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Abstract

There is an increasing incidence of skin cancer across the world. The World Health Organization reports that the global incidence
of melanoma will continue to rise with increasing depletion of the ozone layer and consequent UV irradiation. The natural
product sandalwood oil from genus Santalum (Family Santalaceae) and its constituent alpha-santalol have been reported to exert
chemopreventive effects against skin cancers as well as prostate, head and neck, and breast cancers. The anticancer effects are
mediated via modulation of MAPK, AP-1, beta-catenin and PI3K/Akt pathways, upregulation of p21, and activation of caspases/
PARP. Furthermore, sandalwood oil exerts anti-inflammatory activities via prostaglandin E2, IL-1beta, inhibition of NF-kappaB,
and 5-lipoxygenase. Other therapeutic activities in eczema, psoriasis, radiation dermatitis, antifungal, etc. have also been report-
ed. Sandalwood oil has acceptable safety and is well-tolerated. Taken together, given the chemopreventive potential of sandal-
wood oil, future clinical trials are warranted to investigate its use as an adjunct to chemotherapy or immunotherapy for skin

cancers.
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Abbreviations IL Interleukin
A431 cells Human epidermoid J82 Human bladder
carcinoma cell line carcinoma cell line
AP-1 Activator protein 1 LC3 Microtubule-associated
BCC Basal cell carcinoma protein 1 light chain 3
COX-2 Cyclooxygenase-2 LDs Lethal dose (in 50% of population)
DHA Docosahexenoic acid LNCaP Lymph node carcinoma
DMBA 7,12-Dimethylbenz(a) of the prostate (prostate cancer cells)
anthracene LPS Lipopolysaccharide
GPCR G protein-coupled receptor MAPK Mitogen-activated
GST Glutathione-S-transferase protein kinase
HaCaT Cultured human keratinocyte cells MCF-7 Michigan Cancer Foundation-7
HUVEC Human umbilical vein (breast cancer cells)
endothelial cells MCF-10A Normal mammary
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TPA 12-O-tetradecanoyl
phorbol-13-acetate

uv Ultraviolet

UROtsa Human urothelial cell line

VAS Visual analog scale

VEGF Vascular endothelial
growth factor

VEGFR2 Vascular endothelial
growth factor receptor 2

Introduction

Skin cancer is the most prevalent form of cancer leading
to several deaths within the USA each year [1]. In
England, melanoma occurrence has risen from 9.3 to
14.7 per 100,000 people [2]. The melanoma incidence is
estimated to be 1,222,023 people in the USA in 2015
whereas 5.3% new cases and 1.5% of deaths are estimated
in 2018. According to the statistics of the NCI’s
Surveillance, Epidemiology, and End Results (SEER)
Registry, the survival rate was 91.8% for melanoma skin
cancer for the years 2008-2014 [3]. In non-melanoma
carcinoma, including basal cell cancer (BCC) and squa-
mous cell cancer (SCC), SCC is found to be the second
most prevalent form of skin carcinoma. About 4.3 million
cases of BCC and 1 million cases of SCC are reported
every year in the USA respectively [4, 5]. Globally, the
incidence is estimated to be 132,000 for melanoma and 2—
3 million for non-melanoma skin cancer every year [6].
The mortality rate per 100,000 for skin cancer is estimat-
ed to be 0.43 in India [7]. However, this is expected to
rise with increased ozone layer depletion and consequent
ultraviolet (UV) irradiation. Across the globe, the inci-
dence is highest in Australia and New Zealand due to
the highest exposure to UV radiation [8]. In Australia,
melanoma skin cancer ranks third amongst all the other
cancers and more than 750,000 are treated for non-
melanoma skin cancer every year [9]. Other regions with
high risk of skin cancer include England, Switzerland,
Slovenia, Netherlands, Canada, China, India, and South
Africa.

The ozone layer depletion leads to the loss of the pro-
tective function of the atmosphere allowing the UVB rays
to reach the earth’s surface. These rays cause skin cancer
through genetic alteration or DNA damage [10]. It has
been shown that chemical- and UVB-induced skin carci-
noma was inhibited by sulforaphane through nuclear factor
erythroid 2-related factor 2 (Nrf2) [11]. The global inci-
dence of melanoma cases is about to rise to 4500 and for
non-melanoma cases to 300,000 with 10% increase in the
ozone layer depletion [6]. Melanoma at “low-risk” (stage 0
and 1) is treated by surgical resection. Indeed, several

@ Springer

surgical approaches in the treatment of melanoma carcino-
ma are excisional surgery, Moh’s surgery, and lymph node
dissection [12]. Interestingly, the “high-risk” (stage 2,
stages 3 and 4) melanomas are treated by new promising
strategies such as targeted drug therapy, vaccines, and im-
munotherapy [13]. Immunotherapy treatment works on the
principle of activating the person’s immune system to iden-
tify and cause the self-destruction of the melanoma cells.
This treatment involves immune checkpoint blockades,
such as programmed death 1 (PD-1) inhibitors and
CTLA-4, oncolytic virus treatment, and cytokines [13].
Few drugs such as nivolumab (anti-PD-1) and ipilimumab
(anti-CTLA-4) belonging to the class of checkpoint inhib-
itors are effective in and approved by USFDA for the treat-
ment of melanoma skin carcinoma when given either alone
or in combination with other immunotherapy or targeted
class of drugs [14]. A combination of dabrafenib and
trametinib is given to treat stage 3 melanoma skin cancer
thereby effectively decreasing the risk by more than 50%
[15]. Olaratumab alone or in combination with doxorubicin
has received accelerated approval in the USA and Europe
for the treatment of soft tissue malignant tumor [16]. In
addition, non-melanoma skin cancers are also treated
through various surgeries, radiotherapy, topical, systemic,
and targeted therapies [17].

