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Introduction

Summary

Background Even with the widespread clinical use of cannabinoid receptor (CBR)
stimulating compounds, such as palmitoylethanolamine, the role of CBR agonists on
inflammatory skin diseases is not yet fully understood. This study was performed to
investigate the effects of CBR agonists on skin inflammation, using acute and chronic
inflammation animal models.

Methods The effectiveness of the newly synthesized cannabinoid receptor 1 (CB1R)
agonists was determined using in vitro assays. Markers for epidermal permeability barrier
function and skin inflammation were measured, and histological assessments were
performed for evaluation.

Results Topical application of CB1R-specific agonist significantly accelerated the recovery
of epidermal permeability barrier function and showed anti-inflammatory activity in both
acute and chronic inflammation models. Histological assessments also confirmed the anti-
inflammatory effects, which is consistent with previous reports.

Conclusions All of the results suggest that topical application of CB1R-specific agonist
can be beneficial for alleviating the inflammatory symptoms in chronic skin diseases,
including atopic dermatitis.

to regulate skin homeostasis. Expressions of CB1R and
CB2R in cultured KCs were repeatedly reported,* but

The endocannabinoid system is comprised of endogenous
cannabinoids (endocannabinoids), cannabinoid-cataboliz-
ing and -metabolizing enzymes, and their G-protein cou-
pled receptors (cannabinoid receptor 1 and 2) (CB1R and
CB2R, respectively).” Anandamide (AEA; N-arachidonoy-
lethanolamine) and 2-arachidonoylglycerol were the first
endocannabinoids identified and described to regulate
pain in the central nervous system.* Subsequently, can-
nabinoid receptor (CBR) expression was found in various
tissues, including skin, in which biochemical machinery
to transport, metabolize, and synthesize endocannabi-
noids in keratinocytes (KCs) was identified® and suggested
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their role and function remained controversial.

Previously, it was reported that in non-transformed
immortalized KCs (HaCaT) and primary human KCs,
synthetic CBTR and CB2R agonists did not induce
significant changes in the viability of the respective cells.’
However, a recent study reported that phytocannabinoids
(A-9 tetrahydrocannabinol) and synthetic CBR agonists
inhibited the proliferation of transformed human epider-
mal KCs (HaCaT). While treatment of nonspecific
agonists for CB1R or CB2R inhibited the proliferation of
cultured KCs, the antiproliferative effect of agonists was
not blocked by their respective antagonists, which implied
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non-CB1R/2-dependent action mechanism for the tested
compounds.® More recently, it was reported that endo-
cannabinoid AEA markedly inhibited proliferation of
HaCaT and KCs, possibly due to calcium ion influx and
concomitant elevation of intracellular calcium ion concen-
tration through activation of non-selective, highly calcium
ion-permeable, ion channel transient receptor potential
vanilloid 1.# In contrast to the conflicting effects on
proliferation, inhibitory effects of AEA on KC differentia-
tion have been repeatedly reported. In HaCaT and
NHEK cells, AEA expression decreases in parallel with
differentiation status. It has been suggested that AEA
inhibits differentiation by increasing DNA methylation and
mitogen-activated protein kinase-dependent pathway.>*”

Along with the effects on proliferation and differentia-
tion of KCs, anti-inflammatory activity of endocannabi-
noids or CBi1R agonists in allergic contact dermatitis
model has also been reported.® Furthermore, CB1R agon-
ists have also been reported to modulate secretion of pro-
inflammatory  chemokines, including CXCL1o and
CCL1o, in skin.” In addition to the direct effects on
inflammation, regulatory roles of CB1R on the activation
and maturation of mast cells'® further suggests the poten-
tial application of CB1R or CB2R agonists for inflamma-
tory or allergic skin diseases. In addition, important roles
of CBR in itching sensation and neuroinflammation sug-
gest that CBR modulation can be a therapeutic target for
atopic dermatitis (AD), which is characterized by intense
itching symptoms.”*** Recently, using a CB1R and CB2
knockout (KO) mice model, Roelandt et al."> showed
CB1R to enhance epidermal barrier function and CB2R
to have negative effects on barrier integrity. Deletion of
CB1R delayed the recovery of epidermal permeability
barrier function after acute disruption, while CB2R dele-
tion accelerated the recovery.

