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Abstract

Cutaneous malignant melanoma is the fastest growing and

the most aggressive form of skin cancer that is diagnosed.

However, its incidence is relatively scarce compared to the

highest mortality rate of all skin cancers. The much more

common skin cancers include nonmelanoma malignant
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skin cancers. Moreover, over the past several decades, the

frequency of all skin cancers has increased much more

dynamically than that of almost any other type of cancer.

Among the available therapeutic options for skin cancers,

chemotherapy used immediately after the surgical inter-

vention has been an essential element. Unfortunately, the

main problem with conventional chemopreventive regi-

mens involves the lack of response to treatment and the

associated side effects. Hence, there is a need for much

more effective anticancer drugs. Correspondingly, the

targeted alternatives have involved phytochemicals, which

are safer chemotherapeutic agents and exhibit competitive

anticancer activity with high therapeutic efficacy. Among

polyphenolic compounds, some flavonoids and their deri-

vatives, which are mostly found in medicinal plants, have

been demonstrated to influence the modulation of signal-

ing pathways at each stage of the carcinogenesis process,

which is also important in the context of skin cancers.

Hence, this review focuses on an exhaustive overview of

the therapeutic effects of luteolin and its derivatives in the

treatment and prevention of skin cancers. The bioavail-

ability and structure–activity relationships of luteolin deri-

vatives are also discussed. This review is the first such

complete account of all of the scientific reports concerning

this particular group of natural compounds that target a

specific area of neoplastic diseases.
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1 | INTRODUCTION

Cutaneous malignant melanoma (CMM) is the fastest growing cancer in the fair‐skinned Caucasian population

and the most aggressive form of diagnosed skin cancer. Its incidence is less than 5% per year, which is relatively

low compared to its high mortality rate, which is the highest of all skin cancers. However, over the past several

decades, the incidence of CMM has increased much more rapidly than that of almost any other cancer.1

According to the GLOBOCAN 2020 database (https://gco.iarc.fr/today/home) published by the International

Agency for Research on Cancer (IARC), non‐melanoma malignant skin cancers (NMSCs) are the most common

skin cancers, accounting for 30% of the cancer burden, with an estimated incidence of over 350,000 cases per

year only in Europe, making them the most common malignant neoplasms in white populations each year.

The term NMSC encompasses basal cell carcinoma (BCC) and squamous cell carcinoma (SCC), which account for
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90% of the tumors of this type.2,3 The term is also used in reference to adnexal tumors, cutaneous lymphomas,

Merkel cell carcinoma, and other rare primary skin cancers. The incidence of NMSC (BCC and SCC) is 18‐ to

20‐fold higher than that of malignant melanoma.4–8

The reported dramatic increase in skin cancer incidence is mainly attributed to chronic ultraviolet (UV)

exposure and to skin type, which are the dominant risk factors. Additionally, personal factors such as age, sex, and

genetic background contribute to CMM susceptibility and are mainly attributed to the melanin content in skin

layers. Another important aspect is the inheritance of skin cancer susceptibility associated with low and high

penetrance genes described in the following sections.3 The incidence of melanoma increases with age, as

evidenced by the data showing that the average age of diagnosis is approximately 60 years. The risk of occur-

rence is also closely related to sex. The incidence of melanoma in men is 1.5‐fold greater than it is in women. The

relationship between incidence and age becomes very clear in people older than 75 years, when the incident

coefficient increases twofold. Additionally, geographic zone, common or atypical nevi, and chronic sun exposure,

especially in childhood, are suggested to be major environmental risk factors for melanoma.6,9,10 The relationship

is evident in the correlation between the risk of BCC and the “history” of UV ray overexposure, particularly

sunburn, especially in childhood. However, these factors do not translate into SCC, the risk of which is closely

related to long‐term UV exposure.11 In contrast to that of melanoma, the incidence of NMSC has been proven to

be closely related to age. At an early age, people of either sex show a similar prevalence for acquiring either

NMSC. The situation changes for men older than 45 years, because NMSC affects this group of men 2‐ to 3‐fold

more frequently than women.3,5,6,12–15

Among the available therapeutic options for skin cancer, chemotherapy administered immediately after

surgical intervention has been an essential element of the available anticancer therapies for decades.

Unfortunately, the main problem with conventional chemopreventive regimens is the lack of response to

treatment. Hence, there is a need for much more effective anticancer drugs. Moreover, inherent side effects

are other problems with currently available chemotherapeutics. Therefore, alternatives based on phyto-

chemicals have been used because they are safer than traditional chemotherapeutic agents and exhibit

competitive anticancer activity with high therapeutic efficacy.16 Currently, of all cancer therapeutics ap-

proved by the U.S. Food and Drug Administration (FDA), as many as 40% are directly or indirectly related to

natural sources.17 Notably, cytostatic compounds including vincristine, vinblastine, vinorelbine, paclitaxel,

docetaxel, topotecan, irinotecan, and others are only some examples of the anticancer drugs and plant‐

derived agents approved for clinical use.18–20 The current state of knowledge supports evidence of the

beneficial effects of combination therapies consisting of conventional anticancer drugs and natural com-

pounds.21 Medicinal plants and their bioactive compounds have been successfully used for years as com-

plementary therapies. In addition, the research performed with multiple cancer cell lines and animal models

including skin cancer proves that these combinations can suppress many stages of development and pro-

gression of cancer cells by influencing a number of mechanisms, such as the cell cycle, and by inhibiting

angiogenesis and proliferation or activating proapoptotic and pro‐survival proteins.22–25 Currently, various

formulations in the market contain compounds of natural origin for use in skin cancer or precancerous

conditions such as Birch Bark ointment, Curaderm®, or Cansema®.26 Among the groups of phytochemicals

studied thus far, flavonoids constitute a class of secondary plant metabolites showing potent anticancer

activity, particularly in the context of skin cancer, by modulating signaling pathways at each stage of carci-

nogenesis.18,27 However, in a search of literature published worldwide, only general reviews of the broadly

understood anticancer activity of flavonoids can be found. Contrary to similar manuscripts, our review

describes the therapeutic effects of luteolin22 and its derivatives in treating and preventing skin cancers, both

NMSCs and melanoma, which significantly distinguishes our review from others. The bioavailability and

structure–activity relationships (SARs) of luteolin and its derivatives are described, making this report the
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first comprehensive and complete account of all scientific reports concerning this particular group of natural

compounds targeting specific neoplastic diseases.

2 | METHODOLOGY/SEARCH STRATEGY

A comprehensive search analysis was performed to identify relevant scientific literature on the basis of an

appropriate search string entered in relevant subject databases. The electronic databases of SCOPUS, Google

Scholar, PubMed/MEDLINE, Web of Science (SCI‐EXPANDED), Taylor & Francis Online, Wiley Online

Library, EBSCO Discovery Service (EDS), REAXYS Database, and Science Direct/ELSEVIER were extensively

searched in the preparation of this review. Clinical trial information was retrieved from the ClinicalTrials.gov

database. Chemical structures were confirmed with entries in the PubChem and REAXYS databases. Titles,

abstracts, and keywords (TITLE‐ABS‐KEY) contained in these databases were searched using the following

terms separately or in various combinations taking into account the requirements or limitations of the da-

tabases searched in the first screening step: “luteolin,” OR “luteolin derivatives,” OR “natural compounds,” OR

“flavonoids,” OR “melanoma,” OR “skin cancer,” OR “cutaneous melanoma,” OR “skin melanoma,” OR “non-

melanoma malignant skin cancers,” OR “basal cell carcinoma,” OR “squamous cell carcinoma,” OR “skin basal

cell carcinoma,” OR “skin squamous cell carcinoma,” OR “SCC,” OR “BCC,” OR “anticancer activity,” OR

“chemopreventive activity.” The search was restricted to studies written in the English language. Only articles

published between 1994 and 2021, which includes the first scientific report on the activity of the tested

group of compounds in the context of skin cancer therapy or prevention, were retained. The second

screening was based on full texts. Additional papers were identified from the review articles and reference

lists identified in the initial literature searches.

2.1 | Inclusion and exclusion criteria

Studies conducted on models of skin melanoma and other skin neoplasms treated with luteolin and/or its

derivatives and that included an evaluation of the preventive and/or antitumor effects of these natural

compounds were retained. The inclusion criteria of the published studies were (1) research model criteria

were adopted with in vitro and/or in vivo models and/or clinical trials of skin cancer treatments, (2) pre-

ventive and/or antitumor effects of pure compounds (luteolin and/or its derivatives) and/or plant extracts

rich in luteolin and/or its derivatives were administered to the adopted models, (3) the criteria for the

antitumor response were defined for each documented experiment (with an IC50 value above the con-

centration of the tested compounds) affecting the proliferation of cancer cells, (4) the research was reported

in full, (5) the paper was published in the English language, and (6) the article was published after the first

scientific report on the activity of the tested group of compounds and/or plant extracts containing the tested

compounds on an adopted research model and before July 2021.

The exclusion criteria for the published articles were (1) studies on melanoma but not skin melanoma, (2)

studies on cancers such as squamous cell carcinoma, SCC or basal cell carcinoma, or BCC but not in skin, (3)

studies that reported preventive and/or antitumor activity of natural compounds on the adopted models but

not of luteolin or a luteolin derivative, (4) studies that reported preventive and/or antitumor activity of

flavonoids on the adopted models but not luteolin or a luteolin derivative, (5) studies that reported pre-

ventive and/or antitumor activity of synthetic drugs on the adopted models, (6) papers not published in the

English language, and (7) study results presented in the form of a letter to the editor, a commentary, a

preface, an abstract without full accompanying paper, a conference paper or a book review.
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3 | SKIN CANCERS

3.1 | Non‐melanoma malignant skin cancers

3.1.1 | Basal cell carcinomas

BCC, the most common skin cancer, is characterized by low malignancy and limited local invasiveness.3,28 However,

the term semi‐malignant appears in the context of BCC, particular with respect to rare metastases, occasional

aggressive growth with tissue destruction, and involvement of lymph nodes.29,30 BCC develops de novo from

cutaneous keratinocytes and is caused by UV‐induced mutations in basal layer cells of the epidermis and its

appendages.