Phytochemistry of Sandalwood Oil

Sandalwood belonging to the genus Santalum (family
Santalaceae) is a semiparasitic tree and is the most expensive tree
after African Blackwood [18]. A large number of sandalwood
varieties exist from which sandalwood oil (essential oil) can be
extracted. From these varieties, Santalum album (East Indian
Sandalwood) and Santalum spicatum (West Australian
Sandalwood) were approved as standards by the International
Organization for Standardization (ISO) [19]. Table 1 shows some
of the global varieties of sandalwood along with their chemical
constituents, geographical distribution, and historical uses.
Amongst these, the two most common varieties in India are
White sandalwood (Santalum album) and Red sandalwood
(Pterocarpus santalinus) which are depicted in Fig. 1 a and b
respectively. Furthermore, the active constituents in the White
sandalwood variety include 41-55% of «-santalol and 16-24%
of [3-santalol as shown in Fig. 2 a and b respectively.
Sandalwood oil content was found to be 0.2-2% in heart-
wood of the young trees whereas 2—6.2% in heartwood of the
mature trees [29]. The widely utilized method for isolating
sandalwood oil is steam distillation because of its ability to
generate high quality and yield of sandalwood oil. The other
methods are absolute extraction, supercritical carbon dioxide
extraction, and the traditionally used hydro-distillation meth-
od. In steam distillation, steam liberates sandalwood oil from
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Table 1 Different varieties of sandalwood and their major chemical constituents along with their geographical distribution and uses

Variety Synonym Chemical composition Geographical distribution Uses References

Santalum album White «-Santalol (41-55%), Widely distributed in Used as a fragrance in soaps, [18, 20]
sandalwood, [3-santalol (16-24%). Southeast Asia, Hawaii, cosmetics, and candles and
East Indian and Western Australia for its cooling properties to
sandalwood. but grows abundantly skin.

in Tamil Nadu, Kerala,
Andhra Pradesh, and
Karnataka (Mysore)
states of Southern India.

Pterocarpus Red «-Santalol, 3-santalol, Distributed in India, China, Used for making furniture and [21]

santalinus sandalwood pterostilbene, savinin, Taiwan, and Sri Lanka. in the treatment of
pterolinus K & L. facialacne.

Santalum spicatum ~ West « & [3-santalol (3—67%), Widespread throughout the Used as a raw material for [20, 22,
Australian E,E-farnesol (5-30%), south and central part of fragrance. 23]
sandalwood nuciferol, lanceol and Western Australia including

«-bisabolol. regions such as Avon
‘Wheatbelt, Murchison,
Coolgardie, and
Gibson desert.

Santalum ellipticum  Hawaiian «-Santalol (34.5-40.4%), Native to Northwestern Hawaii. Used in aromatherapy and in ~ [24]
sandalwood, {3-santalol (11-16.2%). building statues.
coastal
sandalwood

Santalum New o-Santalol (0.8-47%), Native to Vanuatu and Used in incense stick and asa  [25, 26]

austrocaledonicum Caledonia 3-santalol (0-24.1%), islands of New Caledonia. perfume.
sandalwood cis-nuciferol and
(Z)-f3-curcumen-12-ol.

Osyris lanceolata African - Its distribution extends from Used in incense stick and in [27]
Sandalwood East Africa (Tanzania, Kenya) ~ mortar and pestle.

to South Africa, India,
Thailand, Southern Europe,
and China.

Osyris tenuifolia East African  (S)-(Z)-lanceol, It is native to Tanzania. Used as a fragrance and in [28]

Sandalwood  epi-cyclo-santalal, mortar and pestle.

()-epi-a-bisabolol.

the heartwood. Sandalwood oil shows several therapeutic ac-
tivities such as anticancer, anti-inflammatory, and antimicro-
bial (antibacterial/antiviral) [19]. Other constituents present in
sandalwood include hydrocarbons (santene, nortricyclo-
ekasantalene), «- and f3-santalenes, alcohols (santenol,
teresantalol), aldehydes (nor-tricyclo-kasantalal), «- and (3-
santalic acids, and teresantalic acids. Two minor components
namely cyclosantalal (0.21-2.26%) and isocyclo-santalal
(0.11-1.47%) were also reported [29].

