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Oral and topical administration
of a geranyl acetophenone
attenuates DNCB-induced atopic
dermatitis-like skin lesions

in BALB/c mice

Vivi Nur Khalieda Mohd Kasim®?, Yu Zhao Lee*1°, Ikmal Hisyam Bakrin3,
Mohd Khairi Hussain', Daud Ahmad Israf'%, Khozirah Shaari*>, Ji Wei Tan¢,
Ming Tatt Lee”:®° & Chau Ling Tham®5**

Atopic dermatitis (AD) is a chronic, allergic inflammatory skin disorder that lacks a definite cure. Using
a mouse DNCB-induced AD-like skin lesions model, this study evaluated the potential therapeutic
utility of tHGA as an oral and topical treatment for AD. Male BALB/c mice were sensitised and
challenged with 1% and 0.5% DNCB on their shaved dorsal skin. Mice in the treatment group were
administered tHGA (20, 40, and 80 mg/kg) orally three times per week for 2 weeks, or tHGA (0.2%,
1%, and 5%) topically once daily for 12 days. On day 34, the mice were euthanized, and blood and
dorsal skin samples were obtained for analysis. All doses of orally and topically administered tHGA
significantly improved scratching, epidermal thickness, blood eosinophilia and mast cell infiltration.
There was a minor discrepancy between the two routes of administration, with orally treated tHGA
showing significant reductions in Scoring of Atopic Dermatitis (SCORAD), tissue eosinophil infiltration,
serum IgE and skin IL-4 levels with treatment of 40 and 80 mg/kg tHGA, whereas topically applied
tHGA showed significant reductions in all dosages. These findings suggest that tHGA exhibited
therapeutic potential for AD as both oral and topical treatment ameliorates AD-like symptoms in the
murine model.
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Atopic dermatitis (AD) is an allergic, itchy, inflammatory skin condition characterised by erythema, vesicles,
and oedema in the acute stage and skin lichenification in the chronic stage. Skin scaling, redness, and itching
are among the clinical symptoms'. AD is the most common allergic inflammatory skin disorder in children, and
it usually appears in the first year of life. Statistically, AD affects 2.4% of the global population, with prevalence
varying by country. Around 25% of children diagnosed with AD will be afflicted by the condition until adulthood,
and 75% will recuperate before adolescence?’. It is one of several allergic illnesses that coexist with asthma and
rhinitis*. This is known as the atopic march or triad because it begins with AD in early childhood and progresses
to the development of other allergy problems later in life®.

Anti-inflammatory medicines, such as systemic steroids like prednisolone and dexamethasone taken orally,
topical corticosteroids and topical calcineurin inhibitors, as well as moisturising and skin barrier-rebuilding
agents, are being utilised as oral and topical therapy for AD®. Patients with mild to moderate AD can use
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moisturiser to minimise transepidermal water loss and avoid skin dryness’. However, moisturiser have limited
therapeutic effect by moisturizer as it lacks active ingredients with immunomodulatory effects’. For moderate
to severe AD, topical or oral administered corticosteroids and calcineurin inhibitors are required to manage
the symptoms®’. Patients remain concerned and hesitant because it is well-known that long-term usage of
corticosteroids and calcineurin inhibitors can induce a variety of undesirable side effects, such as skin striae,
atrophy, rashes, and a burning sensation on the skin'. Currently, numerous clinical practice guidelines advise
against using oral systemic corticosteroids, owing to an unfavourable risk-benefit ratio, particularly in children®.
Furthermore, systemic corticosteroid treatment may increase the risk of a more severe rebound flare once the
steroid effect wears off'!. As a result, research into novel therapeutic approaches for AD based on natural com-
pounds is actively ongoing.

Previous bioassay-guided identification studies discovered 2,4,6-trihydroxy-3-geranylacetophenone (tHGA)
in the medicinal plant Melicope ptelefolia Champ Ex. Benth (Rutaceae), widely known as "tenggek burung" in
Southeast Asia'2. The compound tHGA was successfully produced synthetically, which further advances the
investigation into its pharmacological properties in various experimental models'*'*. tHGA has been shown
to have mast cell stabilising properties by preserving mast cell structure and suppressing the production of
pro-inflammatory mediators in the in vitro model of IgE-mediated mast cell degranulation and the in vivo
model of systemic anaphylaxis'>'®. Mast cells are implicated in the pathogenesis of AD with increased mast cell
infiltration and activation in the skin, disrupting the epidermal differentiation complex leading to skin barrier
dysfunction, releasing cytokines like IL-4 and IL-13 resulting in type 2 inflammation, as well as releasing his-
tamine and tryptase which interact with skin peripheral nerves, causing pruritus'’. Moreover, tHGA treatment
also reduced airway hyperresponsiveness and prevented airway remodelling in a murine model of acute and
chronic asthma'*'®. Attenuation of IgE levels and mast cell degranulation by tHGA were observed in the murine
asthma models. A mechanistic study to determine tHGA’s molecular target demonstrated that tHGA effectively
blocked the phosphorylation of the linker for activation of T cells (LAT) protein, while having no effect on the
phosphorylation of its upstream protein, spleen tyrosine kinase (Syk). The findings were further validated utilis-
ing siRNA to knockdown the expression of LAT in a model of IgE-mediated mast cell degranulation. The results
suggested that LAT on mast cells is the specific molecular target of tHGA'™®.