Most often, BCC is located in areas exposed to direct sunlight, such as facial skin, especially above the line

connecting the angle of the mouth with the opening of the external auditory canals, as well as the backs of the

hands; however, it can occur anywhere on the body. Early cases of BCC usually appear as a translucent or pearly

small papule, sometimes with visible telangiectasia. The BBC growth rate is slow, and its metastasis is sporadic.

BCC consists of the following subtypes, which are distinguished on the basis of physical characteristics and

histological findings: nodular, superficial, and morphea forms, accounting for 60%, 30%, and 5%–10% of cases,

respectively.5,7,8,31

3.1.2 | Squamous cell carcinomas

SCC is caused by malignant neoplasia of epidermal keratinocytes with variable squamous differentiation, local

infiltration, and invasion into surrounding tissues.3,28 In contrast to BCC, SCC can arise from precursor lesions,

including actinic keratoses (AKs) and SCC in situ, a condition called Bowen's disease, which is much more invasive

and metastatic than BCC, mainly spreading to lymph nodes. SCC metastasis is the result of a complex process

leading to the migration of cancer cells through the extracellular matrix (ECM), which is also degraded by proteases.

AKs progress to SCC in 1%–10% of cases, a percentage that increases with the number of lesions on the patient,

and the incidence of Bowen's disease derived from AKs is 3%–5%.

SCC lesions are most often located on sun‐exposed skin areas, such as the back of the hands, ears, scalp, and

central part of the face, which results in photodamage of the skin. Only in rare cases, they develop elsewhere on

the body.2 Characteristic SCC lesions are erythematous papules with well‐limited edges. The first symptom of

malignancy is induration, which is common to all SCCs.5,8,32

3.2 | Melanoma

The European Dermatology Forum (EDF) Society defines melanoma as the most malignant skin cancer arising from

pigmented nevi, mainly in atypical or unchanged skin, and tends toward early metastasis.1,33,34 The melanocytes

located in the basal layer of the epidermis break away, causing uncontrolled malignant proliferation.

The clinicopathological classification of invasive melanoma is based on Clark and McGovern's proposal:

superficial, lentigo maligna, nodular, and acral lentiginous melanoma.28,35 The most common type, accounting for

75% of all malignant melanomas, is superficial melanoma. A characteristic histological feature is the radial growth of

the plaque into deeper layers of tissue past the papillary dermis and the dermal layer via single‐cell dispersion. The

most common localization of superficial melanoma is the surface of the back in men and the lower extremities in

women and manifest, where the lesions feature irregular borders and asymmetrical shapes. In addition, the lesions

have no characteristic color; melanoma can present as white, gray, blue, red, brown, and black.4,36,37 Lentigo
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maligna melanoma is the second most common type. Most often, this form develops in areas exposed to direct

sunlight, showing itself as a small macule with an asymmetric shape with an irregular border. Its size and color

change as the tumor grows. Nodular melanoma constitutes 15%–30% of aggressive melanomas. It manifests as dark

polypoid or pedunculated nodules with a rather small surface area because it grows rapidly deep into the skin layers

and relatively slowly in width on the exposed layer. This growth pattern makes late diagnosis likely. The least

common melanoma is acral lentiginous melanoma, accounting for only 5% of cases. Acral lentiginous lesions most

often appear on the back of the hands, on the palmar side, and in subungual areas, where it appears as a change in

pigmentation in the nail plate to dark brown or black.5,38,39 Despite the information obtained through the con-

tinuous development of clinical, histological, and biochemical methods, the course of melanoma remains very

unpredictable. Melanoma is an aggressive malignant neoplasm that, despite favorable survival rates upon detection

at an early stage, metastasizes beyond the primary site. In cases of metastases, the therapy options are quite limited

because of the resistance to treatment, and the prognosis for patients is bleak.1,30,40–42

4 | CAUSATIVE FACTORS AND PATHOGENESIS OF SKIN CANCERS

The complex process of skin carcinogenesis resulting from the clonal spread of mutated cells begins with neoplasm

initiation and continues with the promotion and progression of neoplastic cells. In the irreversible stage of initiation,

genotoxic effects influence normal cells, and in the next stage, the proliferation of initiated cells is reversible, but

these cells ultimately progress through a subsequent stage of irreversible malignant transformation characterized

by specific karyotypic instability; id est, the distinct stages involve promotion and progression of the malignancy,

respectively.43 Cells that undergo malignant transformation during cancer progression are predisposed to angio-

genic responses and unlimited proliferation with the involvement of surrounding tissues and metastases, simulta-

neously triggering protective mechanisms against therapeutic proliferation‐limiting pathways.44,45 This process is

induced via complicated interactions between genetic and environmental factors such as UV radiation, genetic

mutations, oncogene activation, malignancy suppressor gene deactivation, and DNA repair process disorder

(Figure 1).3,5 In addition to UV radiation, many triggers are associated with skin cancers. Melanoma is defined

F IGURE 1 Skin carcinogenesis. Schematic representation of three steps in the process of carcinogenesis
initiated by causative factors and a proposed mechanism of melanoma progression. Each stage of the depicted
process includes associated mutations in key genes, changes in the cells, and the reversibility of the process [Color
figure can be viewed at wileyonlinelibrary.com]
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as an immunogenic neoplasm, as evidenced by the high morbidity in people with treatment‐induced im-

munosuppression or with acquired immunodeficiency syndrome (AIDS). Additionally, patients taking im-

munosuppressants are also at high risk for developing SCC. In the case of BCC, chronic exposure to arsenic or a

diagnosis of basal cell nevus syndrome (Gorlin syndrome) is a factor, and in the case of SCC, epidermolysis bullosa

syndromes, chronic inflammation caused by damage to the skin, and mechanical irritation such as burn scars are

factors. SCCs located within genital organs are often associated with the presence of the potentially oncogenic

β human papillomavirus (HPV). HPV impairs the DNA repair process, driving carcinogenesis.4,5,46–51

The multifactorial pathogenesis of skin cancers in the greatest number of cases begins with UV radiation exposure,

resulting in a cascade of direct and indirect effects, such as DNA damage, gene mutations, immunosuppression, for-

mation of cyclobutane pyrimidine dimers, oxidative stress, and inflammation. Chronic inflammation is characteristic of

the pathogenesis of neoplasms, including skin cancers. Inflammation caused by exposure to UV radiation occurs through

several mechanisms. In one mechanism, the levels of reactive oxygen species (ROS); cytokines, such as tumor necrosis

factor α (TNF‐α), interleukin 6 (IL‐6), interleukin 1β (IL‐1β), cyclooxygenase‐2 (COX‐2); and prostaglandin metabolites are

increased.52–54 In another mechanism aryl hydrocarbon receptors (AhR) in keratinocytes and melanocytes are activated

after binding of polycyclic aromatic hydrocarbons and organic environmental pollutants, leading to AhR‐mediated

induction of monooxygenases cytochrome P450 (CYP), CYP1A1 and CYP1A2, important enzymes in the metabolism of

xenobiotics and often results in excessive generation of ROS, causing oxidative stress, inflammation, and carcinogen-

esis.55–57 Moreover, it has been shown that UV radiation exposure influences the course of all the above‐mentioned

stages of skin carcinogenesis, although the exact mechanism of action in the promotion and progression stages is

unclear.45,58 UV rays degrade keratinocytes and melanocytes, causing malignant mutations, which are especially pre-

valent in fair skin, which has a low level of dark pigment (eumelanin) to block UV radiation. A correlation has been found

between the occurrence of melanoma and increased melanogenesis and overexpression of melanogenic enzymes such

as tyrosinase (TYR).59,60 Hence, blood TYR is measured as a marker in the diagnosis of melanoma.61,62 In addition to skin

complexion, the harmful mutational UV effect is exacerbated by ozone depletion, latitude, and other factors.54,63,64 UVB

radiation is much more mutagenic than UVA radiation; it induces changes in adjacent pyrimidines, contributing to the

formation of mutagenic cyclopyrimidine dimers and pyrimidine‐pyrimidine adducts. UVA changes DNA through

oxidative stress.8,65,66 As mentioned, low‐ and high‐risk genes are essential in the process of skin cancer formation. The

former includes the melanocortin‐1‐receptor (MC1R), which is closely related to the repair of UV‐damaged DNA and

the adaptive pigmentation response by encoding the α‐melanocyte‐stimulating hormone (α‐MSH) receptor critical for

melanin synthesis.63 Key elements in skin cancer and its clinical evaluation are apoptotic pathways such as the tumor

suppressors p53, tumor necrosis factor (TNF)‐related apoptosis‐inducing ligand (TRAIL), COX‐2, nuclear factor kappa‐

light‐chain‐enhancer of activated B (NF‐κB), epidermal growth factor (EGF) receptor (EGFR), mitogen‐activated protein

kinase (MAPK) pathways and the sonic hedgehog (SHH) signaling.8,63,64,67

A significant portion of NMSC cases, as many as 90% SCC and 50% BCC cases, present with mutation in the

p53 suppressor gene inherently involved in cell cycle regulation, apoptosis, and DNA repair through its effect on

genes such as p21, Fas, and damage specific DNA binding protein 2 (DDB2).68,69 p53 mutation is rarely found in

melanoma. UV ray‐induced mutation results in the induction of NMSC through resistance to apoptosis and clonal

keratinocyte expression. Additionally, in SCC and melanoma, p53 has been observed to upregulate Fas/FasL

pathway component expression, inducing apoptosis after binding of the Fas receptor to the FasL under physio-

logical conditions. UV radiation exposure inhibits the expression of the death receptor characteristic in TRAIL, as

observed in AK and SCC.8,63,70 Equally important in the pathogenesis of skin cancers, specific binding of EGFR,

belonging to the tyrosine kinase receptor (RTK) family, and involved in most cell signaling processes, such as

growth, proliferation, migration, differentiation and cell apoptosis, is changed in a manner measurable by im-

munohistochemistry. EGFR changes are detected in most cases of NMSC. Overexpression of EGFR in SCC cells

contributes to the acquisition of the aggressive phenotype. Activation of EGFR is mediated not only by EGF but also

by heparin binding and is a consequence of tumor growth factor (TGF) and amphiregulin activation. Active EGFR

forms complexes with signaling proteins including Shc, steroid receptor coactivator (Src), leading to activation of
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MAPK and the phosphoinositol‑3‑kinase (PI3K) pathways, ultimately leading to cell proliferation, apoptosis, tumor

development, cancer cell migration, and metastasis.63,71–74

Other RTKs in NMSC are also associated with disruptions to the signaling of the complex NF‐κB pathway

induced directly by free radicals, carcinogens, X‐rays, and UV radiation or indirectly by binding of cytokines

to plasma membrane receptors under the influence of UV radiation.68 NF‐κB controls many physiological

processes and cell proliferation by regulating the cell cycle, apoptosis, and inflammation. As a result of a

cascade of mechanisms, activated NF‐κB is translocated to the nucleus, where it promotes the transcription

of apoptotic pro‐inflammatory genes and genes targeting cytokine, including interferon, production

pathways.63,75,76

Activation of the NF‐κB pathway, as well as the MAPK and PI3K pathways, may also be a consequence of the

overexpression of COX‐2 induced by UVB radiation. COX‐2 induces in this way inflammation, and cancer cell grows

by induction of IL‐6 and catalyzation of the formation of Prostaglandin E2 (PGE2) that is known to bind and activate

its G protein‐coupled receptors, prostaglandin E2 receptors (EPs) 1–4 (known as EP1, EP2, EP3, and EP4).

