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The pathogenesis of skin inflammatory diseases such as atopic dermatitis, acne, psoriasis,
and skin cancers generally involve the generation of oxidative stress and chronic
inflammation. Exposure of the skin to external aggressors such as ultraviolet (UV)
radiation and xenobiotics induces the generation of reactive oxygen species (ROS)
which subsequently activates immune responses and causes immunological aberrations.
Hence, antioxidant and anti-inflammatory agents were considered to be potential
compounds to treat skin inflammatory diseases. A prime example of such compounds
is xanthone (xanthene-9-one), a class of natural compounds that possess a wide range of
biological activities including antioxidant, anti-inflammatory, antimicrobial, cytotoxic, and
chemotherapeutic effects. Many studies reported various mechanisms of action by
xanthones for the treatment of skin inflammatory diseases. These mechanisms of action
commonly involve the modulation of various pro-inflammatory cytokines such as interleukin
(ID)-1B, IL-6, IL-8, and tumor necrosis factor a (TNF-a), as well as anti-inflammatory cytokines
such as IL-10. Other mechanisms of action include the regulation of NF-kB and MAPK
signaling pathways, besides immune cell recruitment via modulation of chemokines,
activation, and infiltration. Moreover, disease-specific activity contributed by xanthones,
such as antibacterial action against Propionibacterium acnes and Staphylococcus
epidermidis for acne treatment, and numerous cytotoxic mechanisms involving pro-
apoptotic and anti-metastatic effects for skin cancer treatment have been extensively
elucidated. Furthermore, xanthones have been reported to modulate pathways
responsible for mediating oxidative stress and infllmmation such as PPAR, nuclear
factor erythroid 2-related factor and prostaglandin cascades. These pathways were also
implicated in skin inflammatory diseases. Xanthones including the prenylated a-mangostin
(2) and y-mangostin (3), glucosylated mangiferin (4) and the caged xanthone gambogic acid
(8) are potential lead compounds to be further developed into pharmaceutical agents for the
treatment of skin inflammatory diseases. Future studies on the structure-activity
relationships, molecular mechanisms, and applications of xanthones for the treatment of
skin inflammatory diseases are thus highly recommended.
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INTRODUCTION

Skin inflammatory diseases are mediated by multiple
mechanisms that induce chronic inflammation (Pleguezuelos-
Villa et al, 2019). For instance, the pathogenesis of skin
inflammatory diseases such as atopic dermatitis (AD), acne,
psoriasis and skin malignancies have been extensively
associated with immunological alterations in cytokine
expression and immune cell activity. Inflammatory responses
were additionally linked to the generation of oxidative stress by
external aggressors such as ultraviolet (UV) radiation and
xenobiotics that also disrupts the normal intracellular redox
state and cellular protein structures (Li et al, 2012; Cidade
et al, 2017). These inflammatory responses in skin
inflammatory diseases are commonly modulated through
NF-xB, MAPK and PI3K/Akt signaling pathways which
contribute to the activation of immune cells and production
of pro-inflammatory cytokines such as interleukin (IL)-1, IL-
6, IL-8 and tumor necrosis factor a (TNF-a) (Wang et al., 2017;
Guo et al, 2019). Thus, the potential lead compounds that
possess both anti-inflammatory and antioxidant activities
such as xanthones have received great attention for the
treatment for skin inflammatory diseases (Pleguezuelos-Villa
et al., 2019).

Xanthones are versatile scaffolds consisting of a tricyclic
xanthene-9-one structure (1) and are commonly found in
higher plants, fungi, and lichens (Aye et al., 2020). Various
plants have been reported to be rich in naturally occurring
xanthones, including Garcinia mangostana L. (Im et al., 2017),
G. cowa Roxb. ex Choisy (Auranwiwat et al., 2014), G.
hanburyi Hookf. (Xu et al., 2015), Mangifera indica L.
(Garrido et al., 2004), Hypericum oblongifolium Wall. (Ali
et al, 2011), Tripterospermum lanceolatum (Hayata) H.
Hara ex Satake (Hsu et al., 1997), Mesua beccariana (Baill.)
Kosterm., M. ferrea L. (Teh et al., 2017), Iris sibirica L.
(Tikhomirova and Ilyicheva, 2020), I. adriatica Trinajstic ex
Mitic (Alperth et al., 2018), Calophyllum inophyllum L. (Mah
et al., 2019) and C. soulattri Burm.f. (Mah et al, 2019).
Furthermore, plants of the genera Calophyllum, Cratoxylum,
Garcinia, Gentiana, Hypericum and Swertia were proposed to
possess great developmental prospect due to their rich content
of xanthones (Ruan et al.,, 2017). This class of compounds
possess a wide range of biological activities including anti-
inflammatory (Teh et al., 2017; Mah et al.,, 2019; Aye et al,
2020; Ng et al, 2020), antioxidant (Wang et al., 2018a),
antimicrobial (Koh et al., 2013; Auranwiwat et al., 2014),
chemotherapeutic (Beninati et al., 2014) and
chemopreventive (Purnaningsih et al., 2018) activities. Thus,
xanthones are promising lead compounds for treating skin
inflammatory diseases.

Many reviews to date discuss on various biological activities of
xanthones (Ibrahim et al., 2016; Aizat et al., 2019; Feng et al.,
2020; Ong et al, 2020) with a recent review discussing the
modulatory ability of xanthones on macrophage function and
associated inflammatory diseases (Ng and Chua, 2019). The
reviews on the potential of xanthones as anti-inflammatory
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agents for skin diseases are limited and no review has been
focused extensively on their mechanisms of action in the
context of skin inflammatory diseases. Thus, in this review,
we focused on the studies of naturally occurring xanthones
within the past two decades for the treatment of skin
inflammatory diseases, particularly atopic dermatitis, acne,
psoriasis, and skin cancers, while simultaneously
highlighting the mechanisms of action and signaling
pathways involved. A summary of the mechanisms of action
for xanthone derivatives with anti-inflammatory, anti-
bacterial, chemotherapeutic and cytoprotective effects are
summarized in Table 1; Figure 1. The basic structure of
xanthone is presented in Figure 2, together with its
naturally available derivatives that exhibit these biological
activities. The potential applications of xanthones with
regards to cellular pathways implicated in skin
inflammatory diseases are also included in this review.

XANTHONES INVOLVED IN THE
TREATMENT OF SKIN INFLAMMATORY
DISEASES

Atopic Dermatitis
AD, also known as atopic eczema, is the most common chronic

skin disorder affecting 3-20% of the global population (Lopez
Carrera et al,, 2019; Schwingen et al., 2020). AD is commonly
characterized by pruritic skin lesions with concurrent allergic
inflammation and augmented immunoglobulin E (IgE) and
histamine levels (Higuchi et al, 2013; Zhao et al, 2017).
Allergic inflammation and augmented serum IgE levels
underlie the immunological dysregulation and subsequent
dysfunction of the skin barrier (Higuchi et al., 2013).
Reactive oxygen species (ROS) have also been associated
with the pathogenesis of skin allergic reactions (Bickers and
Athar 2006; Sivaranjani et al, 2013). ROS causes lipid
peroxidation and damages cellular components, initiating
cell death (Okayama 2005; Sivaranjani et al., 2013). The
generation of ROS also activates immune responses by
inducing leukocyte infiltration and altering cytokine
expression profiles of Thl and Th2 cells (Bickers and Athar
2006). Thus, antioxidants and anti-inflammatory agents such
as xanthones are highly beneficial to treat AD (Okayama 2005;
Sivaranjani et al., 2013).

Anti-itching Activity & Histamine Modulation by
Xanthones

Xanthones were found to attenuate various clinical symptoms of
AD such as skin lesions and possess anti-itching effect. The
xanthone-rich mangosteen rind of G. mangostana L. extracted
with 70% ethanol was studied by Higuchi et al. (2013) as a
potential preventative agent for AD. The extract was
administered orally at a dose of 250 mg/kg/day to 6-week-old
NC/Tnd mice which decreased the frequency and duration of
scratching per 20 minutes in treated-NC-Tnd mice. This finding
was linked to the decreased keratinocyte and fibroblast
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TABLE 1 | Xanthones and their mechanism of action for treatment of skin inflammatory diseases.
Disease Xanthone Mechanism of Action References

Atopic dermatitis Xanthene-9-one (1) Reduced serum levels of histaminein DNFB-induced mice Aye et al. (2020)
Suppressed histamine and TSLP release by PMA-CI-stimulated HMC-1 mast cells
Reduced mRNA expression of IL-1p, IL-6, IL-8, TARC and MDC in mice
Reduced serum levels of IgE
Reduced population of mast cells in skin lesions
Inhibited phosphorylation of [kBa and NF-kB in HaCaT cells

a-mangostin (2) Reduced skin lesions and hyperplasia in DNFB-induced mice Avye et al. (2020)
Anti-itching effects by decreasing production of NGF and nerve extensions Nakatani et al. (2002)
Antagonist of H1 receptors by competitive inhibition Chairungsrilerd et al. (1996a), Chairungsrilerd et al. (1996b)
Inhibited mMRNA expression of TSLP and IFN-y Higuchi et al. (2013)
Suppressed IgE production by stimulated splenic B cells Jang et al. (2012), Higuchi et al. (2013)
Inhibited allergen-IgE-induced mast cell activation Jang et al. (2012)
Reduced eosinophil population in skin of NC/Tnd mice by suppressing PI3K recruiting and Higuchi et al. (2013)
activating activity
Inhibited NF-kB and MAPK pathways Jang et al. (2012), Xu et al. (2018)

y-mangostin (3) Antagonist of H1 receptor Sukma et al. (2011)
Suppressed IgE production by stimulated splenic B cells Jang et al. (2012), Higuchi et al. (2013)
Inhibited allergen-IgE-induced mast cell activation Jang et al. (2012)
Reduced eosinophil population in skin of NC/Tnd mice by suppressing PI3K recruiting and Higuchi et al. (2013)
activating activity

Mangiferin (4) Reduced serum levels of IL-4, IL-5, IL-13, IL-17A and TNF-a Guo et al. (2014), Zhao et al. (2017), Yun et al. (2019)
Increased serum levels of IL-10 and TGF-f Guo et al. (2014), Zhao et al. (2017), Yun et al. (2019)
Reduced secretion of IL-1B, IL-6 and iINOS by RAW264.7 macrophages Zhao et al. (2017)
Decreased Th9 and Th17, and increased Treg subsets in the spleen Yun et al. (2019)
Restored imbalanced Th1/Th2 cell ratio Guo et al. (2014)
Reduced inflammatory cell infiltration and eosinophil population in the skin Guo et al. (2014), Zhao et al. (2017), Yun et al. (2019)
Inhibited phosphorylation of kB and reduced levels of NF-kB2 Zhao et al. (2017)