Molecular Aspects of Skin Cancer
Chemoprevention with Sandalwood Oil

«-Santalol, a major phytoconstituent of sandalwood oil, is
a sesquiterpene useful for chemoprevention in skin cancer
either by initiation of caspase-mediated cell death or
through cell growth prohibition [30]. Dickinson et al.
[31] evaluated the impact of East Indian sandalwood oil
treatment on cell multiplication, cell death, and changes in

UV-induced signal transduction pathways such as MAPK,
PI3K/Akt, and AP-1 in HaCaT cells. It was demonstrated
that East Indian sandalwood oil inhibited multiplication of
cells by hindering the cell cycle at G2/M phase in prolif-
erating cells rather than in quiescent cells. Further, this
study showed that the UVB-initiated signaling pathways
such as MAPK and PI3K/Akt were not inhibited whereas
the AP-1 signaling pathway was inhibited by 0.0005%
East Indian sandalwood oil in a concentration-dependent
manner. East Indian sandalwood oil treatment initiates au-
tophagy through stimulation of microtubule-associated
protein 1 light chain 3 (LC3). Interestingly, increased con-
centration of «-santalol (about 25-75 uM) resulted in
enhanced cell death and activation of apoptotic proteins
such as caspase-8 and caspase-9 resulting in the cleavage
of poly (ADP-ribose) polymerase (PARP) and further ac-
tivating caspase-3 protein upon o-santalol treatment in
human epidermoid carcinoma A431 cells [32].
o-Santalol elevated the cyclin A/Cdk2 expression and
suppressed the cyclin B/Cdc2 binding expression in p53
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Fig. 1 a White Sandalwood (Santalum album): also known as East
Indian Sandalwood and is the most common variety of Sandalwood
found in India. The major chemical constituents are «-santalol and {3-
santalol. b Red Sandalwood (Pterocarpus santalinus): also known as Red
saunders/Raktachandana which is the second most common variety
found in India after White Sandalwood

mutated A431 cells and p53 wild-type UACC-62 skin
cancer cell lines resulting in the arrest of the cell cycle
at metaphase stage and depolymerization of microtubules
respectively [33]. «-Santalol at 50—100 uM concentration
showed suppression of cell growth whereas 50-75 uM
concentration of «-santalol arrested the cell cycle at G2/
M phase respectively. In addition, «-santalol upregulated
p21 and downregulated mutated-p53 in A431 cells,
whereas it upregulated p53 wild-type in UACC-62 cells
[33].

Fig. 2 a Chemical structure of a
o-santalol: It is a constituent
(41-55%) of the White

Sandalwood variety. b CHg

Chemical structure of f3-
santalol: It is a constituent
(16-24%) of the White
Sandalwood variety

CHjy
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In Vivo Skin Cancer Chemopreventive Efficacy
of Sandalwood Oil and a-Santalol

There have been several pre-clinical studies that demon-
strate the efficacy of sandalwood oil and o-santalol in skin
cancer chemoprevention. Dwivedi et al. [34] demonstrated
the significance of x-santalol, a chemopreventive agent, in
SENCAR and CD1 mice throughout the DMBA (7,12-
dimethylbenz(a)anthracene)-induced and TPA (12-O-
tetradecanoyl phorbol-13-acetate)-promoted stage as well
as TPA-initiated ornithine decarboxylase (ODC) and 3-H
thymidine activity in skin cancer prevention. Treatment
with 0.1 mL of 5% of «-santalol in acetone retarded the
growth and multiplication of papilloma during the promo-
tion stage and TPA-initiated ODC event whereas 3-H thy-
midine incorporation in epidermal DNA was inhibited. In
another study in CD-1 mice, the influence of 100 puL of
sandalwood oil on DMBA-induced and TPA-promoted
skin papilloma and also TPA-induced ODC activity was
investigated [35]. The study reported reduced papilloma
occurrence, multiplicity, and TPA-induced ODC activity
by 67%, 96%, and 70% respectively.

Chemopreventive effect was observed by the applica-
tion of 0.1 mL of 5% w/v of «-santalol in acetone two
times a week for 30 weeks topically in hairless SKH-1
mice induced with skin cancer through exposure to UVB
radiation. Skin cancer incidence and multiplicity was
found to decrease in UVB-initiated and TPA-promoted
group; DMBA-initiated and UVB-promoted group; and
UVB-initiated and UVB-promoted group whereas UVB-
induced ODC activity was also inhibited [36]. Arasada
et al. [37] used a UVB-exposed skin cancer model to
study the impact of o-santalol on the caspase 3, 8 and
p53 levels in SKH-1 mice. They reported a delay in the
development of tumors, elevated levels of caspase 3, cas-
pase 8, and upregulation of p53 levels when pre-treated
with 0.1 mL of 5% w/v of x-santalolin acetone 1 h prior
to exposure to UVB radiation two times a week for
30 weeks. Santha et al. [38] reported downregulation in
the levels of cyclin-dependent kinase (CDK) and cyclins
A, Bl1, D1, and D2 expression whereas elevated expres-
sion of p53 levels for skin cancer induced by UVB in

b
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hairless SKH-1 mouse model after treatment with 0.1 mL
of 10% w/v of «-santalol in acetone for 5 days a week for
30 weeks. It further showed induction of caspase 3 and
PARP and inhibition of epidermal thickness, hypergenesis
(a result of cell proliferation), inflammation markers, and
COX-2 when pre-treated with 0.1 mL of 10% w/v of «-
santalol in acetone. Chilampalli et al. [39] analyzed the
effect of «-santalol, magnolol and honokiol alone, or o-
santalol in combination with honokiol or magnolol, on
viability, multiplication of cells and on apoptosis in hu-
man epidermoid carcinoma A431 cells. A 90% reduction
in cell proliferation was observed on combination treat-
ment with 50 uM «-santalol and 50 puM honokiol or
100 uM magnolol showing the efficacy of these com-
pounds in skin cancer prevention. Banerjee et al. [40]
showed an increase in the sulphydryl and GST (glutathi-
one-S-transferase) levels upon oral gavage of 5 pL san-
dalwood oil for 10 days and 15 uL for 20 days every day
in male Swiss albino mice.