The relationship between premalignant lesions and NMSC development and COX‐2 activity has been proven

repeatedly, and inhibition of the EP receptors pathways has the potential to prevent cutaneous SCCs77; in addition,

COX‐2 inhibitors have been used in the therapy of SCC and BCC.63,78–80 Additionally, the SHH signaling pathway,

consisting of transmembrane proteins Ptch1, Smo, and Shh, is important for sporadic and hereditary BCC. However,

it is not associated with SCC. Activation of SHH is an underlying mechanism of BCC triggered by point mutation‐

induced inactivation of the Ptch1 component.30,63

4.1 | The role of microbiome in skin cancers

The microbiome is another aspect correlated with skin cancer, changes to which may relate to mechanisms that

increase or decrease the risk of skin cancer. As already mentioned, tissue damage and chronic skin inflammation are

closely related to the occurrence of skin cancer. Modulation of inflammatory and immunological processes in the

skin occurs through diverse external microbiome environments. Disruption of the normal skin microflora occurs due

to environmental exposure, UV radiation, the influence of antibiotics as well as immunosuppressive drugs. Com-

mensal skin bacteria have been shown to reduce inflammation during wound healing by regulating the

inflammation‐dependent toll‐like receptors (TLRs) expressed in skin cells directly involved in neoplastic transfor-

mation (keratinocytes and melanocytes). Uncontrolled activation of TLRs is closely associated with chronic in-

flammation and increased likelihood of skin cancer. Hence, a strong correlation between a normal skin microbiome,

adequateTLR receptor signaling, and the process of carcinogenesis is noted.81 Additionally, some commensal HPVs

protect against UV‐induced carcinogenesis. On the other hand, Staphylococcus aureus is strongly associated with

both AK and SCC, implicating the carcinogenic process by inducing the release of pro‐inflammatory cytokines

(interleukin 1α (IL‐1α), and interleukin 36 (IL‐36)) in keratinocytes and thus promoting chronic inflammation.

Furthermore, other pro‐inflammatory cytokine‐dependent cytokines regulate the cutaneous colonization of these

microorganisms, maintaining the inflammatory loop and ultimately triggering tumor progression. In addition to

S. aureus, other bacteria such as S. epidermidis, Escherichia coli, and Pseudomonas aeruginosa modulate inflammatory

processes in keratinocytes that underlie oncogenesis. However, another strain, Malassezia reduces excessive co-

lonization of S. aureus while preventing SCC.82 Moreover, the gut microbiome, in addition to its well‐documented

effects on gastrointestinal cancers, also influences dermatoses such as acne vulgaris, atopic dermatitis, psoriasis as

well as skin cancers by modulating immune function. The cutaneous immunomodulatory effects of Lactobacillus

paracasei have been documented.81,83,84 Although there are direct indications linking the skin microbiota and the

immune system, the role of the skin microflora both in direct skin carcinogenesis and in modulating the immune

system still needs to be clarified.
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5 | MOLECULAR PATHOGENETIC PATHWAYS IN THE GENESIS
OF SKIN CANCER ESPECIALLY MELANOMA

5.1 | The mitogen‐activated protein kinase pathway

Currently, many molecular pathways that accompany the transformation of normal melanocytes into benign or

melanoma cells, as well as the progression and malignancy of melanomas, are known. Compared to many other

human cancers, melanoma is more closely associated with somatic alterations.85 The most common somatic mu-

tations involve oncogenes neuroblastoma rat sarcoma viral (RAS) viral oncogene homolog (NRAS), v‐raf murine

sarcoma viral oncogene homolog B (BRAF), and neurofibromin type 1 (NF1) and suppressor genes phosphatase and

tensin homolog (PTEN), p53 and others. These mutations affect cellular processes such as cell proliferation, growth

and metabolism, apoptosis, and the cell cycle. The genomic changes induce impairments to the activation of

fundamental signaling pathways, namely, the PI3K pathway and the RAS/rapidly accelerated fibrosarcoma (RAF)/

mitogen‐activated protein kinase (MEK)/extracellular‐regulated kinase (ERK) signaling cascade, also known as the

MAPK pathway (Figure 2). Mutations in the MAPK protein kinase pathway are the most frequently observed, and

they have been found in 75%–90% of melanoma cases. The primary mutations affect BRAF (in 60%–80% of cases)

and NRAS (in 15%–30% of cases), which are in the same pathway, although they are infrequently mutated at the

same time.86–89

F IGURE 2 The molecular pathways in skin cancers. Objects highlighted in blue color symbolize RAS/RAF/MEK/
ERK signaling cascade, also known as the mitogen‐activated protein kinase (MAPK) pathway. The oncogenes
outlined in the green have been identified as the most common oncogenes with somatic mutations in skin cancer,
especially melanoma. Presented pathways and steps, connected by arrows showing interdependencies, represent
complex signaling pathways leading to cell proliferation or apoptosis [Color figure can be viewed at
wileyonlinelibrary.com]
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The intracellular MAPK pathway transmits extracellular signals to the nucleus, thereby regulating

proliferation, differentiation, and apoptosis. In addition, it is the central platform for the development of

melanoma and may enable its initiation or propagation. The mechanism underlying dysregulated signaling

involves somatic BRAF mutations, a proto‐oncogene encoding a serine‐threonine protein kinase in the MAPK

pro‐growth signaling pathway. These mutations induce genomic instability, enhance cell replicative potential

and angiogenesis, inhibit apoptosis, and drive uncontrolled cell proliferation, which plays an important role in

the development of melanoma.31,88 Typically, BRAF mutants are results of missense mutations, particularly

an amino acid substitution at valine 600, such as V600E, V600K, and V600D, leading to abrogated encoded

valine and increased glutamic acid, lysine, aspartic acid, and arginine residues, respectively.86,90,91 The BRAF

protein has three domains, with two regulatory and one catalytic, involved in the phosphorylation of MEK

and adenosine triphosphate (ATP) binding through a hydrophobic interaction with the “glycine‐rich” loop and

the activation segment of the catalytic domain in MEK. BRAF mutations generate the replacement of

hydrophobic valine with polar and hydrophilic glutamic acid, BRAFV600E. This abnormal domain inversion

results in a constitutively active conformation with very high kinase activity, driving melanoma

progression.86,92 BRAF mutations are observed not only in cases of metastatic melanomas but also in more

than one‐half of benign nevi. They are crucial elements not only in the formation of melanocytic neoplasm

but also in cancer progression.88,93–95

The second source of molecular changes related to the activation of the RAS‐RAF‐mitogen in the MAPK

pathway is the NRAS oncogene, which is associated with guanosine triphosphate (GTP) binding and reg-

ulation of the cellular response to soluble growth factors. NRAS mutations are reported in 15%–30% of

melanoma cases, most of which are missense changes in codons 12/13 or 60/61, leading to prolonged NRAS

signaling along with activated MAPK and PI3K pathways.31,86,88,89 As in the case of BRAF mutations, NRAS

mutations are observed in patients with metastatic melanomas but also with benign nevi. Both of the

described mutations in the MAPK pathway are associated with uncontrolled proliferation and metastatic

development of primary melanoma, but these mutants may be used as targets for the development of anti‐

melanoma drugs.88,93,96,97

The least common MAPK mutations include those correlated with suppressor gene NF1. The NF1 protein

inhibits RAS signaling by inactivating RAS‐GTP to RAS‐guanosine diphosphate (RAS‐GDP). Ultimately, the

NF1 mutation leads to increased activity of NRAS and hence activated MAPK and PI3K pathways. Moreover,

the integral cellular component tyrosine‐protein kinase Kit (c‐KIT) receptor, belonging to the previously

mentioned RTK family, is also involved in these pathways due to multiple docking sites for proteins such as

PI3K, leading to the activation of MAPK signaling pathway.74,98 c‐KIT receptor activation leads to the pro-

liferation and migration of melanoma cells or melanocytes, contributing to melanogenesis and the formation

of tumors.72,74,86,88,99,100

5.2 | The PI3K pathway

A distinct phosphoinositol‑3‑kinase (PI3K) pathway is involved in melanoma cell proliferation and metastasis.