Acne a-mangostin (2) Bacteriostatic and bacteriocidal activity on Gram-positive bacteria Koh et al. (2013), Tatiya-Aphiradee et al. (2016), Sivaranjani
et al. (2019)
Antibacterial activity against P. acnes and S. epidermidis Auranwiwat et al. (2014), Sivaranjani et al. (2017), Xu et al.
(2018)

Targeted and disrupted cellular membrane integrity, causing rapid loss of intracellular components  Koh et al. (2013)
Inhibited MRNA expression of IL-1p, IL-6 and TNF-a in P. acnes-induced HaCaT cells Xu et al. (2018)

Inhibited activation of NF-kB and MAPK pathways by suppressing phosphorylation of kB, p65, Xu et al. (2018)

p38, ERK and JNK

Inhibited lipase activity of P. acnes Xu et al. (2018)
y-mangostin (3) Antibacterial activity against P. acnes Xu et al. (2018)

Inhibited MRNA expression of IL-1p, IL-6 and TNF-a in P. acnes-induced HaCaT cells

Inhibited activation of NF-xB and MAPK pathways by suppressing phosphorylation of kB, p65,

p38, ERK and JNK

Inhibited lipase activity of P. acnes
B-mangostin (5) Antibacterial activity against S. epidermidis Auranwiwat et al. (2014)
Garcicowanone A (6) Antibacterial activity against S. epidermidis Auranwiwat et al. (2014)
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TABLE 1 | (Continued) Xanthones and their mechanism of action for treatment of skin inflammatory diseases.

Disease Xanthone

Skin cancer and
melanoma

a-mangostin (2)

y-mangostin (3)

Mangiferin (4)

B-mangostin (5)
8-deoxygartanin (7)

Gambogic acid (8)

Gambogenic acid (9)
33-hydroxyepigambogic acid
(10)

35-hydroxyepigambogic acid
1)

Xanthone V4 (12)

Norathyriol (13)

Gentiacaulein (15)
Norswertianin (16)

Mechanism of Action

Inhibited in vitro cell proliferation, adhesion and invasion of SK-MEL-28, B16-F10 and A375 cells Wang et al. (2011

Inhibited tumor incidence and hyperplasia in DMBA-TPA-induced mice

Increased caspase-3 activity and caused loss of mitochondrial membrane potential
Increased expression of Bax, Bad and caspase-3

Downregulation of Bcl-2 and Bal-xL

Induced cell differentiation and aggregation in B16-F10 cells

Anti-metastatic effect by reducing MMP-1 and MMP-9 activity

Decreased phosphorylation of PI3K, Akt and TOR proteins

Induced ROS generation

Downregulated IL-1p, IL-4 and IL-18 in DMBA-TPA-induced skin tumorigenesis in mice
Upregulated IL-10 in DMBA-TPA-induced skin tumorigenesis in mice
Chemoprevention by photoprotective and antioxidative activity

Inhibited in vitro cell proliferation of SK-MEL-28 cells

Induced apoptosis by causing the loss of mitochondrial membrane potential
Chemoprevention by photoprotective and antioxidative activity

Anti-metastatic and anti-angiogenic effect by selectively inhibiting the expression of VEGFR2,
MMP-19 and PGF genes

Selectively inhibited NF-kB genes including /L-6, TNF, IFN-y and CCL2

Increased activity of SOD in skin of UVB-irradiated SKH-1 mice

Chemoprevention by photoprotective and antioxidative activity

Chemoprevention by photoprotective and antioxidative activity

Inhibited in vitro cell proliferation of SK-MEL-28 cells

Induced apoptosis by causing the loss of mitochondrial membrane potential
Inhibited cell proliferation and viability in B16-F10 and A375 cells

Decreased in vivo expression of Akt1 and Akt2

Induced apoptosis by increasing Bax/Bcl-2 ratio and activation of caspase-3
Modulated mitochondrial p66shc/ROS-p53/Bax signaling

Modulated miR-199a-3p/ZEB1 signaling

Anti-metastatic effect by downregulating a4 integrin and fibronectin adhesion
Induced apoptosis via PIBK/Akt/mTOR signaling pathway

Cytotoxic activity against SK-MEL-28 cells

Induced cell cycle arrest at S or G2/M phase

Induced apoptosis by increasing the activity of caspase-3/7

Cytotoxic activity against SK-MEL-28 cells

Induced cell cycle arrest at S or G2/M phase

Induced apoptosis by increasing the activity of caspase-3/7

Induced cell cycle arrest at S phase

Induced apoptosis by increasing activation of caspase-3/7

Inhibited skin carcinogenesis in SKH-1 hairless mice exposed to solar UV

Induced cell cycle arrest at G2/M phase by increasing cyclin B1 and phosphorylated Cdk 1
Inhibited activation of MAPK and NF-kB cascades by competitively inhibiting ERK2 kinases
Chemoprevention by photoprotection and quenching of excited riboflavin
Chemoprevention by photoprotection and quenching of excited riboflavin

References

( , Beninati et al. (2014)
Wang et al. (2017
Wang et al. (2011
Wang et al. (2017
Wang et al. (2017)
Beninati et al. (2014)
Beninati et al. (2014), Im et al. (2017)
Wang et al. (2017), Xia and Sun (2018)
Xia and Sun (2018)
Im et al. (2017), Wang et al. (2017)
Wang et al. (2017)
Im et al. (2017), Purnaningsih et al. (2018)
Wang et al. (2011)

Im et al. (2017), Purnaningsih et al. (2018)
Delgado-Hernandez et al. (2019)

Delgado-Hermandez et al. (2019)

Petrova et al. (2011)

Magcwebeba et al. (2016a), Magcwebeba et al. (2016b)
Im et al. (2017), Purnaningsih et al. (2018)

Wang et al. (2011)

Zhao et al. (2008), Xu et al. (2009)
Liang et al. (2018)

Xu et al. (2009)

Liang and Zhang (2016)

Liang et al. (2018)

Zhao et al. (2008)

Cheng et al. (2014)

Xu et al. (2015)

Xu et al. (2015)

Kuete et al. (2011)
Li et al. (2012)
Hirakawa et al. (2005)

Hirakawa et al. (2005)
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production of nerve growth factors (NGF) and nerve extension
that relieved the itching.

Histamines, also known as imidazolethylamine, play an
important role in cutaneous inflammation and contribute to
the characteristic redness, wheal, flare and pruritis of AD
(Buddenkotte et al., 2010). It affects the integrity of the skin
barrier and modulates inflammatory immune responses via the
activation of eosinophils, mast cells and basophils (Buddenkotte
et al., 2010; Ohsawa and Hirasawa 2014). Furthermore, this
allergic mediator is capable of activating Th2 cells, subsequently
increasing the production of Th2 cytokines such as IL-4, IL-5,
and IL-13 (Ohsawa and Hirasawa, 2014). While the pruritic role
of histamines in AD is still being debated, administration of
antihistamines did help to mitigate itching (Ohsawa and
Hirasawa, 2014). A study on the anti-inflammatory activity
of the 40% ethanol extract of mangosteen hull (G. mangostana
L.) revealed more than 80% inhibition of histamine release from
IgE-sensitized RBL-2H3 basophil cells, besides inhibiting the
synthesis of prostaglandin E, (PGE2) at 300 ug/mL (Nakatani
et al,, 2002). The key compound contributing to the anti-
inflammatory effect of the extract was suggested to be a
xanthone named as a-mangostin (2). Meanwhile, 1 was
revealed to be capable of reducing serum levels of histamine
in 2,4-dinitrofluorobenzene (DNFB)-induced AD mice model
with 0.001-1.000 mM in a dose-dependent manner (Aye et al.,
2020). DNFB is a hapten which is topically applied to animal
models to mimic the pathophysiology and skin inflammation of
AD (Aye et al., 2020). Furthermore, 1 demonstrated significant
reduction in skin lesions and hyperplasia in DNFB-induced
mice at doses of 0.2, 2.0 and 20.0 mg/kg (Aye et al., 2020). In
vitro experiments further highlighted the ability of 1 at 0.001-
1.000mM to suppress histamine and thymic stromal
lymphopoietin (TSLP) released by HMC-1 mast cells that
was stimulated by phorbol myristate acetate (PMA) and
calcium  ionophore A23187 (CI). The synergistic
combination of PMA-CI was established as powerful tools to
study accessory-independent activation of T cells (Heinze and
Mohr, 1990).

a-Mangostin (2) was previously reported to be a selective
and competitive inhibitor of histamine HI1 receptors
(Chairungsrilerd et al., 1996a; Chairungsrilerd et al., 1996b).
The antihistamine effect of 2 via the inhibition of histamine
release and antagonism of histamine H1 receptors disclosed the
xanthone as a potential candidate to alleviate histamine-
mediated effects in allergic reactions such as AD. Besides 2,
y-mangostin (3) is another major xanthone found in
mangosteen rind and hull extracts (Nakatani et al, 2002;
Higuchi et al, 2013). As shown in Figure 2, both 2 and 3
are similar in structures and only differ by demethylation of 7-
OH in 2. An early histamine-induced contraction study on 3
showed that it lacked of histamine H1 receptor antagonism on
the isolated rabbit aorta at 5 uM (Chairungsrilerd et al., 1996b).
However, a later study on neuroblastoma cells by Sukma et al.
(2011) contradicted the findings by Chairungsrilerd et al.
(1996b). The authors suggested that the increase in mRNA
expression of HI receptors is compensatory against the
antagonistic effect of 3 (Sukma et al, 2011). Further
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investigation on the structure-activity relationship of xanthone
on histamine antagonism may be worthwhile.