Chemopreventive Efficacy of Sandalwood Oil
in Other Cancers

Saraswati et al. [41] reported a study in which 1040 uM
of «-santalol was found to be an effective inhibitor of an-
giogenesis by acting on vascular endothelial growth factor
(VEGF) and VEGF receptor (VEGFR2) which further
inhibited the growth of prostate cancer. Experiments con-
ducted on HUVEC and PC-3 cells showed that 20 uM of
«-santalol inhibits protein kinase B pathway, extracellular-
signal-related-kinase and other kinases in HUVEC, PC-3,
and LNCaP cells and it also showed a decrease in the in-
duced cell death and cell viability, particularly in PC-3
cells. Furthermore, a decrease in the number and mass of
solid tumors was seen in a tumor xenograft model in im-
munodeficient nude mice. Ortizet al. [42] evaluated the
genotoxicity and cytotoxicity of sandalwood oil in MCF-
7 and MCF-10A breast cancer cell lines. The findings from
this study suggest that 6 pg/mL and 8 pg/mL of sandal-
wood oil show both genotoxic and cytotoxic activity in
MCF-7 cells but only cytotoxic activity in MCF-10A cells.
It was also demonstrated that sandalwood oil is efficient at
initiating breaks in single- and double-stranded DNA in
MCEF-7 cells. Using LC/MS-based quantitative proteomics
approach, the proteins such as EPHX1, Ku70, Ku80, and
14-3-3C were found to be associated with sandalwood oil
genotoxicity.

Dave et al. [43] administered 25% v/v of x-santalol in
a phospholipid microemulsion transdermally through the
skin and nipples of the breast of small animals to evaluate
the efficacy of breast cancer prevention. Penetration in
female Sprague-Dawley rats and porcine model, tissue

localization in rats, and efficacy studies in carcinogenesis
model were investigated. The results obtained from this
study showed that microemulsion of «-santalol had the
maximum penetration amongst the other formulations
through the skin and nippleof the breast, whereas «-
santalol was found to be widely distributed throughout
the mammary glands when delivered by both nipples
and breast skin than through nipples or breast skin alone
[43]. Lee et al. [44] proved that East Indian sandalwood
oil and its phytoconstituents «-santalol and (3-santalol
inhibited tubulin polymerization by directly binding to
tubulin and also showed cytotoxic effects in head and
neck squamous cell cancer (HNSCC) cells. Dozmorov
et al. [45] reported the induction of selective apoptosis
by frankincense oil and non-selective apoptosis by sandal-
wood oil on both UROtsa and J82 human bladder cells.
They also showed the activation of stress and histone
proteins by frankincense oil and GPCR (G protein-
coupled receptors) by sandalwood oil respectively.
Bommareddy et al. [46] reported that treatment with
20 uM and 40 uM of «-santalol prevented breast tumor
growth through the (3-catenin pathway that (3-catenin
translocation from the cytoplasm to the nucleus was hin-
dered in MDA-MB-231 cells.

Sandalwood Oil Exerts Anti-inflammatory
Activities

Li et al. [47] investigated a study in Sprague-Dawley rats
to understand the effects of 8% sandalwood seed oil ad-
ministered for 8 weeks on the inflammatory activity and
fatty acid levels. The result showed a marked increase in
docosahexaenoic acid (DHA), n-3 polyunsaturated fatty
acid (PUFA), and inflammatory factors such as
interleukin-13 (IL-13) and prostaglandin E, (PGE2). A
study was conducted to assess the activity of East Indian
sandalwood oil or Western Australian sandalwood oil on
inflammatory activities in LPS-induced dermal fibroblast
or keratinocyte co-culture. The results showed an increase
in IL-6, CXCL-5 and MCP-1 levels, and IL-8 levels in
LPS-stimulated dermal fibroblast and keratinocyte cul-
tures respectively as well as suppression in the thrombox-
ane B2 and PGE2 levels [48].

Sharma et al. [49] conducted a phase 2 trial in patients
with eczema and psoriasis and demonstrated that East
Indian sandalwood oil administered at a concentration of
0.001% and 0.002% applied topically for 8 weeks showed
anti-inflammatory activity through inhibition of phospho-
diesterase, nuclear factor kappa B (NF-kB), and produc-
tion of cytokines. A 50% decrease was seen in eczema
severity when East Indian sandalwood oil was topically
applied. An open-label, single-center, phase 2 clinical
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study in psoriasis patients demonstrated that 10% w/w of
East Indian sandalwood oil applied topically two times a
day for 28 days showed a reduction in the generation of
cytokines and suppression of Ki67, psoriasin, and inflam-
matory markers [50]. Baylac ef al. [69] reported the anti-
inflammatory activity of sandalwood oil in an in vitro
study by inhibiting 5-lipoxygenase.