Overactivation of the PI3K pathway may be an indirect result of NRAS mutation, as described above, or loss of

PTEN function. The PI3K pathway plays a role in inhibiting apoptosis, and in melanoma cells, its increased activity is

associated with acquired resistance in melanoma treated with BRAF inhibitors.101,102 Under physiological condi-

tions, PTEN, a suppressor gene, is closely related to the progression of the cell cycle. Additionally, as a protein

subject to dephosphorylation and able to regulate cell‐to‐cell adhesion, PTEN deactivates the PI3K pathway and

suppresses MAPK signaling. Detectable changes in the PI3K pathway and in PTEN expression are results of

chromosomal deletions, missense point mutations, epigenetic mechanisms, or microRNA action.31,86,88,103
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5.3 | Oncogenes CDK4 and CDKN2A

Oncogene cyclin‐dependent kinase 4 (CDK4) and the cyclin‑dependent kinase inhibitor 2A (CDKN2A), which

encodes p16INK4A, which is expressed in a cyclin‐dependent kinase‑dependent manner, are not only involved in

the development of in situ melanoma (familial melanoma) but are also correlated with other malignancies, such as

breast and pancreatic cancer.31,97,104,105 Both CDK4 and CDKN2A participate in the regulation of the cell cycle and

regulate the transition of tumor cells from the G1 to S phase and thus can cause uncontrolled proliferation

(Figure 2). Cyclin D1 activates the proto‐oncogene CDK4, while p16INK4a has the opposite effect by inhibiting

abnormal melanoma cell division.45,86,88,106 In addition, mutations in a tumor suppressor gene cyclin‑dependent
kinase inhibitor 2B (CDKN2B) in benign melanocytic nevi can lead to melanoma development.31,107

6 | AVAILABLE THERAPY FOR SKIN CANCERS

As stated by the EDF Society, the mainstay of NMSC treatment is surgery followed by the histological examination

of tumor margins, which is required to ensure treatment success and complete removal of the NMSC lesion.8,108

For radical excision intervention, the size, and depth of the infiltrating neoplastic lesion should be taken into

consideration.3 In the case of high‐risk tumors, in addition to surgical excision, Mohs micrographic surgery and

radiotherapy are performed.63 Mohs micrographic surgery is a highly efficient procedure for complete resection of

both primary and recurrent BCC and SCC lesions, enabling the identification and complete removal of the tumor.

Radiation therapy is used as complementary and palliative therapy in NMSC, but its effectiveness is limited by the

inability to introduce it into the therapeutic management of recurrent BCC.8 Ablative techniques such as elec-

trodesiccation, curettage, and cryotherapy are also recommended for low‐risk NMSC.63 Electrodesiccation with

curettage is a frequent therapeutic method characterized by high effectiveness but limited to use in poorly defined

BCC and SCC tumors posing increased risk and presenting with a recurrent nature.8 Therefore, in the case of SCC

with an increased risk of metastases, surgical excision or Mohs surgery, not electrodesiccation or curettage, is

recommended.5 Liquid nitrogen cryotherapy involving cold‐induced NMSC destruction and precise CO2 laser

ablation are effective methods for the treatment of low‐risk SCC and BCC. However, tumor removal using a CO2

laser is a rarely used method.8 For all of the abovementioned methods, it is suggested that chemotherapy and/or

immunotherapy be used as supplementary treatment or monotherapy.63,109 Topical therapy with 5% imiquimod is

acceptable for application in BCC and Bowen's disease when used with 5‐fluorouracil for regulating key cell

receptors.3,5

Primary melanomas detected in the early stages may respond effectively to local therapy involving surgical

excision of the neoplastic skin lesion, with a 92% overall survival rate, with marginal cases depending on the

pathological staging of the melanoma on the basis of Breslow classification.3,5,110,111 Additionally, sentinel lymph

node dissection and radical removal of surrounding lymph nodes are recommended.95,112,113 The use of these

methods of treatment at an early stage ensures a high survival rate. However, the prognosis becomes less en-

couraging with nodal involvement or metastasis, declining to only a 10% chance of 5‐year survival. In the treatment

of inoperable melanoma in the advanced stage of this disease, radiotherapy has also been ineffective.5,88,114 In

recent years, the therapeutic options for metastatic melanoma have significantly expanded and include

chemotherapy, immunotherapy, and targeted therapy.95,108,115

6.1 | Chemotherapy

In the treatment of metastatic melanoma, chemotherapy has been the "standard" for more than 40 years, targeting

the pathological pathways of apoptosis or their absence in cancer cells. Monotherapy of melanoma with
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dacarbazine (DTIC) is mainly a palliative therapy. DTIC is converted to the active alkylating metabolite 3‐methyl‐

[triazen‐1‐yl]‐imidazole‐4‐carboxamide. Although DTIC, the first chemotherapeutic treatment approved by the

FDA for metastatic melanoma,116 is the most effective of all available methods of chemotherapy, it is largely

ineffective, often inducing no therapeutic response. As a result, DTIC is recommended for use in combination

therapy with other cytostatics: vindesine, vinblastine, cisplatin, carboplatin, taxane, carboplatin, or nitrosoureas,

such as carmustine, lomustine, or fotemustine. These chemotherapeutic agents exhibit little effect when used as a

single chemotherapeutic agent, with the exception of nitrosourea, whose activity is comparable to that of DTIC.

However, combination therapy produces a slightly better response but with significant side effects. Currently,

chemotherapy is considered a treatment of last resort for patients with resistance to more effective therapies

(immunotherapies and targeted therapies) or in countries where access to new more‐effective drugs is lim-

ited3,63,108,114 (Figure 3).

6.2 | Immunotherapy

Immunological treatment, which is one of the basic systemic therapies, is based on the manipulation of targeted

immune system responses to melanoma cells. Upon immunostimulation of interleukin 2 (IL‐2) through receptors

composed of IL‐2Rα, IL‐2Rβ, and IL‐2Rγ subunits, proliferation and the function of T lymphocytes and natural killer

cells are activated; these cells search for melanoma cells expressing a major histocompatibility complex (MHC)

molecule absent in all but melanoma cells and then lysing them, inhibiting tumor growth and immune check-

points.88,114 Despite its effectiveness, IL‐2 therapy is associated with numerous undesirable side effects. In-

flammatory reactions, nausea, diarrhea, and capillary leak syndrome are observed in 16%–17% of patients receiving

an intravenous infusion of IL‐2.3,117 Interferon‐α (IFN‐α) administered after surgical excision as an adjunct therapy

in patients with metastatic melanoma to inhibit the proliferation of residual melanoma cells continuously stimulates

the activity of lymphocytes such as CD4+ and the secretion of interferon‐ γ (IFN‐γ) and IL‐2, leading to a long‐term

immune response.118 Unfortunately, patients in greatly advanced stages of melanoma show a low response to this

therapy and, similar to IL‐2 therapy, IFN‐α induces cytotoxicity, especially during long‐term treatment. IFN‐α and

F IGURE 3 Chemical structures of clinical chemotherapeutics used in skin cancer treatment: dacarbazine (A),
vindesine (B), vinblastine (C), carboplatin (D), fotemustine (E), lomustine (F), taxane (G), and carmustine (H)
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IL‐2 constitute the main immunotherapies used with melanoma patients. The response rate to these treatments

increases after biochemotherapy administration because of the combination of both immunotherapeutic agents and

cytotoxic chemotherapeutic agents, such as DTIC, which is the third element of this therapy.88,114 A breakthrough

in the development of novel immunotherapies has led to a therapy based on suppressing the immune response to

the tumor microenvironment. Monoclonal antibodies, such as ipilimumab, nivolumab, and pembrolizumab, against

the programmed death‐1 (PD‐1)/programmed death ligand‐1 (PD‐L1) inhibitory pathway that exists in the immune

system to prevent the immune cells destroy normal host cells (autoimmunity), resulting in modulation of T lym-

phocyte activity and consequently to the immune‐mediated tumor destruction and thus improving the overall

survival time, even for people with advanced melanoma.3,63,86 In summary, IL‐2 immunostimulation, tumor‐

blockades of T cell proliferation, and immune checkpoints are major targets of the immune response in melanoma

immunotherapy.95,108,119,120

6.3 | Targeted therapy

According to The European Interdisciplinary Guideline developed by the EDF society, targeted therapy takes

advantage of the frequent mutations in MAPK pathway genes in melanoma patients by introducing highly selective

BRAFV600 inhibitors, such as vemurafenib and dabrafenib.3,95,108 Despite previous results of clinical trials con-

firming high efficacy of vemurafenib and dabrafenib treatment, improved survival, and high tolerance, a large

proportion of the patients developed resistance to treatment with BRAF inhibitors, which in turn caused re-

activation of the MAPK pathway. Hence, regimens of combination therapies that include MEK inhibitors important

in the MAPK cascade, such as cobimetinib and trametinib, are being explored.3,86,95,119,121 The effectiveness of

targeting this therapeutic route has been confirmed in preclinical studies proving increased apoptosis and delayed

onset of treatment resistance.3,121 The combination of BRAF inhibitors and MEK inhibitors administered to mel-

anoma patients with an activating BRAFV600E mutation resulted in a significant improvement in survival and

responses.86,122 Despite the success of novel therapies based on MAPK pathway inhibitors, a number of un-

desirable effects have also been revealed. Notably, therapies that include vemurafenib and dabrafenib can lead to

SCC.3,86,88 In cases of some melanomas with an activating type III transmembrane receptor tyrosine kinase (KIT)

mutation, a different targeted therapy may be an alternative approach. However, KIT therapy with imatinib is

considered controversial and is still undergoing improvements.3,63

7 | BIOACTIVITY OF LUTEOLIN AND ITS DERIVATIVES ON SKIN
CANCER

The antitumor activity of flavonoids, in general, has been extensively described and documented thus

far.74,80,123–128 Therefore, we present in detail our findings on the modulation of oncogenic skin cancer pathways

by luteolin and its derivatives. Luteolin, a natural flavonoid commonly found in many plant raw materials, exhibits

multiple biological effects, including anti‐inflammatory, antioxidant, antiallergic, and anticancer properties. There-

fore, it seems to be a promising source with preventive and therapeutic potential for the treatment of various

cancers, including skin cancers.22,58,129–134 Moreover, because luteolin increases the therapeutic response of

cancer cells, luteolin can be used as a complementary therapy.45,135,136

The antitumor activity of luteolin has been found as a result of inhibited induction of apoptosis, disruption of

the cell cycle, inhibition of cell proliferation and/or migration, and/or angiogenesis associated with increased

invasiveness and tumor development. Notably, the proliferation and development of neoplastic cells in vitro are

inhibited through a number of different pathways and the expression of many diverse genes.45,123,134,137–145

Furthermore, another important aspect is the ability of luteolin to multidimensionally regulate epigenetics layers in
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the case of cancers, affecting the apoptotic effect. This occurs via inhibition of DNA methylation and trimethylation

in histone H3 at lysine 27 (H3K27me3), activation of nuclear factor 2 associated erythroid 2 (Nrf2) demethylation,

as well as inhibition of DNA methyltransferases (DNMTs), enhancer of zeste homolog 2 (EZH2), p53 and expression

of key genes in cell cycle.24,146,147 In addition to reducing methylation of the Nrf2 promoter region, binding of

(ten‐eleven translocation‐1) TET1 to the Nrf2 promoter and formation of a complex between p53 and Nrf2, are

determined as the subsequent molecular mechanism underlying such proapoptotic activity of luteolin.148 Luteolin

induced both intracellular and extracellular apoptosis of C32 human amelanotic melanoma cells, which was con-

firmed by its effect on mitochondrial potential and the activity of caspase‐3, caspase‐8, caspase‐9, and caspase‐10

while stimulating autophagy.149 It was also reported to downregulate the PI3K/protein kinase B (AKT) axis through

downregulation of oncogenes fibroblast growth factor 10 (FGF10) and fibronectin 1 (FN1), and matrix metallo-

proteinases (MMPs) MMP‐2 and MMP‐9, and upregulation of tissue inhibitors of MMPs (TIMPs) TIMP‐1 and

TIMP‐2, thereby inhibiting migration, inducing apoptosis, disrupting cell integrity and reducing the invasive po-

tential of A375 human malignant melanoma cells. Furthermore, its inhibitory effect was also reported in an in vivo

model.150–153 However, in vivo, the tumor showed adaptation and acquired resistance to luteolin treatment.