Modulation of Cytokine Expression and IgE by
Xanthones

Xanthones are involved in the modulation of immune
inflammatory responses and the expression of cytokines and
IgE. The pristine xanthone 1 was found to reduce the mRNA
expression of immunomodulatory mediators and ILs responsible
for recruiting immune cells to the site of skin inflammation in
mice at doses of 0.2, 2.0 and 20.0 mg/kg (Aye et al., 2020). The
mediators involved are IL-1g, IL-6, IL-8, thymus and activation-
regulated chemokine (TARC) and macrophage derived
chemokine (MDC) (Aye et al., 2020). Xanthone 1 also reduced
the serum levels of IgE, as well as the population of mast cells in
skin lesions at the same doses. Furthermore, 1 increased the
survival rate of anaphylactic shock by 83.3%, further highlighting
its immunomodulatory capabilities. It is worthwhile to note that 1
did not induce any cytotoxicity to HaCaT normal keratinocyte
cells at 0.001-10.000 mM (Aye et al., 2020). Another study on the
xanthone-rich mangosteen rind ethanol extract using AD mice
models revealed the suppression of mRNA expression of various
pro-inflammatory cytokines such as IL-4, interferon-y (IFN-y)
and TSLP when treated with 250 mg/kg/day of the extract
(Higuchi et al, 2013). TSLP was suggested to be the most
crucial target of the extract against AD development. Besides
that, the extract at the same dose suppressed the mRNA
expression of Th2 chemokines MDC and eotaxin-2 involved
in T cell-mediated inflammation and recruitment of

eosinophils, respectively (Watanabe et al., 2002; Higuchi et al.,
2013). However, the expression of pro-inflammatory cytokines
commonly associated with AD such as IL-4, IL-5 and IL-13 were
not affected by treatment with the extract (Higuchi et al., 2013).
Xanthone 2 was identified as the most abundant xanthone and
main active compound of the mangosteen rind ethanol extract
(Higuchi et al., 2013). The isolated 2 was further reported to
inhibit the mRNA expression of TSLP and IFN-y with ICs, values
of 0.4 and 3.6 yM, respectively.

In contrast, mangiferin (4), a natural xanthone glucoside, was
able to alleviate the imbalanced expression of cytokines in the
serum of oxazolone-induced AD in C57BL/6 mice model with
oral administration of 50 mg/kg/day (Zhao et al, 2017).
Treatment with 4 restored the Th1/Th2 cytokine imbalance by
reducing serum levels of pro-inflammatory cytokines including
IL-4,1L-5,1L-13, IL-17A and TNF-q, while increasing the levels of
anti-inflammatory cytokines IL-10 and transforming growth
factor p (TGF-g) (Guo et al., 2014; Zhao et al, 2017; Yun
et al., 2019). Besides that, 20 and 100 uM of 4 were shown to
modulate cytokine expression of macrophages which play a
crucial role in skin inflammation and reduce the levels of IL-
18, IL-6 and inducible nitric oxide synthase (iNOS) secreted by
RAW264.7 cells (Zhao et al.,, 2017). Interestingly, 4 also directly
affected the T cell population, particularly Thl, Th2, Th9, Th17
and Treg cells whereby imbalance of these subsets characterizes
the impaired immune response in AD (Auriemma et al., 2013).
Compound 4 can restore the aberrant Th1/Th2 cell ratio found in
allergic inflammatory disorders while decreasing Th9 and Th17
proportions and increasing proportions of Treg cells in the spleen
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(4), p-mangostin (5), garcicowanone A (6), 8-deoxygartanin (7),

with oral administration of 50-200 mg/kg/day (Guo et al., 2014;
Yun et al,, 2019). The modulation of the Th1/Th2 cytokine and
cell differentiation imbalance by 4 may involve the inhibition of
STAT6 signaling pathway (Guo et al., 2014). Collectively, these
anti-inflammatory mechanisms exhibited by 4 may contribute to
the alleviation of skin inflammation in AD mice model (Zhao
et al., 2017).

Besides that, 2 suppressed the IgE production induced by IL-4
and lipopolysaccharide (LPS)-stimulated splenic B cells with an
1Csp value of 2.5 uM whereas a xanthone of similar structure, 3
showed an IC5, value of 1.6 uM (Higuchi et al., 2013). This finding
was also previously described by Jang et al. (2012) where both 2
and 3 at the doses of 10 and 30 mg/kg/day were able to decrease
the secretion of IgE in an airway inflammation model induced by
ovalbumin, an allergen commonly used in immunological studies
to imitate allergic reactions. Furthermore, the authors suggested
the ability of 2 and 3 to inhibit allergen-IgE-induced mast cell
activation while attenuating the production of IgE, therefore
exhibiting  anti-inflammatory  effects through multiple
mechanisms.

Other Anti-inflammatory Mechanisms of Xanthones

Besides mediating cytokine expression, xanthones were found to
modulate the recruitment of eosinophils. Since eosinophils play a
key role in allergic diseases, minimal recruitment of the cell

consequently reduces the associated inflammation (Guo et al,
2014). Mangosteen rind ethanol extracts that primarily contain 2
and 3 reduced the population of eosinophils in the skin of NC/
Tnd mice at a dose of 250 mg/kg/day (Higuchi et al., 2013). The
finding may be associated with the ability of 2 and 3 to suppress
PI3K activity, a signal transduction pathway commonly involved
in the recruitment and activation of eosinophils, at a dose of
30 mg/kg/day (Jang et al., 2012). Similarly, 4 was able to dose-
dependently suppress eosinophilia with comparable effects with
dexamethasone (1-dehydro-9a-fluoro-16a-methylhydrocortisone),
a topical corticosteroid used in the treatment of AD (Kalz 1960;
Guo et al,, 2014; Yun et al,, 2019). This finding was consolidated by
histological examination of the skin of oxazolone-induced AD in
C57BL/6 mice that revealed a decrease in inflammatory cell
infiltration after oral administration of 4 at 50 mg/kg/day (Zhao
et al., 2017).

The inflammatory NF-«B pathway has been associated with
AD. This pathway mainly involves the MAPK/NF-«B cascade and
NE-«B/caspase-1 axis which induce the expression of numerous
pro-inflammatory cytokines such as TNF-a, IL-8 and IL-1p (Lee
et al,, 2015; Guo et al,, 2019). Modulation of the NF-«B pathway
appears to be a common anti-inflammatory mechanism exhibited
by xanthones. Xanthone 1 significantly attenuated the
phosphorylation of IxBa and NF-kB in HaCaT cells at 0.001 to
10.000 mM, demonstrating the inhibition of an allergic
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inflammatory response (Aye et al., 2020). Besides that, 1 was also
shown to regulate the MAPK and caspase-1 pathways in
keratinocytes and mast cells (Aye et al., 2020). Its derivatives
such as 2 was reported to inhibit the NF-xB pathway at 10 and
30 mg/kg/day in ovalbumin-induced airway inflammation in
mice models, resulting in anti-inflammatory action (Jang et al,
2012). Compound 4 also suppressed the activation of the NF-«xB
pathway in vivo when oxazolone-induced dermatitis mice were
treated with 50 mg/kg/day of the xanthone by reducing the level
of NF-«B2 and inhibiting the phosphorylation of IxB. Thus, 4 was
proposed to be a good lead compound for treating AD (Zhao
et al., 2017). Similarly, xanthones 1 and 2 are potential lead
compounds for treating AD as they exhibit anti-inflammatory
effects.

Acne

Acne vulgaris, a cutaneous inflammatory disease of the
pilosebaceous follicle is listed as the eighth most prevalent
disease worldwide and is estimated to affect 9.38% of the
global population (Heng and Chew, 2020). Commensal skin
bacteria  Propionibacterium  acnes and  Staphylococcus
epidermidis are associated with the onset and development of
inflammatory acne via production of neutrophil chemotactic
factors as well as pro-inflammatory cytokines such as IL-1, IL-
6, IL-8 and TNF-a (Chomnawang et al., 2005; Asasutjarit et al.,
2013; Xu et al., 2018). Recruitment of immune cells subsequently
induced the generation of ROS which contributes to the irritation
of the follicular epithelium that often leads to skin damage and
scarring (Chomnawang et al., 2007). These acne-causing bacteria
are quickly gaining resistance to classic antibiotics, hence the
search for natural antibacterial and anti-acne compounds is
ongoing (Asasutjarit et al,, 2013). Xanthones are compounds
that can be potentially used in treating acne.

Anti-acne Activity of Xanthone-rich Extracts

Garcinia mangostana L. ethanol extracts and its primary
xanthone 2 were proven to exhibit anti-acne effects
(Chomnawang et al., 2007; Pan-In et al, 2015). Early studies
reported that the xanthone-rich ethanol extract showed the
strongest inhibitory effects with minimum inhibitory
concentration (MIC) of 0.039 mg/mL on both P. acnes and S.
epidermidis when compared to eighteen Thai medicinal plant
extracts with MICs ranging from 0.625 to more than 5 mg/mL
using disc diffusion and broth dilution methods (Chomnawang
et al.,, 2005). The extracts were analyzed using bioautographic
detection in thin layer chromatography, and silica gel column
chromatography which identified the main components of the
extract to be 2 and 3 (Chomnawang et al., 2005; Tatiya-Aphiradee
et al., 2016). Another study demonstrated the anti-microbial
effects of aqueous extracts of G. mangostana L. on both acne-
causing bacteria using a similar disc diffusion assay, further
supporting Chomnawang and colleagues’ discoveries (Bhaskar
et al., 2009). Later studies reported that the dichloromethane
extract of mangosteen fruit rind (G. mangostana L.) obtained
using Soxhlet extraction showed the strongest bacteriostatic and
bactericidal activity against P. acnes and S. epidermidis with
minimal bactericidal concentration (MBC) of 3.91 and
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15.63 ug/mL, respectively (Pothitirat et al., 2010). Similarly, 2
was isolated and identified to be the key active compound in the
rind extract. The concentration of 2 in the extract was
significantly correlated to antibacterial activity against P. acnes
and S. epidermidis (Pothitirat et al., 2010). Meanwhile, in a 3-
week randomized, double-blinded and placebo-controlled study,
mangosteen rind extract capsules were orally prescribed thrice
daily to 94 patients with mild and moderate acne (Sutono 2013).
The study reported a decrease of 63% and 35% in non-inflamed
and inflamed acne lesions respectively, with no adverse effects
(Sutono 2013). It was concluded that oral administration of the
rind extract significantly decreased the severity of mild and
moderate acne compared to a placebo.