Atopic dermatitis is a chronic and relapsing inflamma-
tory skin disease characterized by chronic inflammation
and intense pruritus.”* Among the various pathologic fac-
tors currently suggested, defects in skin barrier function
and type 2 helper T cells (Th2)-biased cytokines expres-
sion play crucial roles for initiation and exacerbation of
symptoms.”>"® Taking into consideration previous studies
that showed an overall enhancement of skin barrier, it
could be hypothesized that topical application of CBR ag-
onists could serve as a therapeutic regimen for AD. While
there were series of reports about the use of palmitoyleth-
anolamine (PEA) on the AD, it is now considered that
PEA exerts its effects through a mechanism not involving
direct CB1R activation."”>*®

To investigate the effects of CBIR agonist on AD, we
used an oxazolone-induced AD animal model.” AEA-
derived compounds were synthesized, and their CBIR
and/or CB2R modulating effects were evaluated using
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CB1R or CB2R transfected Chinese hamster ovary
(CHO) cells. From the compounds identified as having
CB1R agonistic activity, a CBrR-specific agonist was
selected and evaluated for its effects on oxazolone-
induced AD-like symptoms. Skin barrier function, hydra-
tion, surface pH, and skinfold thickness were measured,
and histological analysis was performed.

Materials and methods

Materials

To screen CB1R or CB2R modulators, a series of compounds
were synthesized by previously reported method.?® AEA was
purchased from Tocris Bioscience (Bristol, UK).

Cannabinoid receptor 1 and 2 modulating activity
measurement

CB1R and CB2R modulating activities were measured using
CB1R- or CB2R-transfected CHO cells. To construct stable cell
line expressing each CBRs, CHO-K1 cells were transfected with
either CB1R (RC210397) or CB2 (RC210224) cDNA constructs,
according to the manufacturer’s instruction (OriGene, Rockville,
MD, USA). One day after transfection, medium were replaced
with F12 standard media containing 100 pg/ml of G418 (Gibco
BRL, Grand Island, NY, USA) to select stable clones. After two
weeks, single colonies were picked and transferred to a 24-well
plate and cultured until confluence. To confirm the CB1R or
CB2R expressions in transfected cells, change of cytoplasmic
cAMP levels by CB1R or CB2R agonists was measured using
the following method.

CB1R- or CB2R-expressing CHO cells were plated to 96-well
plates (5 x 10° cells/well) one day before measurement. After
removal of culture medium and phosphate-buffered saline
washing, cells were incubated with serum-free F12 media
(Gibco RBL) containing 10 pum of forskolin (Sigma-Aldrich, St.
Louis, MO, USA) and test compound for 30 minutes at 37 °C.
Cytoplasmic cAMP was measured by homogeneous time-
resolved fluorescence cAMP assay kit according to the
manufacturer’s protocol with slight modification (Cisbio
Bioassay, Bedford, MA, USA). Briefly, cells were washed by
ice-cold phosphate-buffered saline and lysed by cAMP-d2
conjugate containing lysis buffer. Cell lysates were incubated
with anti-cAMP-Cryptate and cAMP-d2 for two hours at room
temperature. Fluorescence was measured using 2104 EnVision
Multilabel Reader (PerkinElmer, Waltham, MA, USA), and the
measured fluorescence ratio (665 /620 nm) was converted to
concentration using the cAMP standard curve.

Animal studies

All mice used in this study were kept in the animal facility of
NeoPharm Co., Ltd. (Daejeon, Korea), under specific pathogen-
free conditions. Balb/c and hairless mouse (SKH-1) were
purchased from Hanlim Animals (Suwon, Korea). All
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experiments were performed according to the guidelines of the
Institutional Animal Care and Use Committee of NeoPharm Co.,
Ltd.

