow-up examinations four month after the last treatment revealed that
all horses enrolled in the study were healthy and the treated tumors were stable in size. The
occasionally observed depigmentation of some EMM was a temporary side effect that had
vanished by the time of the follow-up examination.
Efficacy study – Conclusion. To summarize, the observations from study IV indicate that the
topical application of 1 % BA and 1 % NVX-207 over a period of 13 weeks is practicable and
safe in horses. A greater number of tumors responded to the therapy with BA and NVX-207
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than tumors from the placebo group. Furthermore, the non-invasiveness of the treatment and
the good patient compliance have been extensively demonstrated. By using only horses of the
same breed and sex, good comparisons could be made within the treatment groups and also
between the groups. However, patient selection and small sample size of the current study
clearly limits the conclusions for a more diverse and larger horse population. Consequently,
large-scale studies are required to verify the preliminary results reported here.
Nevertheless, the long treatment period and the application twice a day is a disadvantage of the
developed study medications as these could lead to a negligent treatment by the horse owners.
Besides that, no complete tumor regression was observed in any of the tumors treated. Although
the reported results indicate that the topical therapy may represent an alternative to the surgical
excision or to the frequently practiced approach of benign neglect of small solitary masses, the
aforementioned drawbacks emphasize the need for modifications in the current formulations or
techniques to improve the skin penetration and permeation in skin affected by EMM.
Prospective, modified formulations can certainly have a more "modern" and innovative
composition than the one used in the current PhD project. The cutaneous delivery of anticancer
drugs can be improved either by increasing drug solubility in the stratum corneum, by
increasing drug diffusivity in the skin and tumor tissue, or by increasing the degree of saturation
of the drug in the formulation [185]. Thus, the antitumor effects of the compounds may be
favorably influenced by a dose increase of BA and NVX-207 in the test formulation. Future
studies could further focus on other modifications in the topical applied vehicle, such as the
incorporation of permeation enhancers that transport large amounts of the active ingredient
through the fibrous tumor capsule of EMM to the tumor cells [85]. Besides, nanocarrier systems
like liposomes [71,85] and microemulsions [177,186] are well known examples of delivery
vehicles or carriers for hydrophobic drugs.
Despite significant understanding of the pathogenesis, risk factors and diagnosis of human
cutaneous melanoma, this disease is responsible for the vast majority of skin cancer-related
deaths in the fair-skinned population [187]. Since grey horses suffering from EMM are
repeatedly discussed and used as a translational research model for human melanoma
[20,36,50,55,188,189], the combined results of the four studies presented herein could also be
useful for human medical research. The compounds investigated in this thesis have been
reported to exert a good cytotoxic and apoptotic efficacy in human melanoma cells, as shown
for BA in human melanoma cell lines MEL-1, -2, -3, -4 [113], Mel-Juso [190], MeWo [156],
518A2 [150], and A375 [96,150] and NVX-207 in human melanoma cell lines 518A2 [137]
and A375 [96]. Consequently, an adaptation of the results to human applications is possible,
especially if subsequent projects to this PhD project also progress positively. If the latter proves
to be true, there is a real possibility of arousing the interest of larger veterinary or human