Changes in A375 cells under the influence of luteolin, particularly FGF10 and FN1 genes, strongly influenced the

expression of kinase suppressor of RAS 2 (KSR2), suggesting inhibition of the RAS pathway and downregulation of a

number of components involved in ECM modifications (intercellular adhesion molecule‐1 (ICAM1), laminin subunit

alpha 1 (LAMA1), integrin alpha 2b (ITGA2B), and FN1) and proteinases such as a disintegrin and metalloproteinase

with thrombospondin motifs (ADAMTSs) ADAMTS1 and ADAMTS18, MMP‐1, MMP‐10, cathepsins (CTS) CTSG,

CTSK, and CTSV). Luteolin exerts a significant influence on the proliferation and invasion of melanoma cells by

disrupting the ECM pathway by suppressing, for instance, MMP‐1, MMP‐2, or MMP‐10 expression in other human

malignant melanoma lines (SK‐MEL‐2, SK‐MEL‐28, and WM3211 cells), regardless of whether or not BRAF was

mutated. In the case of the WM3211 cell line (wild‐type for NRAS and BRAF), luteolin induced the rather rare

downregulation of KIT expression, which was crucial for inhibiting the growth of these cells.151 Moreover, strong

cytotoxicity and proapoptotic activity induced in these cells through arrest to the cell cycle and an accumulated

number of these cells in the G0/G1 phase were demonstrated.16 It has been documented that luteolin can inhibit

cell proliferation through cell cycle arrest in the G1 phase as a result of the inhibition of CDK2 activity, enhanced

expression of CDKN1A, and regulation of CDK inhibitors in A375 and C32 cells.149,151

Luteolin can have both anti‐ or pro‐oxidant activity, which is at least partly determined by the cellular milieu. In

malignant cells, which often contain already an increased oxidative stress level because of their upregulated

metabolism, luteolin induces apoptosis by endoplasmic reticulum (ER) stress via increasing ROS levels. However, in

healthy cells, luteolin shows antioxidative effects are described.154 The relationship between cell proliferation,

apoptosis, and the induction of luteolin‐induced ROS levels, expression of ER stress, and CCAAT/enhancer‐binding

protein‐homologous protein (CHOP) protein has been demonstrated in A2058 human metastatic melanoma

cells.155 On the other hand, Schomberg and co‐authors examining four different melanoma lines, SK‐MEL‐2,

SK‐MEL‐28, A375, and WM3211 cells, led to diametrically opposed conclusions. They hypothesized that it was not

the increase in luteolin‐induced ROS production that directly caused the inhibition of cell growth but it was

probably the synergism of simultaneous modifying effects on multiple pathways, including aforementioned path-

ways associated with the ECM, the oncogenic signaling pathway, and immune response pathways.151 Interestingly,

according to the results of studies comparing the effects of luteolin on two different melanoma lines, the SK‐MEL‐1

human metastatic melanoma cell line shows greater resistance to treatment than the B16F10 mouse primary

melanoma cell line; however, the differences are insignificant, and it would be appropriate to further investigate the

resistance of cells according to their origin.156,157

Luteolin inhibited the invasive epithelial–mesenchymal transition (EMT) process, which induces morphological

changes in melanoma cells and is involved in melanoma progression.158,159 This effect is a result of the reduced

expression of MMP‐9, reversed cadherin switching (downregulated N‐cadherin and upregulated E‐cadherin) in

human epidermoid carcinoma and melanoma cells (A431‐III, A431, A375, and B16F10 cells),160–163 and reduced
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expression of the E‐cadherin gene in WM3211 cells,151 contributing to the reduction in the invasive abilities of

these cells, as well as inhibited tumor growth and progression. Moreover, integrin β3 (ITGβ3) inhibition, changes in

EMT signaling, and suppressed metastasis caused by luteolin treatment were also observed in an in vivo C57BL/6

mouse model established with B16F10 cells.153,161 The S100A7 protein may mediate EMT activation, leading to the

emergence of additional neoplastic lesions. Luteolin decreased the signaling of Src/focal adhesion kinase (FAK),

Src/signal transducer and activator of transcription 3 (STAT3), and S100A7 protein, thereby reducing the migratory

abilities of A431‐III cells.164–166 High invasiveness is a particular feature of A431‐III cells that overexpress MMP‐9

that is not evident in primary A431 cells. The effect of luteolin on MMP‐9 may result from inhibition of

Akt phosphorylation, while inhibition of N‐cadherin expression may result in inhibition of the expression of the

MAPK‐ERK pathway.160 It has been observed that luteolin induces apoptosis by regulating B‐cell lymphoma 2

(Bcl‐2) and Bcl‐2‐associated X (Bax) proteins in B16F10 cells,167 inhibiting the secretion of MMP‐2 and MMP‐9 and

changing the phosphorylation level of components of the EGFR signaling pathway in A431 cells, and the metastatic

potential of these cells may be realized upon EGFR inhibition.162 Luteolin also exerts a strong chemopreventive

effect against melanoma by targeting protein kinase Cε (PKCε) and Src. It has been proven that treatment of the JB6

P+ mouse melanoma cell line that this flavone leads to suppressed expression of PKCε and Src kinase and inhibition

of the UVB‐induced activity of COX‐2, activator protein‐1 (AP‐1) and NF‐κB.152

The process of melanogenesis can be described in two ways. Melanogenesis is a physiological mechanism

conferring protection against the harmful effects of UV radiation. Hence, it prevents the malignant transformation

causing skin cancer.168 On the other hand, excessive melanogenesis, melanin deposition, and the related potential

cytotoxic risk are associated with melanogenesis and, hence, melanoma.169,170 Hence, melanogenesis can be

considered a target for therapy aimed at the elimination of malignant melanocytes and, at the same time, a target

for chemopreventive action.60,61

It has been documented that luteolin inhibits melanogenesis in B16F10 cells but not by reducing the level of

TYR protein, as might be expected because luteolin exerts the opposite effect in the absence and presence of

α‐MSH. The antimelanogenic activity is attributed to the ability of luteolin to inhibit the catalytic activity of TYR and

the expression of exogenous humanTYR regulated through a pathway‐dependent cyclic adenosine monophosphate

(cAMP).171,172 However, in HMV‐II human vaginal melanoma cells, the antimelanogenic effect was based on the

opposing mechanism: Luteolin promoted melanin production by stimulating the activity of intracellular TYR.173

Yamauchi et al. compared the proliferation of B16F10 cells and the extent of melanogenesis inhibition under the

influence of luteolin and concluded that luteolin exhibits inhibitory activity only on extracellular melanogenesis and

not on intracellular melanogenesis, as previously expected.174,175 Melanogenesis is related to the microphthalmia‐

associated transcription factor (MITF) a transcription factor of melanogenic enzymes, that is influenced by c‐Jun

N‐terminal kinase (JNK), which together with p53 activates the apoptotic pathway; hence, the inhibition of B16F10

cell melanogenesis confirms the previously described proapoptotic effect of luteolin.176,177

The ability to inhibit the melanogenesis of melanoma precursor cells has also been documented in the case of

luteolin derivatives. The inhibitory potential of eight luteolin derivatives on extracellular melanogenesis and B16F10

cell proliferation was compared, with the results demonstrating the dependence of the antitumor effect on the

length of the hydrocarbon 7‐O‐ substitution. Hence, luteolin showed the lowest activity of the compounds tested,

followed by 7‐O‐methylluteolin, 7‐O‐ethylluteolin, 7‐O‐propylluteolin, 7‐O‐butylluteolin, 7‐O‐pentylluteolin, and

7‐O‐hexylluteolin, which showed the highest activity. However, the bulkiness of the substituent at position 7 did

not have a significant effect on the inhibition of the compared process; that is, 7‐O‐(1‐methyl)propylluteolin

and 7‐O‐methylcyclohexylluteolin showed activity similar to that of 7‐O‐ethylluteolin, 7‐O‐propylluteolin,

7‐O‐butylluteolin, and 7‐O‐pentylluteolin.174 Another notable derivative in the context of melanogenesis inhibi-

tion is luteolin 7‐sulfate, which simultaneously inhibited the synthesis of newTYR proteins and the catalytic activity

of existingTYR proteins in B16F10 cells. The inhibition of TYR gene expression was related to the signaling pathway

mediated by cAMP response element‐binding protein (CREB) and MITF, which in this case, may explain the

antimelanogenic activity of luteolin 7‐sulfate; its antimelanogenic action is several dozen folds greater than that of
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the known melanogenesis inhibitor arbutin and higher than the activity of luteolin itself.178,179 The results of the

antitumor effects of luteolin and its derivatives are summarized in Table 1.