Antibacterial Activity of Xanthones for Acne Treatment
Further investigations on isolated xanthone 2 from G.
mangostana L. pericarp ethanol extract reveal its bacteriostatic
(Tatiya-Aphiradee et al., 2016) and bactericidal effects (Koh et al.,
2013) on Gram-positive bacteria using broth dilution and time-
kill kinetics assays. Koh et al. (2013) identified the isoprenyl
group attached at C-8 of 2 to be crucial in its antibacterial effect as
it allowed the xanthone to associate with bacterial lipid alkyl
chains and penetrate into the bacteria. Furthermore, a separate
study highlighted that 2 mimics the chemical structure of meta-
phenylene ethynylene, a membrane-targeting cationic
antimicrobial peptide (Sivaranjani et al, 2017). Consequently,
rapid penetration of the xanthone into the bacterium deranged
the cytoplasmic membrane integrity, causing swift loss of
intracellular ~ components  within ~ 5-10  minutes  at
concentrations as low as 7.61 M as proven in an ethidium
bromide uptake assay, together with SYTOX green and calcein
leakage assays (Koh et al., 2013). Thus, it was postulated that the
primary target of 2 in antibacterial mechanisms of Gram-positive
bacteria, such as P. acnes and S. epidermidis is the bacterial inner
membrane. This discovery was also corroborated by Auranwiwat
and colleagues (2014) that found the prenyl substituent at C-8 in
a-mangostin (2), p-mangostin (5) and garcicowanone A (6), a
novel xanthone identified in the unripe fruits of Garcinia cowa
Roxb. ex Choisy, to confer to their remarkable antimicrobial
activity against Gram-positive bacteria. Xanthones 2, 5 and 6 are
similar in structure, differing by prenyl substituents at C-2, and
hydroxyl or methoxy groups at C-3 positions as shown in
Figure 2. Moreover, 2, 5 and 6 demonstrated significant
activity against S. epidermidis with MIC values between 2-4 ng/
mL, where 2 is the most potent among the xanthones
(Auranwiwat et al., 2014). Hence, it was postulated that prenyl
and hydroxyl groups attached at C-2 and C-3 positions,
respectively of 2 were the important functional groups for
antibacterial activity. Additionally, 2 significantly inhibited
biofilm formation of S. epidermidis, a crucial virulence factor
of the bacterium at concentrations as low as 12.18 M
(Sivaranjani et al, 2017). Another study reported the anti-P.
acnes activity of 2 and 3 (Xu et al,, 2018). Interestingly, while 2
and 3 displayed similar MIC values of 4.0 uM on P. acnes growth,
3 achieved a larger maximum inhibition zone of 20 mm diameter
compared to 12 mm diameter by 2 in the disc diffusion method.
This finding suggests 3 to be a more potent anti-bacterial agent
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against P. acnes compared to 2 though there is still a lack of
research study on the anti-acne activity of 3 (Xu et al., 2018). Thus
far, no comparative studies have been done on the anti-acne
activity of 2, 3 and 5 which have closely related structures with
prenyl substituent at C-2 and C-8.

Previous studies reported that 2 is effective against methicillin-
resistant Staphylococcus aureus (MRSA) strains in an in vivo
model by using superficial skin infection mouse model (Tatiya-
Aphiradee et al., 2016). Topical treatment with 100 L of 1.32% of
2 significantly reduced the number of MRSA colonies after 3 days
to levels comparable to the control (Tatiya-Aphiradee et al,
2016). Interestingly, studies to date reported no resistance
development towards 2 in MRSA with insignificant changes in
the MIC of 3.80 M when tested in a 20-passage multistep
resistance selection study (Koh et al, 2013). Similarly, S.
epidermidis did not develop resistance towards 2 despite
continuous exposure at 0.38-3.05uM across 19 passages in
both planktonic and biofilm cells (Sivaranjani et al., 2017). A
later study conducted by Sivaranjani et al. (2019) revealed
molecular antibacterial mechanisms of 2 on S. epidermidis by
downregulating the expression of genes responsible for bacterial
cytoplasmic membrane integrity, cell division, teichoic acid and
fatty acid biosynthesis, as well as DNA replication and repair
systems. The target on multiple metabolic pathways by 2
minimized the risk of resistance development which greatly
increased the potential of the xanthone as anti-bacterial agents
for acne treatment.

Anti-inflammatory Mechanisms of Xanthones
Investigations on the potential of G. mangostana L. pericarps
ethanol extracts for acne treatment revealed its anti-inflammatory
effects by suppressing the production of pro-inflammatory
cytokine, TNF-a. The pericarp extract suppressed the
production of TNF-a by 94.59% at 50 ug/mL in an in vitro
cytokine production assay in peripheral blood mononuclear
cells stimulated with heat-killed P. acnes. (Chomnawang et al,
2007). The extract also possessed antioxidative activity by free
radical scavenging mechanisms as shown in DPPH scavenging
assay (ICso = 6.13 pg/mL). The authors suggested the potential
anti-inflammatory mechanisms was due to the attenuation of
oxidative stress. A recent study revealed 2 and 3 to exhibit anti-
acne activities via multiple anti-inflammatory mechanisms (Xu
et al, 2018). The mRNA expression of pro-inflammatory
cytokines IL-1g, IL-6 and TNF-a in P. acnes-stimulated
HaCaT cells was significantly inhibited by 2 and 3at
concentration of 2-8 uM, as shown in a qRT-PCR analysis (Xu
et al., 2018). Furthermore, 2 and 3 also suppressed the activation
of NF-xB and MAPK pathways by decreasing the phosphorylation
of pathway-related proteins IxB, p65, p38, ERK and JNK in a dose-
dependent manner (Xu et al., 2018). Moreover, these xanthones
completely inhibited the activity of lipases, a pro-inflammatory
and virulence factor of P. acnes, at concentrations as low as 4 uM.
Consequently, 2 and 3 halted the inflammatory response induced
by P. acnes (Xu et al, 2018). Various anti-inflammatory
mechanisms exhibited by these xanthones contribute to their
biological potential as anti-acne agents.

Xanthones and Skin Inflammatory Diseases

Development of Xanthone Formulations for Acne
Treatment

As a hydrophobic prenylated xanthone, flux of 2 through the
stratum corneum is undesirable for acne treatment as it limits
drug retention and absorption in hair follicles and sebaceous
glands (Bhaskar et al., 2009; Pan-In et al., 2015). Numerous
topical formulations were hence designed to maximize the
retention of active compounds within the epidermis, ideally
attaching to the bacterial surface and directly releasing the
xanthone to the bacteria (Bhaskar et al., 2009; Pan-In et al.,
2015). For example, an anti-acne gel formulation in aqueous
based Carbopol-934 (1% w/w) containing aqueous extracts of
G. mangostana L. and Aloe vera (L.) Burm.f. was developed for
the topical therapy of mild acne (Bhaskar et al., 2009). The
formulation had an ideal hydrophilic-lipophilic balance for
epidermal permeation and showed larger maximum zone of
inhibition of 1.7 cm against P. acnes compared to the marketed
clindamycin phosphate gel of 1.1 cm when 1.5 g of the gels were
tested using a zone of inhibition assay (Bhaskar et al., 2009).
Interestingly, the formulated gel was claimed to be
advantageous as there was no development of tolerance or
resistance by the bacteria. Identification of 2 as the crucial
phytochemical in these mangosteen extracts led to the anti-acne
studies involving the film-forming solutions of a purified
a-mangostin (2)-rich mangosteen fruit rind extract (G.
mangostana L.) (Asasutjarit et al., 2013). The optimized
formulations utilized 8% w/w of Klucel LF and Eudragit RL
PO in a 5:1 ratio as film-forming polymers and 1% w/w triethyl
citrate as a plasticizer. With 1 mg/g of 2 loaded, the films
showed significant anti-bacterial activity against P. acnes in
the disc diffusion method, producing a inhibition zone
diameter of 23.5+1.5mm. Similarly, nanoemulsions of 2
showed anti-bacterial activity against P. acnes while also
being non-toxic to HaCaT cells at concentration of 0.2%
w/w of 2 in nanoemulsions (Asasutjarit et al, 2019). In
addition,  other  studies  employed  cellulose-based
nanoparticles for delivery of 2 and showed insignificant skin
irritation in vivo on human volunteers in a 4-week-randomized,
double-blind, placebo-controlled, split-face study with topical
application of 0.3, 0.6 and 1.2% w/w 2-loaded nanoparticles
(Pan-In et al., 2015). The non-irritancy may be associated with
the non-cytotoxicity of 2 towards normal keratinocytes and
fibroblasts. For example, an in vitro examination showed the
formulation of the xanthone-rich extract to be non-toxic to
normal skin fibroblast cells and was regarded to be non-irritant
and safe for skin use (Asasutjarit et al., 2013). This finding was
also supported by Xu et al. (2018) that showed 2 and 3, the
major xanthones of mangosteen pericarps (G. mangostana L.),
to be non-toxic to HaCaT keratinocyte cells despite showing
effective antibacterial activity against P. acnes. Moreover, these
xanthones inhibited P. acnes-induced hyperproliferation of
HaCaT cells at 2-8 uM in a dose-dependent manner. There
was no significant effect on the proliferation of non-induced
HaCaT cells at the same concentrations which excluded the
non-specific cytotoxicity of the xanthones as a mechanism of
action.
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Skin Cancer & Melanoma
Skin cancer is classified as either melanoma or non-melanoma

where melanoma is regarded as the most aggressive form of skin
cancer (Delgado-Herndndez et al., 2019). Non-melanoma skin
cancer is also ranked as the fifth most common cancer worldwide
by the World Health Organization (WHO) (Khazaei et al., 2019).
Meanwhile, the incidence of melanoma is increasing at a faster
rate than any other cancer with worrying mortality rates
(Purnaningsih et al., 2018; Khazaei et al., 2019). UV radiation
in particular has been strongly associated with skin
carcinogenesis, causing oxidative damage, pro-inflammatory
responses and DNA mutations (Hiraku et al., 2007; Kapadia
et al.,, 2013; Im et al., 2017). Inflammation was described to be
crucial in this skin disease as the inflammatory environment
supports tumorigenesis and promotes invasion and metastasis
(Pittayapruek et al,, 2016; Wang et al., 2017). The extent of
inflammation is commonly assessed by the detection of pro-
inflammatory cytokines such as TNF-q, IL-1p, IL-4, IL-6 and IL-
18 (Wang et al., 2017). ROS was also implicated in the initiation,
promotion and progression stages of skin carcinogenesis by
causing structural alterations in DNA and proteins (Bickers
and Athar, 2006). Accumulation of ROS triggers inflammation
and the production of matrix metalloproteinases (MMPs) that
promote tumor invasion, metastasis and angiogenesis by
mediating TGF-p and vascular endothelial growth factor
(VEGF) (Pittayapruek et al, 2016; Im et al, 2017). The
mechanism of action of xanthones commonly involve the
apoptotic Bax and anti-apoptotic Bcl-2 proteins which are two
of the most important markers of apoptosis (Wang et al., 2017).
Activation of Bax and inhibition of Bcl-2 induce mitochondrial
outer membrane permeabilization, apoptosome formation and
activation of the executioner caspases-3 and -7 (Campbell and
Tait, 2018). Consequently, the cell begins to dismantle,
and apoptosis occurs. Other mechanisms of action include cell
cycle arrest, and the disruption of MAPK and PI3K/Akt signaling
pathways which modulate the growth and proliferation of skin
cancer cells (Hambright et al., 2015).