100

General discussion

pharmaceutical companies in the further development of the topical drug. This assumption is
supported by the fact that two studies have already been carried out on the topical application
of BA in human patients suffering from dysplastic melanocytic nevus and cutaneous metastatic
melanoma [98,191]. Unfortunately, study results from the clinical trials have not been published
so far. Summarized, the increasing interest in triterpenes and their derivatives [148] together
with the results demonstrated in this thesis may well stimulate the search for a safe and effective
drug for use in cutaneous cancers of diverse histological types in animal and human patients.
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7. Major findings and conclusions
The experiments conducted within the framework of the current thesis provide an important
contribution to the development of a topical drug against EMM and ES. A strength of the
present work is that in addition to numerous in vitro experiments, studies have also been carried
out on the target species, thus enabling a direct comparison of the generated data. The triterpene
BA, its derivative NVX-207 and the betulin derivative BBS were demonstrated to exert
significant antiproliferative and cytotoxic effects in primary EMM, primary ES cells and
primary equine dermal fibroblasts. Importantly, these in vitro anticancer effects were shown to
be triggered by the induction of apoptosis. Further, new insights into the in vitro penetration
and permeation profiles of BA and NVX-207 in isolated equine skin were given. In accordance
with these results, the amounts of BA and NVX-207 detected by HPLC in horse skin in vivo
exceeded by far the previously determined IC50 values of EMM and ES cells. In this context,
the local and systemic safety of BA and NVX-207 applied topically were proven. Even though
no complete remission of the tumors could be achieved with the investigated pharmaceutical
formulations in early stage EMM, a clear tumor response was observed after treatment with
both BA and NVX-207. The findings of the efficacy study must be regarded as preliminary due
to the limited group size and need to be replicated in a larger cohort. Prospective studies should
primarily focus on the modification of the pharmaceutical formulation in order to further
improve the clinical outcome. Taken together, the discussed studies of this PhD project provide
valuable pieces in a big puzzle which – when complete – could lead to an effective, marketable
topical drug which reduces health risks associated with EMM and ES and, consequently,
improve the welfare of equine skin cancer patients.
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8. Future perspectives
The efficacy and active mode of action of BA and NVX-207 in EMM and ES cells have already
been proven by previous research [96] as well as cell culture experiments reported here.
Concentration profiles for both compounds were investigated in normal equine skin in vitro and
in vivo. Altered concentration profiles of BA and NVX-207 in tumor-affected skin may have
limited the efficacy of the substances in the clinical trial reported in manuscript IV. “Just as it’s
easier to carry a drink in a glass rather than on a plate, finding the right carrier for medications
helps to ensure they arrive at their destination intact” [192]. Therefore, future research projects
should focus on the modification of the pharmaceutical formulations.
Different approaches exist to further improve the stratum corneum penetration and increase
skin permeability in order to reach the full depth of tumor invasion with sufficiently high
concentrations of the active substance. An enhanced drug diffusivity in the skin could be
achieved by disordering the stratum corneum lipids with chemical penetration enhancers like
DMSO [193] or oleic acid [194]. Propylene glycol and diethylene glycol monoethyl ether are
drugs, which are thought to increase drug solubility in the skin [185]. The cutaneous delivery
of BA or NVX-207 could further be improved by increasing the degree of saturation of the
drugs in the formulation [185]. Vasoconstrictor substances incorporated into the carrier vehicle
could influence drug absorption in the dermis and lead to enhanced local concentrations of the
compounds [195]. Incorporation of nanocarrier systems like liposomes [71], polymeric and
lipid nanoparticles [85] and microemulsions [186] could be other approaches that include
advantages like low potential for skin irritation, increased protection of the encapsulated drug,
and penetration-enhancing properties.
Prospective in vitro trials should be conducted not only on unaltered, but also on skin affected
by EMM or ES – even if a standardized procedure is difficult to achieve with tumor skin. Only
in this way, the influence on the permeation of possibly existing tumor-induced skin changes
such as ulcerations, hyperplasia of the epidermis or fibrotic tumor capsules as well as the
permeation in the tumor tissue itself can be assessed directly. In addition, besides FDC cell
experiments, even more sensitive and sophisticated techniques like cutaneous microdialysis
[87] or confocal laser scanning microscopy [196] could be applied.
Furthermore, combinational therapies with BA, NVX-207, BBS, or other triterpenoids or
protocols combining the phytochemical treatment with surgery or radiotherapy could be
considered for future studies to enhance the antitumor efficacy. To gain reliable data on the
efficacy of the topically applied drugs in equine patients suffering from EMM and/or ES, further
longitudinal, placebo-controlled, randomized, blinded large-scale trials in a multi-centric
approach with long-term follow-ups should be performed.
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