7.1 | Chemoprevention action

Skin cancer prevention is based on several schemes based on primary and secondary prevention. According to the

National Cancer Institute, both schemes are based on public education: The primary prevention effort is based on

the principles of photoprotection and the effects of increased exposure to sunlight, and secondary effort for skin

cancer prevention is based on screening precancerous lesions for early diagnosis and detection.23,193–195

Chemopreventive agents for melanoma are used not only to prevent the occurrence of neoplastic lesions but also

to inhibit their development and promote remission. However, because of the complexity of the transformation of

melanocytes under the influence of UV radiation and the poor patient response to chemopreventive agents in

clinical trials, chemoprevention of melanoma is a purely perfunctory scheme.58,196,197

A large body of evidence suggests that luteolin, due to its antioxidant and anti‐inflammatory properties, may

also play an important role in the reduction of skin cancer progression and photocarcinogenesis and thus has a

significant impact on the prevention of skin cancer. As described in the previous sections, oxidative stress is

inextricably linked to the processes of tumor formation. Luteolin, due to its structure of 3‐OH, 4′‐OH, and the

double bond between carbons C2‐C3 and a carbonyl group on C4, removes ROS through its own oxidation, which

has been confirmed by studies on cell‐free systems.198,199 Moreover, it blocks ROS‐producing oxidases, which are

components in the lipoxygenase reaction involving the chelation of transition metal ions, and protects endogenous

antioxidants, thus enhancing their action.200 These antioxidant abilities distinguish the ability of luteolin and its

derivatives to protect against ROS‐induced activation of MAPK, NF‐κB, and COX‐2, as well as damage to lipids,

DNA, and proteins, as confirmed not only through studies of cell‐free systems but also in vitro and in vivo

experiments,137,172,201–203 thus preventing the development of cancer.131,204,205 Moreover, the ability to induce

the apoptosis of neoplastic cells, including melanoma cells, has been attributed to the pro‐oxidative property of this

flavone.155 However, as previously mentioned, Schomberg et al.,141 examining five lines of cutaneous melanoma,

came to the opposite conclusion, suggesting that the induction of ROS is a negligible side effect of luteolin

treatment of melanoma while confirming its proapoptotic effect.151 ROS‐related apoptosis is most likely due to

cytotoxicity‐related suppression of the NF‐κB pathway and activation of JNK, and this activation relationship has

been confirmed in lung cancer; however, in melanoma, this relationship is based only on speculation.45,174,206

Indeed, the antioxidant activity may be correlated with NF‐κB, as confirmed with studies of the JB6 P+ melanoma

cell line showing the potential of luteolin to suppress UVB radiation‐induced NF‐κB, COX‐2, and AP‐1 expression,

mainly by targeting PKCε and Src.152

Additionally, luteolin has been shown to directly inhibit PKCε/Src activity and prevent UVB‐induced DNA

damage in keratinocyte cells. There is evidence for the preventive potential of luteolin in skin cancers associated

with, inter alia skin photodamage as well as Nrf2 activity, closely related to oxidative stress. Luteolin suppresses the

expression of COX‐2, AP‐1, and NF‐κB, regulates antioxidant enzymes, and prevents ROS accumulation and

activation of MAKP and NF‐κB signaling pathways.207 The antioxidant activity of luteolin is a partial contribution to

its anti‐inflammatory effect, which is also related to the prevention of the carcinogenesis process due to the

convergence of chronic inflammation and cancer.45,56 This luteolin effect is mediated by cells such as neutrophils

and lymphocytes; TNF‐α and IL‐6 release‐related inhibition; and signaling pathways involving these factors as

previously described. Luteolin also blocks the production of the aforementioned cytokines due to the inhibition of

NF‐κB and kinases involved in the MAPK signaling pathways and activation of inhibitory‐κB kinase (IKK).208–210

Furthermore, luteolin was found to inhibit UVB radiation‐induced MMP‐1 expression in the human keratinocyte

cell line HaCaT, as well as UVB radiation‐induced activation of AP‐1, a well‐known transcription factor mediating

inflammation and proliferation, as well as the MMP‐1 promoter, c‐Fos and c‐Jun, which make up the AP‐1
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complex.45,76,211 The photoprotective effect of luteolin on keratinocytes was also demonstrated by Verschooten

and co‐authors, proving an increase in the resistance of normal cells to UVB radiation‐induced apoptosis, with

an adverse effect on malignant keratinocytes.212 In an in vivo model, the anti‐inflammatory effect of luteolin

7‐O‐glucoside was demonstrated by inhibiting the synthesis of COX‐2, IL‐1β, and TNF‐α, which are closely related

to inflammation upon exposure to UVB radiation.213,214

7.2 | The structure–activity relationship of luteolin derivatives

SAR analysis offers the possibility to isolate the chemical groups and structures critical for induced biological

response and to correlate structural features to their activity. Unfortunately, due to the use of different cell lines,

different analysis conditions, and measurement methods, it is not possible to carry out SAR analysis on the basis of

documented IC50 values obtained through heterogeneous techniques and the many accidents. Reports on the

growth inhibitory effects against different skin cancer cell lines have not always been the same, indicating differ-

ences in the sensitivity of melanoma cells to the tested compounds. Despite these difficulties, a correlation be-

tween the position, number, and nature of substituents in the structure of luteolin and its derivatives and their

antiproliferative activity has been identified.

The high antiproliferative activity of luteolin was first identified with the presence of a C2‐C3 double bond in

the C ring, the presence of hydroxyl groups at C5 and C7 in the A ring, and a catechol group containing two

adjacent phenolic OH groups (3′,4′‐di‐OH). Moreover, it has been shown that the C ring with an oxo group function

at position C4 contributes to the high activity of compounds in this class. All the described structural elements

determine and are required for high anticancer activity.140,142,156,157,162,215 However, certain kinds of structural

modifications improve or eliminate this activity. Special attention has been directed to the number and

O‐methylation, and O‐glycosylation status of the free hydroxyl groups at the C7 position in the A ring.

During the comparison of the cytotoxic and/or antiproliferative activity of flavonoids, it was documented that,

in addition to the saturation of the C2‐C3 bond, the presence of a methyl group in the structure of these com-

pounds significantly enhances their effect. In particular, the 7‐O‐methoxyl group on the A ring of luteolin is

associated with this effect. Moreover, the length of the linear hydrocarbon substituent at the C7 position of the

A ring has a directly proportional effect on the antiproliferative activity (Figure 4). Additionally, it has been

hypothesized that a group of these substituents attached to luteolin may stimulate the activation of JNK, which is

strongly involved in melanogenesis, in addition to apoptosis, as confirmed by Yamauchi et al.174 However, the mass

of the substituent at position C7 has no significant effect on the inhibitory effect of the compound on proliferation

F IGURE 4 Chemical groups responsible for luteolin derivatives activity (SAR)
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or melanogenesis.174,175 The location of the O‐methyl substituent is substantial. The attachment of a methyl group

at C3′ reduces the antiproliferative activity compared to the occupation of the C7 position, which confirms that

3′‐OH moiety in the structure of luteolin plays a vital role in determining high anticancer activity. The analogous

situation with the participation of the O‐methylation of 4′‐OH results in a deepening of the abolition of the

discussed antitumor activity. Moreover, simultaneous attachment of methyl groups at positions 5 and 7 of

the A ring and at position 4′ of the B ring significantly attenuates the antiproliferative effect, suggesting that the

introduction of a higher number of methoxyl groups in the B ring (C4′) and A ring (C5) leads to decreased antitumor

activity. Hence, the O‐methylation of 7‐OH seems to be crucial, and increasing the length of the linear hydrocarbon

substituent in the A ring increases the activity. Although the 7‐O‐methoxy group in the A ring of luteolin

shows satisfactory activity, the attachment of other functional groups at C7, such as a sulfo group, abolishes the

antiproliferative effect.

As previously mentioned, the presence of hydroxyl groups at C7 in the A ring significantly affects the

antiproliferative activity of luteolin. O‐glycosylation at this position may further potentiate this effect.139,188

However, C‐glycosylation at the C6 position significantly reduces cytotoxicity induced in melanoma cells with

concomitant inhibited melanogenesis, as observed for luteolin 6‐C‐glucoside (isoorientin) in the B16F10 cell

line.141,170 Moreover, not only C‐glycosylation of 6‐OH result in a lack of antiproliferative activity, as observed for

ugonins J, K, and L.189

The lack of ‐OH substitution on C3 in the structure of luteolin creates the possibility of competitive binding of

luteolin to the ATP‐binding site important to the activity of kinases (including PKCε, EGFR, and FAK), which may

play an essential role in skin tumors, and more specifically, in the case of luteolin treatment, inhibiting kinase

action.126

The influence of substituents in the B ring is not sufficiently understood. It has been suggested that the 3′‐OH

moiety in the structure of luteolin, which, among other actions, determines the high anticancer activity of the

compound, probably influences cell cycle arrest to a critical level.215 However, in the case of modification to the

structure of luteolin, we have data only in the case of O‐methyl group introduction, instead of 4′‐OH, with

simultaneous attachment of 5,7‐di‐OH. The antiproliferative activity of 4’,5,7‐trimethoxyluteolin is not significant,

but it is not possible to state clearly what aspect of the structure determines this activity.