Other Therapeutic Activities of Sandalwood
Oil and Its Constituents

Effects in Radiation Dermatitis

Pallatyet al. [51] conducted an investigator-blinded,
single-center clinical trial to evaluate the efficacy of san-
dalwood oil and turmeric containing cream in the preven-
tion of radiation dermatitis after topical application 5
times a day for 2 weeks in 50 patients with neck and head
cancer undergoing radiation treatment. This study showed
reduced incidence of grade 3 radiation dermatitis in co-
horts applying a proprietary turmeric cream (containing
5% sandalwood oil) as compared to cohorts applying a
commercially available baby oil, with no adverse reac-
tions or allergies in both the groups. Further, Rao et al.
[52] conducted an investigator-blinded randomized trial
on a proprietary turmeric cream (comprised of 16% tur-
meric and 5% sandalwood oil) applied topically 5 times a
day for 5 weeks to assess radiation dermatitis prevention
in 40 patients with breast cancer. It was observed from
this study that topical application of turmeric plus sandal-
wood oil cream reduced the occurrence and delayed the
appearance of grades 1, 2, and 3 dermatitis when com-
pared to the study group applying commercial baby oil. In
addition, grade 4 radiation dermatitis did not develop in
both groups. Both these studies suggest that more exten-
sive double-blind, randomized trials should be conducted
to further understand and assure the effectiveness of tur-
meric plus sandalwood oil cream in the treatment of ion-
izing radiation initiated dermatitis in patients with neck,
head, and breast cancer undergoing radiation therapy.

Antibacterial Effects

A study was conducted in which inhibitory effect was shown by
30 uL of sandalwood oil along with 90 essential and 64 blended
essential oils against Methicillin-resistant Staphylococcus aureus
(MRSA) infection [53].

Another study showed the considerable efficacy of sandal-
wood oil (non-diluted) and other essential oils against gram-
negative as well as gram-positive bacterial strains [70].
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Effects in Eczema and Psoriasis

A phase 2 study was conducted to examine the potency,
tolerability, and safety of a cream containing 5% and 10%
East Indian sandalwood oil in eczema patients [71]. A
multi-center, double-blind, randomized, phase 2 clinical
trial has currently enrolled 69 plaque psoriasis patients
who were treated by the application of a serum containing
10% East Indian sandalwood oil so as to assess the toler-
ability, potency, and efficacy [72]. A single-center, phase
2 clinical study is ongoing in 72 plaque psoriasis patients
who are administered topically with 10% East Indian san-
dalwood oil contained in a serum [73]. An ongoing study
is a randomized, phase 2 trial in 72 atopic dermatitis pa-
tients treated with a cream containing 5% East Indian
sandalwood oil containing cream [74].

Antiviral Effects

Paulpandi et al. [58] investigated an antiviral (anti-influenza)
effect of (3-santalol which showed inhibition of viral mRNA
synthesis and 86% of anti-influenza activity in MDCK cells at
a 100 pg/mL concentration. Koch et al. [59] conducted an
in vitro study showing an inhibition of Type-2 Herpes
Simplex Virus by 0.0015% of sandalwood and other essential
oils in RC-37 (African green monkey kidney cells). Benencia
et al. [75] reported inhibition of replicas of Type 1 and Type 2
Herpes Simplex Virus thus demonstrating the antiviral activity
of sandalwood oil.

Effects on Warts

A clinical trial has investigated the efficacy and safety
profile after topical administration of an ointment com-
prising 10%, 20%, and 30% of East Indian sandalwood
oil in Verruca vulgaris (common warts) patients [76]. A
multi-center, randomized, phase 2 study evaluated 27 pe-
diatric patients with Molluscum contagiosum (water
warts) for safety and efficacy of a cream containing 10%
of East Indian sandalwood oil [77]. However, this study
was terminated for reasons unknown. Another ongoing
open-label, phase 2 trial in external venereal warts pa-
tients investigated for the potency, tolerability, and safety
of a cream that comprises 10% East Indian sandalwood
oil [78].

Antifungal Effects

An investigation on ringworms (fungal) and yeast infection
that included Candida, Escherichia coli, Trichophyton, and
Microsporum strains showed efficacious effects with 0.06%,
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>2%, 25 ng/mL, and > 10% of sandalwood oil respectively
[63-66].

Effects on Physiological and Behavioral Parameters

Hongratanaworakit et al. [67] initiated a clinical trial in 36
healthy human volunteers to evaluate whether the physio-
logical and behavioral (emotional and mental) parameters
are modulated by East Indian sandalwood oil. Behavioral
aspects were measured by the visual analog scale. A reduc-
tion in the systolic blood pressure, eye blink rate, and
arousal was observed when «-santalol was administered
transdermally.

Effects on Cholinesterases and Tyrosinases

Misra et al. [79] reported that 50 pug/mL of «-santalol acts as a
strong cholinesterase and tyrosinase inhibitor in an in vitro
study.