Acute permeability barrier recovery measurement

To measure the effects of CB1R agonist on the skin barrier
function, recovery of epidermal permeability barrier function was
assessed. After measuring the basal transepidermal water loss
(TEWL) value using TEWameter MPA5 (Courage&Khazaka,
Cologne, Germany), acute barrier disruption by repeated tape
stripping was performed on both flanks of a female hairless
mouse. Either 0.5% of AEA (Tocris) or 1% of «-oleoyl
oleylamine serinol (2-OOS) was topically applied on the same
sites. TEWL was measured at 3 and 6 hours after tape
stripping, and recovery of TEWL was calculated.?’

Acute inflammation model

To measure the anti-inflammatory activity of CB1R agonist,
phorbol ester-induced acute inflammation model was used.
Briefly, 20 pl of 12-O-tetradecanoylphorbol-13-acetate (TPA)
(Sigma-Aldrich) in acetone (50 pg/ml) was topically applied on
the right ear of Balb/c mice. After 10 minutes, 20 pl of 1% of
a-O0S in ethanol was applied on the same site. After six hours,
an ear skin biopsy was taken by 6 mm punch, and its weight
was measured. Change of ear weight was compared to normal
and vehicle-only treated sites.

Oxazolone-induced atopic dermatitis model

To induce AD-like symptoms, animals were sensitized with a
single topical treatment with 50 pl of 1% oxazolone solution on
both flanks. After one week, 60 pl of 0.1% oxazolone solution
was applied on the same sites once every other day for 10
times. After the sixth challenge, animals were grouped into four
groups (non-treated, vehicle treated, 1% of «-OOS, and 0.01%
of dexamethasone), and each sample was topically applied on
the same site twice a day for nine days. The last sample
treatment was performed at two days after the last oxazolone
challenge. Sample application was done at 30 minutes after
oxazolone treatment and at least six hours later than previous
treatment. Polyethylene glycol (Mw 400) and ethanol mixture
solution (PEG 400/EtOH = 70 : 30) was used for the vehicle.
After the last sample treatment, animals were anesthetized with
intraperitoneal injection of 4% chloral hydration solution, and
functional measurements were performed. TEWL and stratum
corneum hydration were measured with MPA5
(Courage&Khazaka, Cologne, Germany) with appropriate
probes. Skin surface pH was measured with a flat, glass
surface electrode from Mettler-Toledo (Giessen, Germany)
attached to a pH meter (PH900; Courage&Khazaka). Skinfold
thickness was measured using digital calipers (Mitutoyo Korea
Corporation, Seoul, Korea). Skin biopsy was taken after cervical
dislocation, and sections from formalin-fixed, paraffin-embedded
tissue were stained for histological assessments.
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Histological observation

Skin biopsy was taken after cervical dislocation and sections
from formalin-fixed, paraffin-embedded tissue were stained.
Immunohistochemical staining for epidermal expressions of
proliferating cell nucleus antigen (PCNA), CB1R, and interleukin
(IL)-4 was performed. Antimouse antibodies for PCNA, CB1R,
and IL-4 were incubated, and appropriate secondary antibodies,
either donkey antigoat-IgG horseradish peroxidase conjugated
antibody or goat-antirat-IgG horseradish peroxidase conjugated
antibody, were incubated again. DAB+ chromogen (Dako,
Carpinteria, CA, USA) was used for coloration and observed
under optical microscope BX51 equipped with digital camera
(Olympus, Tokyo, Japan).

Statistical analysis

Statistical analysis was performed by either two-tailed Student’s
t-test or ANOVA test with post ttest using GraphPad InStat
(GraphPad Software, San Diego, CA, USA). P < 0.05 was
considered significant.