8 | ROLE OF LUTEOLIN AND ITS DERIVATIVE‐RICH EXTRACTS IN SKIN
CANCER TREATMENTS

It has been reported that the hydroalcoholic extract of Rosmarinus officinalis, of which luteolin is one of the main

compounds present at 0.2%, has an antiproliferative effect through cytotoxic and cytostatic mechanisms resulting

in the induction of apoptosis and cell cycle arrest of A375 cells. The accumulation of apoptotic cells in the sub‐G0

phase and arrest in the G0/G1 and G2/M phases was observed, which is consistent with the action of known

anticancer substances.144 A similar effect of Jasione montana diethyl ether extract in the C32 cell line has been

described, and the main component critical for the activity was presumed to be luteolin, which was confirmed by

studies on the activity of this compound alone.149 Studies on both J. montana or Phyllodium elegans extracts in the

C32 and A375 lines, respectively, proved the apoptotic potential of the extracts on the reduction mitochondria

membrane potential as well as the increase of caspase‐3 and caspase‐9 activation.216 It has been established that

the antioxidant activity of natural compounds is not correlated with their antiproliferative activity in cancer cell

lines; their pro‐oxidative properties are critical for their effects.217 However, Cattaneo and co‐authors found that

the pro‐oxidative effect of rosemary extract does not directly mediate its cytotoxic activity. The inhibition of the

expression of proteins crucial for maintaining cellular homeostases, such as protein disulfide‐isomerase A3 (PDIA3),

glucosidase II alpha subunit (GANAB), PCB1, and PCB2, causing ER stress, was identified as the molecular me-

chanism underlying the induced cytotoxicity. Although luteolin is one of the main components of this extract, it did
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not directly influence the antiproliferative activity but probably had a synergistic effect in the multicomponent

activity.144

The effects of Petroselinum crispum and Matricaria chamomilla extracts, which are abundant in polyphenols and

flavonoids, including luteolin and its 7‐O‐glucoside, were tested in A375 cells. Despite the negligible

antiproliferative activity and minor effect on the cell cycle distribution, P. crispum extract showed proapoptotic

potential by increasing the expression of caspase‐3, which is the executioner caspase in the process of apoptosis

and DNA damage,218,219 and caspase‐2, as confirmed by staining with Annexin V‐PI. The M. chamomilla extract,

containing 8% of the content of luteolin and its derivative, was found to have slightly weaker activity. However,

these dominant compounds in both extracts were apigenin and its glycosidic forms, with a predominance of

apigenin glucoside in the M. chamomilla extract. The content of luteolin and its derivative was only 5% of the

polyphenol content in the P. crispum extract.220 However, in the case of the J. montana extract, the effect on

caspase‐3 activation as well as on caspase‐8, caspase‐9, and caspase‐10 is attributed to luteolin, the predominant

component in the extract.149 The aqueous extract of Olea europaea leaves also was found to be proapoptotic in

B16F10 cells, with its effect mediated via ERK1/2 and p53 activating pathways. However, Majumder and co‐

authors suggested that the underlying mechanism of ERK1/2 receptor interference is most likely triggered by

oleuropein, which is one of the main components of this extract, not luteolin. However, due to the wide range of

plant matrices, it can be assumed that this effect may be caused by multicomponent synergism in this fraction.25

In the B16F10 line, an apoptosis‐stimulating effect was also shown by the hydromethanolic extract of

Biophytum sensitivum, participating in the regulation of Bcl‐2 and p53 genes and catalyzing the expression of the

aforementioned caspase‐3. In addition, Guruvayoorappan and co‐authors reported that an extract rich in flavonoids

is characterized by an antimetastatic nature and the inhibition of pro‐inflammatory cytokines that play a significant

role in chemoprevention, such as TNF‐α, IL‐1β, IL‐6, and granulocyte‐macrophage colony‐stimulating factor

(GM‐CSF).221 In addition, it has been proven that the extract of B. sensitivum as well as Daphne gnidium reduces the

invasion and mobility of B16F10 cells in models of C57BL/6 and Balb/C mice in vivo.191 Furthermore, it activates

the expression of the tissue metalloproteinase inhibitors TIMP‐1 and TIMP‐2 and subsequently limiting the

expression of MMP‐2 and MMP‐9. Changes in pro‐inflammatory cytokines had been tested in an in vitro model,221

as well as ERK1/2 and signal transducer and activator of transcription‐1 (STAT1) pathway expression, and prolyl

hydroxylase, lysyl oxidase, nucleoside diphosphate kinase (NDPK), and vascular endothelial growth factor (VEGF)

levels. It can be assumed that a number of flavonoids, including luteolin 7‐methyl ester and isoorientin, are critical

for the antimetastatic and anti‐malignant activity in neoplastic cells.222,223

It has been suggested that the biological activity of the water extract of Gentiana veitchiorum flowers is caused

by isoorientin, a main flavonoid constituting 0.4% of this extract. Due to the presence of this derivative, the extract

significantly suppresses the melanin content of B16F10 cells by inhibiting the mRNA expression of TYR, transient

receptor potential (TRP), and dopachrome tautomerase (DCT), as well as inhibiting MITF transcription and CREB

phosphorylation. Additionally, it is suspected that the activity of isoorientin causes the arrest of the intracellular

cAMP pathway.170 A similar outcome has been observed with Phyllospadix iwatensis extract, except that luteolin

7‐sulfate was critical for its antimelanogenic activity.179 Moreover, high activity of TYR inhibition and

melanogenesis, correlating with the high content of luteolin and its derivatives, is observed in the case of Aspho-

delus microcarpus extracts.224 The results of the antitumor effects of species‐rich in luteolin and its derivatives are

summarized in Table 2.

9 | LIMITATIONS AND CHALLENGES

When comparing the IC50 values of luteolin and its derivatives on the viability of cells in the same line, the method

used, and incubation time, significant discrepancies between the extreme values can be observed. Therefore, the

authors of this review analyzed the conditions of the experiments performed and the criteria of the methods used

1448 | JUSZCZAK ET AL.



T
A
B
L
E

2
A
nt
it
um

o
r
ac
ti
vi
ti
es

o
f
lu
te
o
lin

an
d
it
s
d
er
iv
at
iv
e‐
ri
ch

sp
ec

ie
s
in

re
la
ti
o
n
to

sk
in

ca
nc

er

Sp
ec

ie
s

C
el
l
lin

e

In
hi
b
it
io
n
o
f
p
ro
lif
er
at
io
n

E
ff
ec

t
o
f
ac
ti
o
n

M
o
le
cu

la
r
ta
rg
et

R
ef
s.

IC
5
0

(µ
g/
m
l)

In
cu

b
at
io
n

ti
m
e

A
ila
nt
hu

s
ex
ce
ls
a

C
3
2

3
6
.5

4
8
h

↓
P
ro
lif
er
at
io
n

N
o
t
ev

al
ua

te
d

1
3
9

A
3
7
5

7
8
.4

5
4
8
h

A
ju
ga

ch
am

ae
pi
ty
s

B
1
6
F
1
0

4
0
6
.7

2
4
h

↓
P
ro
lif
er
at
io
n

↓
N
F
‐κ
B

2
2
5

A
ju
ga

ge
ne

ve
ns
is

B
1
6
F
1
0

7
4
1
.4

2
4
h

A
ju
ga

la
xm

an
ni
i

B
1
6
F
1
0

2
3
6
.8

2
4
h

A
na

st
at
ic
a

hi
er
oc
hu

nt
ic
a

B
1
6
F
1
0

N
o
t
d
et
ec

te
d

↓
M
el
an

o
ge

ne
si
s

N
o
t
ev

al
ua

te
d

1
8
1

A
rt
em

is
ia

pr
in
ce
ps

B
1
6
F
1
0

(M
M
)

8
0
.6

4
8
h

↓
M
el
an

o
ge

ne
si
s,
↓
p
ro
lif
er
at
io
n

N
o
t
ev

al
ua

te
d

1
4
1

A
rt
hr
op

hy
tu
m

sc
op

ar
iu
m

B
1
6
F
1
0

>
1
0
0

4
8
h

↓
M
el
an

o
ge

ne
si
s

N
o
t
ev

al
ua

te
d

2
2
6

A
sp
ho

de
lu
s

m
ic
ro
ca
rp
us

B
1
6
F
1
0

4
0
0

4
8
h

↓
M
el
an

o
ge

ne
si
s,
↓
p
ro
lif
er
at
io
n

↓
T
Y
R

2
2
4

B
io
ph

yt
um

se
ns
it
iv
um

B
1
6
F
1
0

>
1
0

2
4
h

↓
M
et
as
ta
si
s,

↓
in
va

si
o
n,

↑
ap

o
p
to
si
s,
↓
p
ro
lif
er
at
io
n

↓
M
M
P
‐2
,
↓
M
M
P
‐9
,
↓
E
R
K
‐1
,
↓
E
R
K
‐2
,
↓
V
E
G
F
,↓

IL
‐1
β,

↓
T
N
F
‐α
,

↓
IL
‐6
,
↓
G
M
‐C

SF
,↓

B
cl
‐2
,
↑
p
5
3
,
↑
ca
sp
as
e‐
3

2
2
1
,2
2
2

C
it
ru
s
vo
lk
am

er
ia
na

U
A
C
C
6
2

>
1
0
0

4
8
h

↓
P
ro
lif
er
at
io
n

N
o
t
ev

al
ua

te
d

2
2
7

D
ap

hn
e
gn

id
iu
m

B
1
6
F
1
0

N
o
t
d
et
ec

te
d

↑
A
p
o
p
to
si
s

↓
C
T
L

1
9
1

G
en

ti
an

a

ve
it
ch
io
ru
m

B
1
6
F
1
0

>
2
0
0
0

4
8
h

↓
M
el
an

o
ge

ne
si
s

↓
T
Y
R
,↓

T
R
P
1
,↓

D
C
T
,↓

M
IT
F
,↓

C
R
E
B
,↓

cA
M
P

1
7
0

H
ys
so
pu

s

se
ra
vs
ha

ni
cu
s

B
1
6
F
1
0

N
o
t
d
et
ec

te
d

↑
M
el
an

o
ge

ne
si
s

N
o
t
ev

al
ua

te
d

2
2
8

(C
o
nt
in
ue

s)

JUSZCZAK ET AL. | 1449



T
A
B
L
E

2
(C
o
nt
in
ue

d
)

Sp
ec

ie
s

C
el
l
lin

e

In
hi
b
it
io
n
o
f
p
ro
lif
er
at
io
n

E
ff
ec

t
o
f
ac
ti
o
n

M
o
le
cu

la
r
ta
rg
et

R
ef
s.