There is a lack of a reliable therapy for this skin malignancy
(Delgado-Hernandez et al, 2019). Nowadays, multitargeted
treatment is urgently required as singularly targeting a kinase
or pathway is ineffective to cease malignant proliferation,
angiogenesis, and metastasis. Therefore, xanthones with its
multitargeting mechanisms are promising pharmacophore
candidates for cancer treatment (Delgado-Hernindez et al,
2019).

Cytotoxic Mechanisms of Xanthones

The cytotoxic mechanisms of various natural xanthones have
been thoroughly investigated. The natural prenylated xanthone, 2
inhibited the in vitro proliferation, adhesion, and invasion of
several melanoma cell lines, namely SK-MEL-28, B16-F10 and
A375 in a dose-dependent manner (Wang et al., 2011; Beninati
et al., 2014). This xanthone also induced apoptosis in melanoma
SK-MEL-28 cells whereby it increased the proportion of early
apoptotic cells from 1.7% (control) to 59.6% at concentration of
24.36 uM (Wang et al., 2011). The observed apoptotic effect was
linked to the 25-fold increase in caspase-3 activity and loss of
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mitochondrial membrane potential (a¥,,) (Wang et al., 2011).
This finding was supported by Wang et al. (2017) who reported
an increased expression of pro-apoptotic proteins, Bax, BAD and
caspase-3 with concurrent downregulation of anti-apoptotic
proteins, Bcl-2 and Bal-xL after in vivo treatment of mice with
5 and 20 mg/kg/day of 2. Furthermore, the study by Wang and
colleagues (2017) showed that 2 was active in vivo as it inhibited
tumor incidence and hyperplasia induced by carcinogen 9,10-
dimethylbenz[a]anthracene (DMBA) and skin tumor promoter
12-O-tetra-decanoylphorbol-13-acetate (TPA) in ICR mice
following daily intraperitoneal administration of 5mg/kg or
20 mg/kg of the xanthone (Wang et al,, 2017). The inhibition
of cancer cell proliferation was hypothesized to be linked to the
suppression of the PI3K/Akt signaling pathway by decreasing the
phosphorylation of PI3K, Akt and TOR proteins (Wang et al.,
2017; Xia and Sun 2018). The use of 5 M of 2 as an adjunct to
kinase inhibitors of the PI3K pathway such as rapamycin was also
shown to be effective in inhibiting the proliferation of SK-MEL-
28 cells (Xia and Sun 2018). Interestingly, despite antioxidative
and ROS scavenging activity of 2 (Pedraza-Chaverri et al., 2009;
Pérez-Rojas et al., 2009), the induction of ROS generation in
melanoma cells may be a cytotoxic mechanism exhibited by the
synergistic combination of 2 and kinase inhibitors (Xia and Sun
2018). The structurally similar xanthone, 3 and another
prenylated xanthone, 8-deoxygartanin (7) also exhibited
similar inhibitory effects on SK-MEL-28 cell proliferation
while increasing apoptotic rate and loss of A¥,, when tested at
2.5, 5.0 and 10.0 pg/mL (Wang et al., 2011). Among these three
xanthones, 2 was the most potent as it exhibited the highest
apoptotic and anti-proliferative activity against SK-MEL-28 cells.

The anti-metastatic effect of 2 was also reported where it
induced cancer cell differentiation after treatment with 10 and
15 uM of the xanthone as evidenced by the intracellular increase
of the differentiation marker PpIX in B16-F10 cells (Beninati
et al., 2014). Furthermore, 2 reduced the plasticity of melanoma
cells by up to 80% as seen in 3D-invasion assays (Beninati et al.,
2014). The activity of MMP-9 which promotes angiogenesis and
tumor invasion was reduced by 63% whereas cell aggregation
increased by 3-fold when treated with 15 uM of 2. Similarly, later
studies conducted by Im et al. (2017) reported a reduction in
MMP-1 and MMP-9 enzyme levels in the skin of UVB-irradiated
mice after treatment with 100 mg/kg/day of 2. These MMPs
mediate the degradation of extracellular matrix which allow
cancer cells to detach from the original tumor site and spread
to other locations (Pittayapruek et al., 2016). Numerous
mechanisms exhibited by 2 result in the anti-metastatic effect
of xanthones.

Another xanthone with significant anti-cancer activity found
in the resins of Garcinia hanburyi Hook . is gambogic acid (8)
(Zhao et al, 2008). This caged xanthone exerted in vitro
cytotoxicity on B16-F10 (ICso = 1.71 uM) and A375 melanoma
cels (ICsy = 2.50uM), inhibiting the viability and cell
proliferation in a dose-dependent manner (Zhao et al., 2008;
Xu et al., 2009). Various mechanisms such as cell cycle arrest,
release of cytochrome c¢ from mitochondria as well as the
induction of apoptosis and necrosis have been attributed to
the cytotoxic effects of 8 (Zhao et al.,, 2008; Xu et al., 2009).
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For instance, treatment with 3.96-11.89 uM of 8 increased the
number of early apoptotic A375 cells by at least 7-fold after
36 hours where the observed finding was associated with an
increase in Bax, a decrease in Bcl-2, and subsequent increased
activation of caspase-3 (Xu et al, 2009). Interestingly, co-
treatment of 8 with cisplatin, a standard chemotherapy drug
significantly increased cisplatin-induced cytotoxicity on
cisplatin-resistant A375 melanoma cells, suggesting the
potential of xanthone in combination therapy (Liang et al,
2018). Later studies reported the involvement of other apoptotic
pathways in melanoma cells such as mitochondrial p66*"/ROS-
p53/Bax (Liang and Zhang 2016) and a novel miR-199a-3p/ZEB1
signaling (Liang et al., 2018) in the anti-tumour mechanism of 8.
Besides that, 8 inhibited the migration and adhesion of B16-F10
melanoma cells to fibronectin via the downregulation of the cell
adhesion molecule o4 integrin with 0.01-0.60 uM of 8 in a dose-
dependent manner (Zhao et al., 2008). Moreover, lung metastases
were significantly suppressed with an inhibitory rate of 94.14% by
1.5 mg/kg of 8 in an artificial in vivo metastasis assay in mice (Zhao
et al., 2008). The anti-proliferative effect on the in vivo tumors was
also associated with the decreased expressions of Aktl and Akt2,
proteins of the PI3K/Akt pathway which regulate cell proliferation
(Hambright et al., 2015; Liang et al., 2018).

Similarly, another caged xanthone, gambogenic acid (9)
induced apoptosis in B16 cells via the PI3K/Akt/mTOR
signaling pathway (Cheng et al, 2014). This xanthone
decreased phosphorylated levels of PI3K, Akt and mTOR in a
time-dependent manner, limiting the activation of this
proliferation-inducing  pathway (Cheng et al, 2014).
Cytotoxicity evaluation of the compounds isolated from G.
hanburyi Hookf. revealed two derivatives of 8, 33-
hydroxyepigambogic acid (10) and 35-hydroxyepigambogic
acid (11) to have potent activity against SK-MEL-28 cells with
ICsg values of 0.82 and 0.73 uM, respectively (Xu et al., 2015).
Similar to 8, these two caged xanthones instigated cell cycle arrest
in S or G2/M phases and induced apoptosis through amplification
of caspase-3/7 activity (Xu et al., 2015). Likewise, xanthone V;
(12), a compound isolated from a Cameroonian medicinal plant,
Vismia laurentii De Wild. caused cell cycle arrest at the S phase
and apoptosis via caspase-3/7 activation (Kuete et al., 2011).
Interestingly, previous studies highlighted the apparent selectivity
of 2, 3 and 7 for cancer cells with higher ICs, values for CCD-
1064Sk, a normal skin fibroblast cell line of 17.71, 28.58 and
27.21 uM, respectively when compared to SK-MEL-28 cells with
ICsq of 14.42, 8.95 and 10.07 uM, respectively (Wang et al., 2011).
Other compounds such as 12 was also found to be less toxic to
AML12 normal hepatic cells (ICsy > 0.051 uM) compared to
Colo-38 melanoma cells (IC5q = 0.003 uM) (Kuete et al., 2011).

Meanwhile, the glycosylated xanthone 4 did not exhibit
significant cytotoxic effects on B16-F10 melanoma and
EAhy926 endothelial cells (Delgado-Hernandez et al., 2019).
Instead, this xanthone dose-dependently suppressed basic
fibroblast growth factor (bFGF)-induced cell motility,
metastasis, and angiogenesis at 30-120 M as shown in an
in vitro wound healing model, as well as chorioallantoic
membrane and endothelial fibrin gel sandwich assays.
Furthermore, genes such as VEGFR2, MMP-19 and PGF that
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contribute to cancer angiogenesis and metastasis processes were
selectively inhibited by 4, consequently ceasing cell invasion and
migration (Delgado-Hernandez et al., 2019). Meanwhile, its
metabolite norathyriol (13) was found to inhibit cell
proliferation of JB6 P+ mouse skin epidermal cells at 10 and
25 uM by causing cell arrest at the G2/M phase (Li et al., 2012).
Furthermore, in vivo experiments showed the inhibition of skin
carcinogenesis in SKH-1 hairless mice upon topical application of
0.5 or 1.0mg of 13 in 200uL of acetone before solar UV
irradiation. These findings suggested 13 that possesses
chemopreventive effects (Li et al., 2012).

Anti-inflammatory Mechanisms of Xanthones
Anti-inflammatory activity is a potential mechanism to treat skin
cancers (Rayburn et al., 2009). The anti-inflammatory activity of
2 on immune cells RAW264.7 and THP-1, as well as various
cancer cell lines such as HepG2, Caco-2 and HT-29 have been
previously investigated (Gutierrez-Orozco et al., 2013; Mohan
etal,, 2018). A recent study reported the ability of 5 and 20 mg/kg/
day of 2 to suppress the inflammation caused by DMBA-TPA-
induced skin tumorigenesis in mice by downregulating skin and
systemic levels of pro-inflammatory cytokines IL-1g, IL-4 and IL-
18, and upregulating anti-inflammatory cytokine IL-10 (Wang
etal,, 2017). This xanthone also downregulated the inflammatory
IL-1p, IL-6 and TNF-q at a transcriptional level in UVB-exposed
hairless mice with oral administration of 100 mg/kg/day of 2 (Im
et al., 2017). Meanwhile, 240 uM of 4 was found to suppress lipid
and calcium signaling as well as cancer-inflammation via selective
inhibition of multiple pro-inflammatory NF-«B genes, including
IL-6, TNF, IFN-y and CCL2 genes (Delgado-Hernandez et al.,
2019). Furthermore, 4 was found to significantly increase the
antioxidant superoxide dismutase (SOD) activity in the skin of
UVB-irradiated SKH-1 mice upon topical application of 100 uL of
4 mg/mL of 4 in ethanol:acetone (1:1, v/v). However, the activity
and expression of antioxidant enzymes catalase (CAT) and
cyclooxygenase (COX)-2 were not affected (Petrova et al,
2011). Nevertheless, 4 was capable of inhibiting UVB-induced
edema in SKH-1 mice by 73.33% with topical application of 4 mg/
mL of the xanthone (Petrova et al.,, 2011).