Results

Development of cannabinoid receptor 1 agonist
Previously, we reported on the structural characteristics
of a newly synthesized pseudo-ceramide (PC-9S).** Owing
to the similarities in structure to known endocannabi-
noids, such as AEA or ACEA, derivatives of pseudo-
ceramide PC-9S were synthesized, and their effects on
CB1R and CB2R were assessed. CBR belongs to the
Gi-protein coupled receptor, and as such, activation of
CBR induces downregulation of adenylyl cyclase activity,
which results in reduction of intracellular cAMP produc-
tion. Consequently, CBIR agonists inhibit the increase of
intracellular ¢cAMP concentration induced by forskolin
treatment. As a positive control, AEA was used, which
also induced significant inhibition of cAMP production in
CB1R KO CHO-Kr cells (ECy, = 7.6 um). Among the
tested compounds, ¢-OOS (EC;, = 26.8 pm) and a-oleoyl
oleylamide ethanol amine (EC,, = 24.2 um) attenuated
cAMP production (Fig. 1a). The two agonists of CBIR
displayed comparable effects, and further in vivo studies
were performed with o-OOS.

Effects on epidermal permeability barrier function

Recently, it was reported that CB1R KO mice displayed
delayed epidermal permeability barrier recovery after
acute abrogation, whereas CB2R KO mice showed
enhanced barrier recovery. Decreased expression of differ-
entiation marker proteins were also observed in CBIR
KO mouse, compared with littermate mice.”?> Based on
those results, we investigated the effects of CB1R agonists
on epidermal permeability barrier recovery rate. As
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Figure 1 CB1R agonistic activity of AEA, a-OO0S, and o-OOE (a) and their chemical structures (b). CBR activation was
measuring the inhibition of cAMP accumulation by adenylyl cyclase activator, forskolin in CB1R-transfected CHO-K1 cells.
AEA, arachidonylethanolamine; CB1R, cannabinoid receptor 1; a-OOE, a-oleoyl oleylamide ethanol amine; «-OOS, a-oleoyl

oleylamine serinol

shown in Figure 2, significant increase in barrier recovery
rate was observed at 0.5% AEA-treated sites, both at 3
and 6 hours post-barrier abrogation. While there was no
change at 3 hours, 2-OOS treatment did accelerate bar-
rier recovery at 6 hours, which is consistent with previous
results (Fig. 2)."?

Anti-inflammatory effects of cannabinoid receptor 1
agonist

To measure the anti-inflammatory effects of a-OOS, a
phorbol ester-induced acute inflammation model was
used. Increase of ear weight by topical TPA was signifi-

— 100+
=) *
® —
+ % Il Vehicle
£ 801
g = T B AEA
> 601 [ 0-008
(]
=
=]
o 404
e
&
= 204
("]
m
R,
3h 6 h

Time (h)

Figure 2 Topical application of cannabinoid 1 agonist
accelerated the permeability barrier recovery rate. Epidermal
permeability barrier was acutely disrupted by repeated tape
stripping, and transepidermal water loss was measured.
Topical application of cannabinoid 1 against AEA significantly
accelerated barrier recovery rate at 3 h after disruption. At

6 h, both AEA- or a-OOS-treated sites showed improved
barrier recovery rate, compared the vehicle-treated sites.

(*P < 0.05, **P < o.o1). AEA, arachidonylethanolamine;
a-O0S, a-oleoyl oleylamine serinol
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cantly prevented by 1% o-OOS as shown in Figure 3,
which suggests the anti-inflammatory effects of the CB1R
agonist.

Effects in oxazolone-induced atopic dermatitis model

Enhancement of epidermal barrier function and demon-
stration of anti-inflammatory activity establish the basis
for the utilization of CB1R agonists in treating AD symp-
toms. To confirm the hypothesis, we established an oxa-
zolone-induced AD model and investigated the effects of
o-OO0S on various AD-like symptoms, including histologi-
cal changes. Co-treatment of a-OQOS and oxazolone atten-
uated the increase in TEWL, which was statistically
significant. Topical application of dexamethasone resulted
in the lowest levels of TEWL (Fig. 4a), suggesting the
positive effects of topical glucocorticoid on epidermal