Effects in Oral Mucositis

An open-label, phase 2 clinical study was carried out in
radiation-induced mouth sores (oral mucositis) patients to ex-
amine the efficacy, tolerability, and safety of a mouth rinse
containing 0.25% East Indian sandalwood oil [15].

Effects in Chronic Angina Pectoris

An ongoing randomized, early phase 1 clinical trial by
Chengdu University of Traditional Chinese Medicine
has enrolled 200 participants to evaluate the safety and
potency of a mixture of Traditional Chinese herbal med-
icine, containing santalum and other herbs, upon
acupoint application in chronic angina pectoris patients
[80].

Table 2 summarizes various clinical trials on East Indian
sandalwood oil containing formulations in various diseases
for the benefit of the reader.

Safety Profile of Sandalwood Oil

«-Santalol, the major phytoconstituent of sandalwood
oil, was found to have an acute oral lethal dose (LDsg)
of 3.8 g/kg in rats and an acute dermal lethal dose
(LDsg) of more than 5 g/kg in rabbits [81]. Similarly,
acute oral lethal dose (LDsp) of 5.58 g/kg and an acute
dermal lethal dose (LDsq) of more than 5 g/kg of san-
dalwood oil was reported in rats and rabbits respectively
[81]. Concentrated sandalwood oil upon application to
the rear surface of the hairless mouse skin was reported
to be slightly irritating whereas sandalwood oil was not
photoirritating [81]. Sandalwood oil was reported to

Table 2  Clinical trials on formulations containing East Indian sandalwood oil
Clinical trial ~ Status Disease Intervention Number of Sponsor Reference
volunteers
NCT02871479 Completed  Atopic dermatitis A cream formulation 71 Santalis [74]
and eczema containing 5% and 10% Pharmaceuticals, Inc.
of East Indian sandalwood oil
NCT03000608 Completed  Plaque psoriasis A serum containing 10% 69 Santalis [72]
of East Indian sandalwood oil Pharmaceuticals, Inc.
NCT02993328 Not yet Plaque psoriasis Serum formulation containing 72 Santalis [73]
recruiting 10% of East Indian Pharmaceuticals, Inc.
sandalwood oil
NCT03000595 Not yet Atopic dermatitis A cream containing 5% 72 Santalis [71]
recruiting East Indian sandalwood oil Pharmaceuticals, Inc.
NCT01286441 Completed  Verruca vulgaris An ointment containing 176 ViroXis Corporation [76]
(common warts) 5%, 10%, 15% East Indian
sandalwood oil
NCT02024581 Terminated Molluscum contagiosum A cream formulation containing 27 ViroXis Corporation [77]
10% East Indian sandalwood oil
NCT03158974 Recruiting  External venereal warts. 10% East Indian sandalwood 30 ViroXis Corporation [78]
oil in a cream formulation
NCT02399228 Completed  Oral mucositis (mouth ~ Mouth rinse containing 0.25% 7 Santalis [15]
sores) of East Indian sandalwood oil Pharmaceuticals, Inc.
NCT02029118 Recruiting  Chronic angina pectoris ~ Application of a mixture of 200 Chengdu University of [80]

santalum and other Traditional
Chinese herbs

Traditional Chinese
Medicine

Adapted from the NIH Clinical Trial Registry at www.clinicaltrials.gov.
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Table 3 Nonclinical and clinical efficacy of sandalwood oil and x-santalol
Constituent  Dose Administration  Model Type of Effects Reference
of routes disease
sandalwood
o-Santalol 0.1 mL of 5% of  Topical SENCAR and CD-1  Skin cancer ~ Retarded the growth and [34]
«-santalol in ace- mice multiplication of papilloma
tone during the promotion stage
and TPA-initiated ODC
event whereas 3-H thymidine
incorporation in epidermal
DNA was inhibited
Sandalwood 100 pL of Topical CD-1 mice Skin cancer  The results of the study were [35]
oil sandalwood oil reduced papilloma occurrence,
multiplicity, and TPA-induced
ODC activity by 67%, 96%,
and 70% respectively
«-Santalol 0.1 mL of 5% w/v  Topical Hairless SKH-1 mice Skin cancer ~ The incidence of skin cancer [36]
of «-santalol in and its multiplicity was found
acetone to decrease in UVB-initiated
and TPA-promoted group;
DMBA-initiated and
UVB-promoted group; and
UVB-initiated and UVB-promoted
group whereas UVB- induced
ODC activity was also inhibited
«-Santalol 0.1 ml of 5% w/v of Topical SKH-1 mice Skin cancer A delay in the development [37]
o-santalol in ace- of tumors, elevated levels of
tone caspase 3, caspase 8, and
upregulation of p53 levels
were observed
«-Santalol 0.1 mL of 10% w/v Topical Hairless SKH-1 Skin cancer ~ Downregulation in the levels of [38]
of a-santalol in mouse cyclin-dependent kinase (CDK)
acetone and cyclins A, B1, D1, and D2
expression whereas elevated
expression of p53 levels was
observed
«-Santalol 50 uM «-santalol ~ Topical Human epidermoid ~ Skin cancer A 90% reduction in cell proliferation [39]
and 50 UM carcinoma A431 was observed
honokiol or cells
100 uM
magnolol
Sandalwood 5 pL sandalwood  Oral Male Swiss albino Skin cancer  An increase in the sulphydryl and GST [40]
oil oil for 10 days mice (glutathione-S-transferase) levels was
and 15 pL for observed
20 days
«-Santalol ~ 10-40 pM of - HUVEC, PC-3 cells, Prostate «-Santalol inhibits protein kinase B [41]
«-santalol and LNCaP cells cancer pathway,extracellular-signal-
related-kinase, and other kinases
in HUVEC, PC-3, and LNCaP
cells and it also showed a
decrease in the induced cell
death and cell viability, particularly
in PC-3 cells
Sandalwood 6 pg/mL and Liposomal MCF-7 and Breast cancer The study findings suggested both [42]
oil 8 pg/mL of san- encapsula- MCF-10A breast genotoxic and cytotoxic activity
dalwood oil tion cancer cell lines in MCF-7 cells but only cytotoxic
activity in MCF-10A cells
«-Santalol  25% v/v of Topical Female Breast cancer The results showed that microemulsion [43]
«-santalol Sprague-Dawley of a-santalol had the maximum
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rats and a porcine
model