Norathyriol (13) showed anti-inflammatory activity in vitro
via competitive inhibition of MAPK1 at its ATP-binding site at 10
and 100 yM (Li et al, 2012). The xanthone moiety acts as an
adenine mimic, forming hydrogen bonds and hydrophobic
interactions in the hinge region of MAPKI. Consequently,
MAPK cascades as well as the UVB-induced activation and
activity of pro-inflammatory transcription factors AP-1 and
NF-«B were halted (Li et al., 2012). A recent fascinating study
by Silva and colleagues (2019) investigated the modulatory
activity of synthetic 1,2-dihydroxyxanthone (14) on THP-1
macrophage activity and A375-C5 melanoma cells (Silva et al,,
2019). Treatment with 50 and 100 uM of 14 suppressed the
expression of IL-1p and IL-10 by THP-1 macrophages.
However, the production of TNF-a was found to increase,
suggesting favorability for melanoma treatment based on a
previous meta-analysis that linked the development of skin
cancers to the use of TNF inhibitors (Mariette et al., 2011;
Silva et al, 2019). However, this finding highlighted the
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contradictions in current literature on the role of TNF-« in skin
cancer and melanoma whereby other studies did not support the
benefits of upregulating the cytokine (Smith et al., 2014; Mercer
et al., 2017). Further studies on the immune modulation and
underlying mechanisms in skin cancers should hence be
considered.

Photoprotective Activity of Xanthones for
Chemoprevention

While anti-inflammatory action potentially attenuates cancer
development and progression, the anti-inflammatory effect of
xanthones may also protect normal tissues from cellular damage
(Rayburn et al., 2009). Hence, xanthones were highlighted to be
photoprotective and chemopreventive agents. A recent study by
Purnaningsih et al. (2018) demonstrated the chemopreventive
activity of topical applications of 100, 200 and 400 ppm of
mangosteen skin (G. mangostana L.) ethanol extracts which
predominantly consists of 2, 3 and 5 using a DMBA-induced
mice skin cancer model. The authors hypothesized that the
observed chemopreventive effect of the extract came from the
antioxidant activity and attenuation of ROS production by 2, 3
and 5 (Purnaningsih et al, 2018). This hypothesis was also
consolidated by previous studies that showed 2 isolated from
G. mangostana L. pericarps to exhibit antioxidative activity by
increasing the antioxidant activity of SOD and CAT, halting the
generation of oxidative stress (Im et al., 2017).

Besides that, the ethanol and aqueous extracts of two species of
honeybush, Cyclopia intermedia E.Mey. and C. subternata Vogel,
which predominantly contain 4 were found to exert in vitro
cytoprotective effects with negligible effects on the cell viability of
normal HaCaT keratinocytes and CRL-7761 fibroblasts
(Magcwebeba et al, 2016a). The lack of activity may be
associated with poor solubility of the xanthone or influenced
by the xanthone-flavanone ratio in the extract. Nonetheless, the
study highlighted the high redox potential of 4 and its ability to
counter oxidative stress via nuclear factor erythroid 2-related
factor 2 (Nrf2) modulation which may additively or
synergistically act with other polyphenolic constituents in the
honeybush extract to protect against UVB irradiation
(Magcwebeba et al., 2016a; Magcwebeba et al., 2016b).
Another study highlighted the cytoprotective ability of 4 to
inhibit UVB-induced edema and lipid peroxidation in an in
vivo study (Petrova et al, 2011). Moreover, this xanthone
reduced metal-induced oxidative stress and mitochondrial
dysfunction via iron-chelating mechanisms in lipid membranes
(Magcwebeba et al.,, 2016a). It was proposed that antioxidative
compounds are able to relieve cancer-inflammatory damages as a
result of oxidative stress and prolonged UV exposure (Kapadia
et al, 2013). Therefore, 4 was suggested to be effective
photoprotective agents with potential applications as
sunscreens, cosmetics or skin care products to protect against
UVB-induced oxidative stress and the resulting skin
inflammation (Petrova et al., 2011; Magcwebeba et al., 2016b).
Interestingly, two other xanthone derivatives gentiacaulein (15)
and norswertianin (16) were identified to be chemopreventive
agents that utilized a novel quenching mechanism instead of
antioxidation or physical sunscreen effects (Hirakawa et al,
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2005). Using fluorescence spectroscopic techniques and ab
initio molecular orbital calculations, the DNA photoprotective
effects of these xanthones were found to involve the quenching of
the triplet photoexcited state of riboflavin (Hirakawa et al., 2005).

Psoriasis
Psoriasis is a chronic T-cell mediated skin inflammatory disease

characterized by thickened and scaly plaques and skin lesions
(Wen et al.,, 2014; Owczarek and Jaworski, 2016). Pathogenesis of
this disease involves interaction between genetic and
environmental factors. Histological symptoms commonly
involve keratinocyte hyperproliferation, abnormal keratinocyte
differentiation and infiltration of inflammatory cells (Wen et al.,
2014; Pleguezuelos-Villa et al, 2019). The production of
inflammatory cytokines such as the Thl7 signature IL-17A,
IL-22, IL-23 and IFN-y is a key characteristic of psoriasis
(Schon, 2019). Dysregulated effector T-cell function and
differentiation as well as the NF-«B pathway were also
associated to the inflammatory response in psoriasis. Besides
that, the influx of neutrophils in psoriatic lesions is a histological
characteristic of psoriasis (Guérard et al., 2013). Neutrophils were
reported to play a crucial role in psoriasis besides being a key
source of the pro-inflammatory cytokines IL-8 and IL-17A (Biasi
et al, 1998; Wang and Jin, 2020). Recently, the role of ROS and
oxidative stress in psoriasis was demonstrated (Khmaladze et al.,
2015; Pleguezuelos-Villa et al, 2019). The ROS generated by
keratinocytes, fibroblasts and skin endothelial cells produces
chemotactic effects towards neutrophils thereby increasing
their infiltration into psoriasis lesions. The activated
neutrophils generate a large amount of superoxide anion
(0,") in a process known as respiratory or oxidative burst
(Khmaladze et al, 2015). The interaction between psoriatic
keratinocytes and neutrophils was reported to increase the
lifespan of this immune cell and augment its production of
0,7, resulting in the oxidative stress (Guérard et al., 2013).
Thus, it was suggested that the use of antioxidants are ideal to
treat this inflammatory disorder (Pleguezuelos-Villa et al., 2019).
As a rich source of natural antioxidants and anti-inflammatory
compounds, all parts of the xanthone-rich G. mangostana L. plant
were traditionally consumed and utilized for the treatment of
psoriasis (Ibrahim et al., 2018a; Ibrahim et al., 2018b; Vemu et al.,
2019).

Anti-inflammatory Mechanisms of Xanthones

Gambogic acid (8) was investigated for its potential use in
psoriasis treatment. This compound can counter keratinocyte
hyperproliferation, a hallmark of psoriasis as it was shown to be
able to inhibit in vitro proliferation of normal HaCaT
keratinocytes with an ICsy of 0.09uM (Wen et al, 2014).
Treatment with 8 also suppressed the translocation of p65 into
the nucleus upon TNF-« induction and therefore prevented the
subsequent activation of NF-«B and its inflammatory response. In
addition, in vivo studies on the K14-VEGF transgenic mice model
which develops a psoriasis-like cutaneous inflammation showed a
dose- and time-dependent inhibition of epidermal hyperplasia,
inflammatory infiltrates and hyperkeratosis with topical
application of a cream containing 0.10, 0.25 or 0.50% of 8
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(Wen et al., 2014). The anti-psoriatic effect of 8 was also observed
in psoriasis-like guinea pig and mouse tail models with great
improvement in morphological and histological examinations
(Wen et al,, 2014). In the same study, immunostaining of CD3",
IL-17 and IL-22 revealed downregulation of these inflammatory
factors upon treatment with creams containing 0.10, 0.25 or
0.50% of 8. Downregulation of cell adhesion molecules such as
ICAM-1 and E-selectin which play a crucial role in leukocyte
recruitment and accumulation in the psoriatic skin was also
observed after the treatment. Furthermore, the expression and
phosphorylation of VEGF signaling transducer, VEGFR-2 was
downregulated by 8, consequently suppressing VEGF-mediated
angiogenesis and production of adhesion molecules during
inflammation (Wen et al., 2014).

Studies on naturally derived xanthones for psoriasis treatment
are still limited. As an inflammatory disease, treatment of
psoriasis commonly involves anti-TNF agents (Zhao et al,
2017). Inhibitory effects towards TNF-a are commonly
observed as exhibiting anti-inflammatory effects of xanthones
including 2 (Gutierrez-Orozco et al., 2013; Lee et al., 2013; Im
etal.,,2017; Herrera-Aco et al., 2019), 3 (Xu et al., 2018; Chiu et al.,
2020), 5 (Lee et al, 2013) and 8 (Wang et al, 2018b) are
considered potential compounds for psoriasis treatment. A
complication ~commonly associated with psoriasis is
inflammatory arthritis where pathogenesis involves similar
immunological aberrations of inflammatory cytokines such as
1L-17, 1IL-22, IL-23 and IFN-y (Sankowski et al., 2013; Schon,
2019). The inflammatory effects of xanthones against arthritis
have been previously studied, hence further investigations for the
application of these natural xanthones for psoriasis may be
considered. One of these xanthones, 2 exhibited anti-
inflammatory effects in collagen-induced arthritis in the classic
arthritis DBA/1] mice with oral administration of 10 and
40 mg/kg/day via the reduction of pro-inflammatory cytokines
IL-6 and IL-33, as well as chemokines CXCL5, CXCL10, CXCL9
and CCL5 which are responsible for the recruitment of
inflammatory cells (Herrera-Aco et al, 2019). Similarly,
inhibitory effects on the secretion of TNF-a and IL-6 were
observed in LPS-stimulated mice with EDs, of less than
100 mg/kg (Lee et al., 2013). Besides that, 3 was able to relieve
inflammatory symptoms of osteoarthritis by inhibiting the
expression of pro-inflammatory transcription factors STAT3
and NF-kB, as well as the expression of cytokines IL-6 and
TNF-a (Chiu et al., 2020).