200

150 1

100 +

50 1

Ear weight (mg) (mean * SD)

Normal TPA only Vehicle 1% 008

Figure 3 Anti-inflammatory effects of o-OOS in TPA-induced
acute inflammation model. Topical application of 1% o-OOS
significantly prevented the increase of ear weight. Statistical
analysis was performed by two-tailed Student’s #-test

(**P < o.o1 vs. TPA only treated site). x-OOS, a-oleoyl
oleylamine serinol; TPA, 12-O-tetradecanoylphorbol-13-
acetate
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Figure 4 Change of TEWL (a), skin capacitance (b), skin surface pH (c), and skinfold thickness (d) in oxazolone model. a-OOS
treatment prevented the increase of TEWL, skin surface pH, skinfold thickness and decrease of skin hydration, assessed by skin
capacitance. Statistical analysis was performed by ANOVA test with post t-test (¥*P < 0.05 vs. normal; **P < o.o1 vs. normal;
*#%P < 0,001 vs. normal; TP < 0.05 vs. non-treated; TP < o.01 vs. non-treated; T1TP < 0.001 vs. non-treated; §§§P < o.oor1
vs. vehicle). Vehicle-treated group also showed slight preventive effects against oxazolone-induced responses. DEX,
dexamethasone; NT, non-treated; «-OQS, a-oleoyl oleylamine serinol; VEH, vehicle treated; TEWL, transepidermal water loss

permeability barrier function via downregulation of the
inflammatory cascade. Next, we examined skin hydration
and skin pH, which have shown to be decreased and
increased, respectively, in AD. Co-treatment of «-OOS
normalized skin hydration and pH, two key markers in
the presentation of AD.™ However, it is important to
note that an increase in skin hydration was also observed
at vehicle-treated sites, suggesting that the vehicle itself
may have a positive effect on skin hydration (Fig. 4b,c).
Lastly, increased skinfold thickness, which also represents
the inflammatory response induced by topical oxazolone,
was decreased at a-OOS co-treated sites (Fig. 4d).

To further investigate the effects of CB1R agonists on
skin, histologic observations were performed to observe
changes in epidermal thickness normally induced by the
oxazolone model. Consistent with skinfold thickness find-
ings, co-treatment of «-OOS or dexamethasone prevented
oxazolone-induced epidermal thickening (Fig. sa). Immu-
nohistochemical staining for PCNA further confirmed
anti-inflammatory effects of «-OOS in the oxazolone
model. Epidermal expression of CB1R and IL-4 levels
was elevated in the oxazolone group. Co-treatment
o-O0S downregulated these changes (Fig. sb—d).

Discussion

Current use of PEA as an anti-inflammatory and antipru-
ritic agent is based, at least in part, on the agonist

© 2015 The International Society of Dermatology

properties of PEA on CBRs in the skin.*? While it is gen-
erally accepted that PEA does not directly activate CBR,
indirect activation of CBR through the so-called entou-
rage effect is known to be involved in the pharmacologi-
cal effects of PEA.** The clinical efficacy of PEA
containing adjuvant moisturizer on AD further confirms
the therapeutic potential of CBR modulating compounds
on inflammatory skin diseases.”” Along with PEA, many
other candidate compounds are currently under develop-
ment for various kinds of inflammatory diseases,* includ-
ing skin diseases.>® Based on the observed clinical benefits
of the CBIR agonists in this study, we developed new
agonists for CB1R and evaluated their therapeutic poten-
tial for inflammatory skin diseases.