penetration through the skin and
nipple of the breast, whereas x-santalol
was found to be widely distributed
throughout the mammary glands when



Curr Pharmacol Rep (2019) 5:345-358 353
Table 3 (continued)
Constituent  Dose Administration Model Type of Effects Reference
of routes disease
sandalwood
delivered by both nipples and breast skin
than through nipples or breast skin alone
«-Santalol  7.7-14 uM for - Head and neck Head and o-Santalol and (3-santalol [44]
and «-santalol and squamous cell neck inhibited tubulin polymerization
{3-santalol 9.1-15.9 uM for cancer (HNSCC) squamous by directly binding to tubulin
{3-santalol cells cell cancer and also showed cytotoxic
effects in head and neck
squamous cell cancer
(HNSCC) cells
Sandalwood 16,000-7000) (v/v) — UROtsa and J§2 Bladder The results showed the activation [45]
oil dilution of human bladder cancer of stress and histone proteins by
sandalwood oil cells frankincense oil and GPCR (G
protein-coupled receptors)
«-Santalol 20 pM and 40 pM  Transdermal MDA-MB-231 cells Breast cancer Prevention of breast tumor growth [46]
of «-santalol through the (3-catenin pathway was ob-
served
Sandalwood 8% sandalwood Topical Sprague-Dawley rats Inflammation A marked increase in docosahexaenoic [47]
seed oil seed oil acid (DHA), n-3 polyunsaturated
fatty acid (PUFA), and inflammatory
factors such as Interleukin-13 (IL-13)
and prostaglandin E, (PGE2)
was observed.
Sandalwood 45 uM and 90 uM  — LPS-induced dermal Inflammation The results showed an increase in [48]
oil of sandalwood fibroblast or IL-6, CXCL-5 and MCP-1 levels
oil keratinocyte and IL-8 levels in LPS-stimulated
co-culture dermal fibroblast and keratinocyte
cultures respectively as well as
suppression in the thromboxane
B2 and PGE2 levels
Sandalwood 0.001% and Topical Eczema and psoriasis Eczema and A 50% decrease was seen in eczema [49]
oil 0.002% of patients psoriasis severity
sandalwood oil
Sandalwood 10% w/w of san- Topical Psoriasis patients Psoriasis A reduction in the generation of [50]
oil dalwood oil cytokines and suppression of Ki67,
psoriasin, and inflammatory
markers was observed
Sandalwood 5% sandalwood oil  Topical Neck and head cancer Neck and This study showed a reduced [51]
oil and turmeric patients head incidence of grade 3 radiation
cream cancer dermatitis
Sandalwood 5% sandalwood oil ~ Topical Radiation dermatitis ~ Grade 1, 2, It was observed from this study [52]
oil and 16% patients and 3 that topical application of turmeric
turmeric dermatitis plus sandalwood oil cream
containing cream reduced the occurrence and
delayed the appearance of grades
1, 2, and 3 dermatitis
Sandalwood 30 pL of Topical - Bacterial The inhibitory effect was observed [53]
oil sandalwood oil infection against methicillin-resistant
Staphylococcus aureus
(MRSA) infection
Sandalwood 5% and 10% Topical Eczema patients Eczema The results showed that the cream [54]
oil sandalwood oil was potent, tolerable, and safe in eczema
patients
Sandalwood 10% sandalwood  Topical Plaque psoriasis Plaque The results showed that the cream [55]
oil oil patients psoriasis was potent, tolerable, and safe in
psoriasis patients
Sandalwood 10% sandalwood Topical Plaque psoriasis Plaque The results showed that the cream [56]
oil oil patients psoriasis was potent, tolerable, and safe

in plaque psoriasis patients
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Table 3 (continued)