Recent studies proposed that xanthones such as 4 have great
potential in treating psoriasis due to its ability to inhibit the pro-
inflammatory effects of TNF-a (Zhao et al., 2017). For instance,
the anti-inflammatory effects of 4 was highlighted to suppress
TNF-o, IL-13 and IL-6 expressions in collagen-induced
inflammatory arthritis DBA/1] mice by attenuating the
activation of the inflammatory NF-xB and MAPK pathways
after oral administration of 100 and 400 mg/kg/day of the
xanthone (Tsubaki et al, 2015; Delgado-Hernindez et al,
2019). However, the applications of xanthones are usually
limited by their low bioavailability (Pleguezuelos-Villa et al,
2019). Thus, a recent study developed biocompatible
glycethosome vesicles to stably incorporate 4 and deliver it to
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the epidermis besides permitting drug accumulation in the skin.
Since oxidative stress is involved in psoriasis pathogenesis, the
antioxidant effects of glycethosome vesicles containing 2, 4, 6, and
8 mg/mL of 4 was investigated in vitro using H,O,-stressed 3T3
fibroblast cells and the results showed virtually 100%
cytoprotective effects on the cells (Pleguezuelos-Villa et al.,
2019). Furthermore, in TPA-induced mice models, topical
application of the 4-loaded vesicles reduced inflammatory
infiltrates, myeloperoxidase (MPO) activity, edema as well as
abnormal epidermal alterations (Pleguezuelos-Villa et al., 2019).

MPO levels are considered as a marker of neutrophil
activation and oxidative tissue injury (Ibrahim et al., 2018b).
Tovophyllin A (17), a xanthone isolated from G. mangostana L.
significantly reduced the hepatic levels of MPO in mice induced
with acetaminophen after pre-treated with 50 and 100 mg/kg/day
of the xanthone. The effect was linked to the suppression of
neutrophil infiltration into the liver (Ibrahim et al, 2018b).
Similarly, 2 was reported to inhibit carrageenan-induced
inflammation in ICR mice with a reduction of neutrophil
infiltration of 82% wupon an administration of 25 mg/kg
(Mohan et al.,, 2018). The decrease in the levels of TNF-a and
IL-1g in the peritoneal fluids of the mice was simultaneously
observed following treatment with 2 (Mohan et al., 2018).
Meanwhile, 13 was reported to inhibit the generation of O,
and oxygen consumption induced by formylmethionyl-leucyl-
phenylalanine (fMLP) and dihydrocytochalasin B (CB) in rat
neutrophils via the concentration-dependent inhibition of
phospholipase C (PLC) pathway and NADPH oxidase activity
(Hsu et al., 1997). Moreover, other xanthones isolated from the
twigs of Hypericum oblongifolium Wall. include hypericorin A
(18), hypericorin B (19), kielcorin (20), 3,4,5-trihydroxyxanthone
(21) and 1,3,7-trihydroxyxanthone (22) possessed significant
inhibition on the production of O, respiratory burst of
neutrophils with ICs, values of 816.23, 985.20, 965.21, 907.20
and 975.20 uM, respectively. The chemical structures of 17-22 are
shown in Figure 3. It was postulated that the potent activity of
these xanthones is due to the presence of 1,4-dioxane ring and
hydroxyl groups that promote their absorptions into the immune
cells (Ali et al, 2011). The capability of these xanthones to
decrease neutrophil influx and activity in the areas of
inflammation suggested them as suitable drug candidates for
psoriasis treatment (Ali et al., 2011).

PROSPECTS FOR FUTURE STUDIES AND
APPLICATIONS OF XANTHONES

The immune response is a complex system with crosstalk between
many pathways where the anti-inflammatory activity of
xanthones have been revealed to involve a variety of
mechanisms. Several targets of xanthones and their signaling
pathways such as peroxisome proliferator-activated receptors
(PPARs), Nrf2 and prostaglandins have been extensively
linked to skin inflammatory diseases. This section focuses on
the xanthones that were previously reported to modulate the
activity or expression of these molecular targets and their relation
to skin inflammatory diseases.
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(21)

FIGURE 3 | Structures of tovophyliin A (17), hypericorin A (18), hypericorin B (19), kielcorin (20), 3,4,5-trihydroxyxanthone (21) and 1,3,7-trihydroxyxanthone (22).
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Peroxisome Proliferator-Activated

Receptors as a Target of Xanthones

PPARs and its o, p and y isoforms have been previously associated
with keratinocyte proliferation, differentiation and inflammation
(Kim et al, 2006; Sertznig et al, 2008). Downregulation or
inactivation of PPAR isoforms disrupts epithelial homeostasis
and causes inflammation (Dubrac and Schmuth, 2011). The role
of PPARs for skin inflammatory diseases such as psoriasis, skin
cancer and acne have been previously reviewed (Sertznig et al.,
2008; Sertznig and Reichrath, 2011). Activation of the PPARR
isoform which is also known as PPARS was reported to selectively
initiate terminal differentiation of keratinocytes while
simultaneously inhibiting their uncontrolled proliferation (Kim
et al,, 2006). Additionally, PPARa plays a role in regulating skin
inflammation in diseases such as AD and psoriasis by modulating
cytokine expression, T cell proliferation, as well as the maturation
and migration of Langerhans cells (Dubrac and Schmuth, 2011).
Crosstalk with MAPK and NF-«xB inflammatory pathways also
occurs whereby the activation of these inflammatory pathways
results in the inhibition of PPARy activity (Bumrungpert et al,
2009). Conversely, PPARy activation antagonizes and inhibits the
resulting inflammatory response of NF-«xB and AP-1
(Bumrungpert et al, 2010; Mao et al, 2019). Thus, PPAR
isoforms were suggested to be a suitable molecular target to
treat skin diseases with aberrated cell proliferation such as
psoriasis and skin cancers (Kim et al, 2006; Sertznig et al,
2008; Ramot et al., 2015).

Xanthone derivatives such as 2 were found to upregulate
PPARy expression in the preadipocytes in rat retroperitoneal
tissue of insulin-resistant mice models following treatment with
5, 10 and 20 mg/kg of the xanthone (Ratwita et al, 2018).

Similarly, 3 was shown to act as an agonist of PPARa and
PPARS wusing a luciferase reporter assay, approximately
doubling the luciferase activity in Cos-1 kidney fibroblasts at
2.5 uM (Matsuura et al., 2013). Furthermore, both 2 and 3 when
evaluated at 3, 10 and 30 uM restored the mRNA expression of
PPARy that was suppressed by LPS in macrophages
(Bumrungpert et al, 2009; Bumrungpert et al, 2010). The
restoration of PPARy expression consequently alleviated
inflammation by  downregulating the expression of
inflammatory cytokines TNF-a, IL-1¢ and IL-6 (Bumrungpert
et al.,, 2010). Meanwhile, 4 at doses of 10 and 20 mg/kg exhibited
cytoprotective effects against oxidative injury in gastric mucosal
ischemia/reperfusion mice model via the upregulation of PPARy
expression and concurrent downregulation of NF-«B signaling
(Mahmoud-Awny et al, 2015). This anti-inflammatory
mechanism exhibited by 4 was further linked to the inhibition
of IL-1, E-selectin and neutrophil infiltration (Mahmoud-Awny
et al, 2015). Interestingly, 4 showed no effect on PPAR
transactivation whereas its metabolite, 13 successfully inhibited
the transactivation of PPARy, PPARa and PPARg isoforms in
Cos-7 kidney fibroblasts with ICs, values of 153.3, 92.8 and
102.4 uM, respectively (Wilkinson et al., 2008). The difference
in terms of the ability to transactivate the PPAR isoforms shown
by 4 and 13 highlighted the importance of metabolism for the
bioactivities of xanthones.

Nuclear Factor Erythroid 2-Related Factor 2

as a Target of Xanthones

Nrf2 is a transcription factor commonly recognized as the master
regulator of cytoprotection and antioxidant defense signaling
pathways. This transcription factor is generally activated in
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response to ROS production and oxidative stress, inducing the
downstream expression of antioxidative and phase II
detoxification enzymes within the antioxidant response
elements (ARE) such as heme oxygenase-1 (HO-1), NAD(P)H
quinone oxidoreductase 1 (NQO1), glutathione S-transferase,
CAT and SOD (Wang et al., 2018a; Helou et al.,, 2019). The
role of oxidative stress and Nrf2 has been extensively implicated
with the pathogenesis of skin inflammation and carcinogenesis
(Bickers and Athar 2006; Helou et al., 2019; Hennig et al., 2020).
Early studies by Braun et al. (2002) identified Nrf2 to be crucial in
modulating inflammation in wound healing where persistent and
prolonged inflammation associated with IL-1p, IL-6 and TNF-a
was observed in Nrf2-knockout mice. Other studies highlighted
the anti-inflammatory role of Nrf2 signaling in reducing the levels
of IL-1p and IL-6 to alleviate skin inflammation (Saw et al., 2010)
besides suppressing the activation of inflammatory NF-xB and
NLRP3 pathways (Bulugonda et al, 2017; Helou et al., 2019;
Hennig et al, 2020). The Nrf2 signaling pathway was also
associated with chemopreventive effects by exerting
photoprotection against UVB-induced skin carcinogenesis
besides protecting against inflammatory damage on the
extracellular matrix (Saw et al., 2010; Saw et al., 2014). Hence,
Nrf2 pathway and its central roles in antioxidant defense and
anti-inflammation are potential targets in the treatment of
various skin inflammatory diseases.

In recent years, the modulatory roles of Nrf2 signaling by
xanthones were reported. For example, 4 was reported to activate
Nrf2/ARE pathway in response to oxidative stress, inflammation
and DNA damage in neurons (Liu et al., 2016), liver (Pan et al.,
2016), gastric ulcer models (Mahmoud-Awny et al., 2015) as well
as hematopoietic cells (Zhang et al, 2015). Moreover, anti-
inflammatory mechanisms of 4 in macrophages also involved
the inactivation of NLRP3 inflammasome complex (Bulugonda
etal., 2017; Helou et al., 2019). Similarly, 17, a xanthone isolated
from G. mangostana L. activated Nrf2 and protected against
acetaminophen-induced oxidative stress injury in liver mice
models when given 50 and 100 mg/kg/day (Ibrahim et al,
2018b). Other xanthones such as 2 and 3 were also shown to
exert antioxidant effects via Nrf2 activation in retinal (Fang et al.,
2016) and liver cells (Wang et al., 2018a), respectively.