We synthesized diacyl amide compounds, which are
structurally similar to endocannabinoid AEA, with the
variation of acyl groups’ saturation status and amino acid
moiety. Upon measuring the CBTR or CB2R modulating
activity, several CB1R-specific agonist compounds were
identified. Interestingly, among the tested compounds,
only unsaturated acyl group-containing compounds
showed modulating activities against CB1R or CBzR.
For example, fully saturated forms of «-OOS or «-OOE,
o-palmitoyl palmitamide serinol or o-palmitoyl palmita-
mide ethanol amine, respectively, did not show any
effects on CBIR or CB2R (data not shown). Changing
the amino acid moiety also affects the specificity of com-
pound on the receptors. Further investigation about the
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Figure 5 Change of epidermal thickness, CB1R and IL-4 expressions in epidermis. H&E staining and immunohistochemical
staining for PCNA showed significant hyperproliferation in oxazolone-treated sites. Topical treatment with 1% o-OOS or
0.01% Dex decreased the skin thickness, which is further confirmed by PCNA staining. Epidermal expression of CB1R was
slightly decreased in the a-OOS-treated site, and IL-4 expression was downregulated by «-OOS treatment. CB1R, cannabinoid
receptor 1; Dex, dexamethasone; H&E, hematoxylin and eosin; IL, interleukin; a-OOS, a-oleoyl oleylamine serinol; PCNA,

proliferating cell nucleus antigen; Veh, vehicle

specific relationship between structure vs. specificity and
agonist or antagonist activity of compound are currently
undergoing.

Various (patho)physiological roles of cannabinoids and
their receptors in skin have been repeatedly reported,*®
and many of the investigations have focused on the anti-
inflammatory activity.”” A series of studies using CBIR
and/or CB2R KO mouse models also showed the anti-
inflammatory activities. In an animal model for cutaneous
contact hypersensitivity, mice lacking both CB1R and
CB2R showed exacerbated allergic inflammation, suggest-
ing that CB1R and CB2R play an important role in the
inflammatory response. Modulation of CBR activity, by
using either agonist or antagonist, also includes similar
anti-inflammatory effects of CBR activation. Interestingly,
the fatty acid amide hydrolase-deficient mice, which have
increased levels of endocannabinoids and consequently
upregulated activation of CBR, also show reduced allergic
responses.® Recently, using a mouse model that lacks only
CBiR in KCs, Gaffal et al.® also showed similar anti-
inflammatory activity of CB1R. Mast cells play crucial
roles in many inflammatory diseases, and potential
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involvement of CBR activation in mast cell maturation
may underlie the anti-inflammatory action of CBR agon-
ists."® From our investigations, downregulation of mast
cell degranulation by CB1R agonist was also observed
(unpublished data).

Recently, using a CB1R and CB2R KO mouse model,
Roelandt ez al.*> reported the opposite effects of CB1R
and CB2R on epidermal permeability barrier function
and differentiation. While CB1R KO mouse showed
delayed permeability barrier recovery, CB2R KO signifi-
cantly accelerated barrier recovery, which suggests the
positive roles of CB1R in skin barrier function. While
these results further suggest the positive effects of CBIR
agonist on skin barrier function, experimental results
from a KO animal model do not necessarily represent the
effects of the CBIR agonist study in normal animals. For
example, many studies also suggested the direct and/or
indirect activation of peroxisome-proliferator activated
receptors (PPARs) by usual CBR agonists.* It is well
known that PPAR activation also results in attenuation of
inflammatory responses, and potential involvement of
PPAR signaling induced by CBR agonists cannot be

© 2015 The International Society of Dermatology
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excluded. In addition, other receptors, including transient
receptor potential vanilloid 1 and GPRs5,*® are also
involved in CBR signaling. As a result, topical application
of CBR agonists may be a more relevant model to the
practical condition than the KO model for explaining the
effects of CBR agonists on various skin diseases.

In this study, we showed that topical application of the
CB1R-specific agonist significantly accelerated recovery of
epidermal barrier function in acutely abrogated skin.
Anti-inflammatory activities in both the acute irritation
model using TPA and the chronic irritation model using
an oxazolone application were observed, which are con-
sistent with previous results. While further investigations
should be performed to clarify the potential involvement
of other signaling pathways, these results suggest that
topical CB1R agonist treatment can be a potential thera-
peutic option for acute and chronic inflammatory skin
diseases, including AD and psoriasis.
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