Constituent  Dose Administration Model Type of Effects Reference
of routes disease
sandalwood
Sandalwood 5% sandalwood oil  Topical Atopic dermatitis Atopic The results showed that the cream [57]
oil patients dermatitis was potent, tolerable, and safe
in atopic dermatitis patients
[3-santalol 100 pg/mL of - MDCK cells Viral infection Inhibition of viral mRNA [58]
{3-santalol synthesis and 86% of
anti-influenza activity
was observed
Sandalwood 0.0015% of - RC-37 (African Viral infection The results showed inhibition [59]
oil sandalwood and green monkey of Type-2 Herpes Simplex Virus
other essential kidney cells)
oils
Sandalwood 10%, 20%, and Topical Verruca Vulgaris Common The sandalwood oil was [60]
oil 30% of (common warts) warts found to be efficacious and
sandalwood oil patients safe in common wart patients
Sandalwood 10% of sandalwood Topical Molluscum Water warts ~ The sandalwood oil was found [61]
oil oil contagiosum to be efficacious and safe in
(water warts) water warts patients
patients
Sandalwood 10% of sandalwood Topical External venereal External The results showed that the cream [62]
oil oil warts patients venereal was potent, tolerable, and safe
warts in external venereal wart patients
Sandalwood 0.06%, > 2%, Topical Candida, E. coli, Fungal and Efficacious effects were observed [63-66]
oil 25 pg/mL, and Trichophyton, and yeast on fungal and yeast infections
>10% of Microsporum infection with sandalwood oil
sandalwood oil strains
Sandalwood 20% (w/w) Transdermal Healthy human Physiological A reduction in the systolic blood [67]
oil and solutions of volunteers and pressure, eye blink rate, and
«-santalol sandalwood oil behavioral arousal was observed
and «-santalol in parameters
peanut oil
Sandalwood 0.25% sandalwood  Oral Radiation-induced Oral The results showed that the mouth [68]
oil oil mouth sores (Oral mucositis rinse was potent, tolerable,

mucositis) patients

and safe in radiation-induced
mouth sore patients

show irritation when it was applied to the whole or
undamaged skin of rabbit [81]. Sandalwood oil of
Santalum album variety was found to be allergic in
0.1-2.4% of the population [19]. Rudzkiet al. [82] re-
ported that 5 subjects out of 450 subjects with dermatitis
showed positive results (sensitive to essential oil) with
sandalwood oil when 35 essential oils and their stan-
dards were tested. Hayakawa et al. [83] investigated
10% of sandalwood oil in petrolatum and reported a loss
of pigmentation and dermatitis when a patch test was
conducted. This was observed due to the sandalwood
fragrance volatilized from the joss stick that comes in
contact with the skin. A 24- and 48-h patch study con-
ducted in 18 human volunteers showed that there was no
irritating effect upon application of concentrated sandal-
wood oil and 10% sandalwood oil in petrolatum respec-
tively. Furthermore, 20% of «-santalol in petrolatum was
also found to be non-irritant to the skin [81]. A reported

@ Springer

study by Larsen et al. conducted in North American and
Central European patients showed that 1.8% population
had irritation whereas 6.6% had an allergy to sandal-
wood oil when patch test was carried out [84].

Conclusions and Future Perspectives

Sandalwood oil and «-santalol have been reported to show
beneficial effects in the chemoprevention of primarily skin
cancer as well as various other cancers. The molecular basis
for such anticancer effects may be attributed to changes in
critical cancer signaling pathways such as MAPK, AP-1, 3-
catenin, and PI3K/Akt pathways as well as activation of
caspases/PARP and upregulation of p21. Sandalwood oil also
exerts anti-inflammatory activity via PGE2, IL-1f3, and inhi-
bition of the NF-kB pathway and 5-lipoxygenase. In addition,
sandalwood oil and its constituents exhibit other therapeutic
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Fig. 3 Molecular pathway for skin cancer chemoprevention with
sandalwood oil and alpha-santalol:x-santalol may induce apoptosis
through activation of various caspase cascades in the death receptor
pathway. In particular, x-santalol may be responsible for the activation
of caspase-3 and cleavage of poly (ADP-ribose) polymerase (PARP) by
activating the upstream caspase-8 and caspase-9. In addition, x-santalol
may also trigger the release of cytochrome ¢ from the mitochondria into
the cytosol. Further, it may also inhibit the PI3K/Akt pathway. Moreover,

activities in eczema/psoriasis, radiation dermatitis, antifungal,
antibacterial, antiviral, etc. Table 3 summarizes the non-
clinical and clinical efficacy of sandalwood oil and «-
santalol in various diseases including the dose and routes of
administration. Sandalwood oil has an acceptable safety pro-
file and is generally well-tolerated. Clinical trials have majorly
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«-santalol may upregulate the levels of p53 and p21 resulting in the
induction of apoptosis and cell cycle arrest at G2/M phase respectively.
Sandalwood oil may inhibit the production of cytokines and elevate the
production of IL-1f3 resulting in the inhibition of the downstream NF-«B
pathway. Sandalwood oil also inhibits AP-1. Furthermore, sandalwood
oil may also increase the levels of Interleukin-6 (IL-6) exhibiting anti-
inflammatory activity

focused on the other therapeutic activities mentioned above.
Further efforts devoted to clinical trials of sandalwood oil as
an adjunct to chemotherapy for skin cancers or immunother-
apy for melanoma will likely shed more light on the chemo-
preventive potential of sandalwood oil in melanoma/non-
melanoma skin cancers.
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