IC
5
0

(µ
g/
m
l)

In
cu

b
at
io
n

ti
m
e

Ja
si
on

e
m
on

ta
na

C
3
2

1
1
9
.7

2
4
h

↓
P
ro
lif
er
at
io
n,

↑
au

to
p
ha

gy
,
↑
ap

o
p
to
si
s,

↓
m
it
o
ch

o
nd

ri
al

m
em

b
ra
ne

p
o
te
nt
ia
l,
↑
G
2
/M

p
ha

se
,
↑
S

p
ha

se
,
↓

G
1
p
ha

se

↑
C
as
p
as
e‐
3
,
↑
ca
sp
as
e‐
8
,
↑
ca
sp
as
e‐
9
,
↑
ca
sp
as
e‐
1
0

1
4
9

Ja
tr
op

ha
ta
nj
or
en

si
s

A
4
3
1

5
8
.5

4
8
h

↓
P
ro
lif
er
at
io
n

N
o
t
ev

al
ua

te
d

2
2
9

M
at
ri
ca
ri
a

ch
am

om
ill
a

A
3
7
5

>
6
0

7
2
h

↑
A
p
o
p
to
si
s,
↑
G
1
p
ha

se
↑
C
as
p
as
e‐
2
,
↑
ca
sp
as
e‐
3

2
2
0

O
le
a
eu

ro
pa

ea
B
1
6
F
1
0

9
1
.8

2
4
h

↓
P
ro
lif
er
at
io
n,

↑
ap

o
p
to
si
s

↑
E
R
K
1
/2

,
↑
p
5
3

2
5

H
T
B
‐1
4
0

>
5
0

2
4
h

N
o
t
ev

al
ua

te
d

N
o
t
ev

al
ua

te
d

2
3
0

W
M
7
9
3

>
5
0

2
4
h

A
3
7
5

>
1
0
0

2
4
h

↓
P
ro
lif
er
at
io
n

N
o
t
ev

al
ua

te
d

2
3
1

P
en

th
or
um

ch
in
en

se
B
1
6
F
1
0

>
1
0
0

2
4
h

↓
P
ro
lif
er
at
io
n,

↓
m
el
an

o
ge

ne
si
s,

↑
au

to
p
ha

gy
↓
T
Y
R
,↓

M
IT
F
,↑

LC
3
B

2
3
2

P
et
ro
se
lin
um

cr
is
pu

m

A
3
7
5

>
6
0

7
2
h

↑
A
p
o
p
to
si
s,
↑
su
b
‐G

1
p
ha

se
↑
C
as
p
as
e‐
2
,
↑
ca
sp
as
e‐
3

2
2
0

P
hy

llo
di
um

el
eg
an

s
A
3
7
5

1
1
7
.2

2
4
h

↓
P
ro
lif
er
at
io
n,

↓
m
et
as
ta
si
s,

↑
ap

o
p
to
si
s,
↓
m
it
o
ch

o
nd

ri
al

m
em

b
ra
ne

p
o
te
nt
ia
l

↑
C
as
p
as
e‐
3
,
↑
ca
sp
as
e‐
9
,
↑
M
uD

2
1
6

P
hy

llo
sp
ad

ix

iw
at
en

si
s

B
1
6
F
1
0

>
3
0
0

4
8
h

↓
M
el
an

o
ge

ne
si
s

↓
T
Y
R

1
7
9

P
in
us

ko
ra
ie
ns
is

A
3
7
5

>
1
0
0
0

4
8
h

N
o
t
d
em

o
ns
tr
at
ed

N
o
t
ev

al
ua

te
d

2
3
3

1450 | JUSZCZAK ET AL.



T
A
B
L
E

2
(C
o
nt
in
ue

d
)

Sp
ec

ie
s

C
el
l
lin

e

In
hi
b
it
io
n
o
f
p
ro
lif
er
at
io
n

E
ff
ec

t
o
f
ac
ti
o
n

M
o
le
cu

la
r
ta
rg
et

R
ef
s.

IC
5
0

(µ
g/
m
l)

In
cu

b
at
io
n

ti
m
e

P
la
nt
ag
o
la
go

pu
s

U
A
C
C
‐6
2

6
6
.1

4
8
h

↓
P
ro
lif
er
at
io
n

N
o
t
ev

al
ua

te
d

1
8
8

R
os
m
ar
in
us

of
fic

in
al
is

A
3
7
5

6
3
.0

7
2
h

↓
P
ro
lif
er
at
io
n,

↑
ap

o
p
to
si
s,
↑
su
b
‐G

0
an

d
↓
G
0
/G

1
p
ha

se
s,

↓
in
tr
ac
el
lu
la
r
R
O
S

↓
P
D
IA
3
,↓

G
A
N
A
B
,↓

P
C
B
1
,↓

P
C
B
2

1
4
4

So
nn

er
at
ia

ca
se
ol
ar
is

B
1
6
F
1
0

>
1
0
0

2
4
h

↓
M
el
an

o
ge

ne
si
s

N
o
t
ev

al
ua

te
d

1
9
2
,2
3
4

JUSZCZAK ET AL. | 1451



for determining the IC50 values for the compounds shown in Table 1. For example, the difference between IC50

values in the range of 5.2–32.9 μg/ml in studies describing the activity of luteolin in the A375 cell line after 24‐h

incubation seems to be related to the use of different methods for assessing cell viability. The sulforhodamine B

(SRB) assay used by Said et al. (IC50 = 5.2 μg/ml) is widely used to test cytotoxicity in cell‐based studies but is not

based on measurement of metabolic activity, in contrast to the 2,3‐bis‐(2‐methoxy‐4‐nitro‐5‐sulfophenyl)−2H‐

tetrazolium‐5‐carboxanilide (XTT) assay used by George et al. (IC50 = 32.9 μg/ml), in which XTT was metabolically

reduced by the enzyme mitochondrial dehydrogenase in living cells to the water‐soluble product formazan. In both

of these cases, the same type of medium (DMEM) was used, which differed from that used in other studies with the

same cell line, such as the studies performed by Yao and co‐authors as well as Cattaneo and co‐authors, who used

RPMI medium. The results of the studies by Yao and co‐authors and by Cattaneo and co‐authors were evaluated by

another tetrazolium salt, substitute for XTT, 3‐(4,5‐dimethylthiazol‐2‐yl)−2,5‐diphenyltetrazolium bromide (MTT)

assay performed under the same analysis conditions and showed very similar IC50 values of 10.4 and 9.7 μg/ml,

respectively. Hence, the choice of not only the method to determine activity level but also of the culture medium

seems to be important. Moreover, in many cases, it has been observed that the incubation time plays a critical role

in determining the IC50 value, as shown in the results from luteolin treatment of, for example, C32 cells (Table 1).

Notably, cell proliferation involves many biochemical processes, many of which depend on each other, and the

studied natural compounds can influence the processes at different stages or in different ways. Moreover, the

proven antiproliferative potential of luteolin definitively varies according to the diversity and complexity of the gene

expressed in different cell lines. Therefore, certain mutations in different in vitro cell models can render a cell line

resistant to the action of this flavone, as perfectly illustrated by the differences in the B16F10 and A375 cell lines

shown in Table 1. It can be assumed that the differences between these extreme results are due to the use of

different solvents with the test compound or the use of different cell media enriched with various substances. In

these cases, it is difficult to standardize and compare IC50 values reflecting a proliferation‐depressing effect, as

additional factors appear to influence the outcomes. In addition, cell lines should not be passaged too many times or

cultured for too long, and the test substances, despite their high purity, are subject to degradation, especially when

dissolved in solvent and stored under unsuitable conditions.

In vitro and in vivo, luteolin and its derivatives exhibit a diverse antitumor response depending on the model

adopted. Although encouraging results render luteolin and its derivatives as potential anticancer agents for the

treatment of skin cancer, the effects of these natural compounds in therapeutic intervention are quite complex due

to the genetically related mechanisms underlying their activity. Therefore, the molecular mechanisms in each cell

need to be understood, and the selectivity, efficacy, pharmacological and toxicological properties of luteolin and its

derivatives need to be analyzed, which will be crucial in translating them from laboratory studies to clinical trials.

Extensive clinical studies are needed to determine whether luteolin, as well as its derivatives, can act in a manner

similar to that described in various in vitro and in vivo models. Currently, only 16 studies are listed in the

ClinicalTrials.gov database (http://www.clinicaltrials.gov), of which none is addressing the use of luteolin in skin

cancer. However, clinical trials of luteolin intervention for tongue SCC can be found, offering potential hope for

topical application in skin cancer as well. Considering the low bioavailability of natural compounds in general and of

luteolin and its derivatives in particular and because oral administration is challenging, topical administration seems

to be an alternative.235 Due to its lipophilicity, luteolin is able to penetrate deep into human skin. This effect has

been confirmed with in vivo studies demonstrating its ability not only to absorb into the skin surface but also to

penetrate deeper skin layers, thus providing potential for use in topical therapy of skin cancer.131,132 However,

there is still a need to develop a suitable formulation. The hope is for new pharmaceutical systems that provide, in

addition to higher drug solubility, increased biochemical stability, and bioavailability, as well as controlled release of

the drug in the target tissue. Particularly noteworthy are nanosystems such as liposomes, polymerosomes, den-

drimers, nanotubes, quantum dots, nano micelles, nanogels, polymer nanoparticles, nanospheres, magnetic nano-

particles, solid lipid nanoparticles, nanostructured lipid carriers, which provide impressive advances in skin cancer

therapy by efficiently transporting the therapeutic agent through the stratum corneum and delivering it to deeper
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skin layers. They have been proven to have high skin penetration, controlled reaching to the specific tumor site,

bioavailability, and their efficacy and specificity. Moreover, recent research is focused on developing new proper

nanotechnology‐based forms of skin cancer therapy.236–239 Additionally, the therapeutic efficacy of nanoparticles

like liposomes has also been confirmed for other cancers as potential drug delivery systems also approved for

clinical use.240–242 However, a prerequisite for a therapeutic effect are realistic conditions with effective con-

centrations at the target site, for which quantitative studies are necessary. Although the dermal penetration of

luteolin offers hope for its use in topical therapy, further scientific study on luteolin and its derivatives is still needed

to obtain a clear description of its dermal penetration, dosing strategies, development of a suitable pharmaceutical

formulation, prolongation of topical drug release, stability, and optimal dose. In addition, it is crucial to determine

the full safety and bioavailability of these compounds in patient studies because, despite their relative safety and

use in children with autism,151,243 cases of exacerbated chemical colitis in mice have been reported after oral

administration.244

The anticancer efficacy of luteolin and its derivatives supports further research aimed at the development of

new treatment options for skin cancer. Further work is needed to evaluate their use in preclinical and clinical studies

to obtain a clear picture of the effects of these natural compounds from a biochemical point of view.
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