However, it is also important to understand the possible double-
edged effects of Nrf2 activation. In cancer cells, the Nrf2 pathway is
upregulated in response to the high ROS production from the
increased metabolism of cells (Hambright et al., 2015). Activation
of Nrf2 results in cytoprotective effects and prolongs cancer cell
survival that in turn antagonizes chemotherapeutic action (Yanaka
2018). Moreover, the constitutive and increased expression of Nrf2
was linked to poor clinical prognosis as it enhances cancer
proliferation, angiogenesis, chemoresistance, and radioresistance
(Wu et al,, 2019). For example, the mRNA and protein expression
of Nrf2 in B16-F10 melanoma cells was increased after an exposure
to ionizing radiation (Gao et al., 2018). Subsequent knockdown of
Nrf2 using small interfering RNAs (siRNAs) coupled with ionizing
radiation reduced the migration and invasion of B16-F10
melanoma cells while increasing cellular apoptosis via caspase-3
activity (Gao et al., 2018). Hence, the incorporation of Nrf2
inhibitors in cancer therapy has recently received increasing
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attention, as reported by Panieri and Saso (2019). In other
words, even though Nrf2 pathway is a potential target for skin
inflammatory diseases, researchers should be wary on the negative
implications in malignancies because an activation of Nrf2 may be
beneficial in cytoprotection and chemoprevention whereas the
inhibition of Nrf2 may be a valuable strategy in targeting skin
malignancies.

Prostaglandin as a Target of Xanthones
Prostaglandins, also known as eicosanoids, are powerful lipids

that modulate immune responses and inflammation (Bull and
Dowd, 1993). Several forms of prostaglandins such as
prostaglandin E, (PGE,) (Bull and Dowd, 1993; Kabashima
et al., 2007) and prostaglandin D, (PGD,) (Satoh et al., 2006)
have been associated with skin inflammation. The enzyme
prostaglandin H synthase, which is involved in the synthesis
of eicosanoids, generates hydroxyl-endoperoxides that
contributes to the co-oxidation of various substrates and the
resulting cutaneous inflammation (Bickers and Athar, 2006).
Early studies showed the mediatory role of prostaglandins in
generating cutaneous inflammation upon UV exposure (Bull and
Dowd, 1993). Release of PGE, after UV irradiation subsequently
induced histamine secretion from mast cells. Later studies
showed the crucial involvement of PGE,-EP2/EP4 signaling
that resulted in UV-induced acute skin inflammation
(Kabashima et al., 2007). This was later supported by Lee
(2019) that elucidated the role of PGE,-EP2/EP4
signaling in driving inflammation by Thl7 cells in IL-23-
induced psoriasis mouse models. The underlying involvement
of prostaglandins in skin inflammation thus makes them
attractive targets for the treatment of inflammatory diseases.
Xanthones were reported to exhibit anti-inflammatory effects
by inhibiting the synthesis and release of prostaglandins, as well
as downregulating the activity of COX enzymes. For instance, 3 is
capable of competitively inhibiting the activities of COX-1 and
COX-2 in microsomes of C6 rat glioma cells which consequently
prevented the conversion of arachidonic acid to PGE, with an
ICsp 0f 17 uM (Nakatani et al., 2002). Subsequent studies reported
that 3 suppressed LPS-induced expression of COX-2 at protein
and mRNA levels in C6 cells with an ICsq of 10 uM while COX-1
expression was not affected (Nakatani et al., 2004). Furthermore,
3 halted the release of PGE, induced by Ca>* ionophores in C6 rat
glioma cells in a concentration-dependent manner (IC5y = 5 uM)
(Nakatani et al., 2002). The antioxidant formulation VIMANG®
used in Cuba is an aqueous extract of Mangifera indica L. which
predominantly consists of 4. The formulation was shown to be
capable of inhibiting PGE, release in stimulated RAW264.7
macrophages with IC5y of 64.1 pg/mL (Garrido et al., 2004).
Xanthone 4 was isolated and reported to potently inhibit
PGE, biosynthesis in RAW264.7 macrophages by 84.3% when
treated with 0.024 uM of the compound. In addition, 4 was able to
suppress COX-2 expression and production of PGE, in the rat
brain when given oral gavages of 30 and 60 mg/kg/day, thereby
attenuating inflammation and subsequent oxidative damage
(Marquez et al,, 2012). Similarly, 13 exerted inhibitory effects
on the activities of COX-1, COX-2 as well as lipoxygenases-5 and
-12, besides inhibiting the formation of PGD, in neutrophils with
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ICs values of 16.2, 19.6, 1.8 and 1.2 uM, respectively (Hsu et al.,
2004). Thus, 13 was proposed to be a potential therapeutic agent
to treat inflammatory diseases due to its multitargeting anti-
inflammatory mechanisms.

Potential Applications of Xanthones for
Wound Healing

The application of mangiferin (4) in skin wound healing
showcased the anti-inflammatory and cytoprotective effects of
the xanthone. Recently, 10, 20 and 40 yM of 4 was loaded in
hydrogels (Mao et al., 2018) and liposomes (Mao et al., 2019) to
enhance random skin flap regeneration which is commonly
disrupted by oxidative stress and inflammation-induced
apoptosis. Development of delivery systems for 4 solved the
issue of hydrophobicity of xanthone which caused aggregation
and poor dispersibility of the compound (Mao et al., 2018). This
xanthone was found to modulate apoptosis via the Bax/Bcl-2/
caspase-3 pathway, exhibiting protective effects by upregulating
the Bcl-2/Bax ratio and reducing cleaved caspase-3 expression
(Mao et al., 2018). Studies also showed that liposomes loaded with
10, 20 and 40 uM of 4 suppressed the expression and activation of
NF-«B while concurrently increasing PPARy mRNA and protein
levels, consequently protecting against inflammation (Mao et al.,
2019). Similarly, 4-hydrogel dose-dependently decreased levels of
CD68 and average macrophage density, hence relieving mild local
inflammation in a random skin flap animal model (Mao et al.,
2018). The observation was supplemented by in vivo studies
which revealed a decreased necrosis rate and inflammation in
a random patterned skin flap rat model, further highlighting the
potential wound healing capabilities of 4 (Mao et al, 2019).
Besides that, 4 was reported to dose-dependently affect cell
proliferation and angiogenesis with an increase of protein
expressions of VEGF and bFGF when tested with HUVEC
cells (Mao et al, 2018; Mao et al., 2019). However, the
observation contradicted the anti-angiogenic effect of 4 on
B16-F10 melanoma cells as discussed earlier. The discrepancy
may be linked to cell-specific effects which suggests 4 to be a
highly versatile compound for numerous potential applications in
skin disorders.

Perspectives for Xanthone in Skin

Inflammatory Diseases Research

The ideal therapeutic approach, whether single-targeting or
multitargeting, is still being debated within the scientific
community. Numerous publications to date discuss the
shifting paradigm in drug development (Talevi, 2015; Ramsay
et al,, 2018). The “one drug, one target” strategy is traditionally
associated with high selectivity and hence lower risks of off-target
effects (Ramsay et al., 2018). This concept has been the basis of
drug development for decades and resulted in immeasurable
success for the pharmaceutical industry. Nonetheless, the
efficacy of single-targeting drugs may be limited against
complex and multifactorial diseases due to compensatory
mechanisms or overlapping biological functions in immune
pathophysiology (Makhoba et al., 2020). Thus, the concept of
polypharmacology which aims to develop single drugs that
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recognize multiple molecular targets emerged rapidly as a
popular strategy in drug design and development (Bolognesi,
2013; Makhoba et al, 2020). Moreover, 21% of new drugs
approved by the Food and Drug Administration (FDA)
between 2015 to 2017 were multitarget drugs (Ramsay et al.,
2018).

In relation to skin inflammatory diseases, multitargeting
mechanisms of action may be advantageous for diseases such
as acne and skin malignancies due to the development of drug
resistance. For instance, single-targeting mechanisms are
ineffective in cancer therapeutics to cancer
proliferation and metastasis (Delgado-Hernandez et al., 2019).
However, it must be acknowledged that with an increase in the
number of targets, the risk of off-target effects simultaneously
increases. The advantages and disadvantages of single targeting
versus multitargeting drugs in the context of skin inflammatory
diseases have yet to fully addressed. However, the complexity and
overlapping immune responses relating to skin inflammatory
diseases implied that multitargeting compounds such as
xanthones may have good potential in the treatment of these
diseases.

Nevertheless, despite the advancing research of xanthones for
skin inflammatory diseases, the molecular mechanisms of action
are still not completely elucidated. Furthermore, numerous studies
do not move past experiments using in vivo mice models. Minimal
data on the pharmacokinetic and pharmacodynamic properties of
xanthones including their bioavailability and safety profile thus
limit the progression of xanthones through the drug development
process (Ng and Chua, 2019). In addition, the issue of
bioavailability has also driven the researchers to develop drug
carriers or formulations to improve xanthone delivery to the target
site (Asasutjarit et al., 2013; Pan-In et al,, 2015; Mao et al,, 2018;
Pleguezuelos-Villa et al., 2019). These studies are nonetheless still
limited and have great rooms to be researched on, thus further
studies are recommended to fill these gaps.

counter

CONCLUSION

Xanthones possess a wide range of biological properties such as
antioxidant, anti-inflammatory and chemotherapeutic effects
that are effective in treating various skin diseases such as acne,
atopic dermatitis, psoriasis, and skin cancer. However, the
modulatory effects of xanthones on other mediators of
inflammation such as PPARs, Nrf2 and prostaglandins have
yet to be thoroughly explored in skin inflammatory diseases
despite publications highlighting these mediators to be
potential molecular targets. As privileged structures and
versatile scaffolds, xanthones such as a-mangostin (2),
y-mangostin (3), mangiferin (4) and gambogic acid (8) are
potential lead compounds to be further developed into
pharmaceutical agents for skin inflammatory diseases.
Prospective applications of xanthones are vast with synthetic
opportunities remaining uncharted. Further studies on the
structure-activity relationships, molecular mechanisms, and
applications of xanthones for the treatment of skin
inflammatory diseases are recommended.
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