In this study, instead of delving further into tHGA’s mechanism, we shifted our focus to investigating the
potential of tHGA as a treatment for AD. Specifically, we compared two common treatment routes for AD
patients: topical and oral administration. This study holds significant importance for enhancing the pharmaco-
logical profile of tHGA. It marks the first exploration of tHGA's effectiveness as a topical anti-allergic treatment as
previous research on the anti-allergic effects of tHGA predominantly emphasised oral and intraperitoneal routes.
An essential aspect of the study of AD medications is the comparison between oral and topical administration
methods. Numerous studies have demonstrated that the majority of AD patients have a preference for topical
treatment". Nevertheless, systemic treatment through oral administration remains crucial for managing AD in
patients with persistent and severe cases?’. With AD being a chronic skin inflammatory disease associated with
IgE and one of the atopic triads along with asthma, in this study, we investigated the efficacy of oral and topical
administration of tHGA on DNCB-induced AD-like skin lesions in BALB/c mice. Our findings may provide
further insights on the efficacy of tHGA in ameliorating AD in support of its development as a new non-steroidal
drug lead for AD management.

Materials and methods

tHGA synthesis

tHGA was synthesised as previously described!*?"?*—. A well-stirred mixture of phloracetophenone (1.000 g,
6 mmol), geranyl bromide (0.876 g, 4.80 mmol), and anhydrous potassium carbonate (0.415 g, 3.00 mmol)
in dry acetone (3.5 ml) was refluxed for 6 h. The reaction mixture was filtered and evaporated under reduced
pressure to give an oily orange residue that was purified by flash column chromatography on Si gel (petroleum
ether-EtOAc, 10:1) to afford 2,4,6-trihydroxy-3-geranylacetophenone (tHGA) as a light yellow powder; mp
128-130 °C. 1H NMR (CD30D) 8H 1.58 (3H, s, Me), 1.63 (3H, s, Me), 1.76 (3H, s, Me), 2.64, (3H, s, COMe),
1.96 (2H, q, J=7.5 Hz), 2.06 (2H, m), 3.21 (2H, d, ] =6.5 Hz), 5.08 (1H, t, J=7 Hz), 5.20 (1H, t, ] = 6.5 Hz), 5.92
(1H, s, ArH); IR (KBr) vmax 3405, 1627 cm™; EIMS m/z (%) [M] + 304 (38), 289 (3), 261 (9), 235 (25), 181 (100)
(Fig. 1a). The purity of tHGA was more than 99%, and it is free of endotoxin.

Animals

Seventy-two specific-pathogen-free (SPF) male BALB/c mice (6 weeks old; 20-25 g) were obtained from the
National Institutes of Biotechnology Malaysia (NIBM). The mice were acclimatised for 1 week in accordance
with the guideline for animal care and use of laboratory animals®. The mice were housed at 24 °C with a 12-h
light-dark cycle, with access to standard chow and distilled water ad libitum. All experiments were carried out
at the Comparative Medicine and Technology Unit (COMeT), Universiti Putra Malaysia, in accordance with
the protocol approved by the Institutional Animal Care and Use Committee, Universiti Putra Malaysia (UPM/
IACUC/AUP-R002/2019) and ARRIVE guidelines®.

Experimental design and sample size calculation

The experimental design is shown in Fig. 1b. BALB/c mice were randomly divided into 12 experimental groups,
with 5 groups each for oral and topical tHGA treatment (vehicle control, low, medium and high dose tHGA
treatments and drug control) together with normal and DNCB-induced mice?-%". The sample size was established
using the equation below:
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Figure 1. Chemical structure of tHGA and experimental design. (a) The chemical structure of 2,4,6-trigydroxy-
3-geranyl acetophenone (tHGA) contains a phloroglucinol structural-core as the bioactive principle. (b)
Experimental design: Mice were sensitised with 1% DNCB on day 1. From day 8, mice were challenged with
0.5% DNCB three times per week up to 4 weeks. In the final 2 weeks, orally treated mice were administered
different doses of tHGA, drug control or vehicle 1-h prior to DNCB application for 3 days per week, while
topical treated mice were applied with different doses of tHGA, drug control or vehicle 4-h prior to DNCB
application daily. Mice were observed for scratching behaviour on day 33 and evaluated for SCORAD on day 34
before being sacrificed for blood and skin sample collection.

DE +1 (1)
n=—
k
where, DF = degree of freedom (minimal acceptable range = 10; maximal acceptable range 20), k=number of
groups to be compared.

In this study, there are two modes of treatment administration: oral and topical. Under each mode of treat-
ment, there are four groups (three treatment groups and one drug control group) to be compared with the
negative control group. The minimum n was determined to be 3.5 animals per group while maximum n was 6
animals per group. It is recommended to utilise the maximum required sample size (n=6 per group) in order
to ensure precise statistical analysis?.

Atopic dermatitis induction and tHGA treatment

Mice were sensitised a day after their dorsal hair was removed by applying 1% (w/v) dinitrochlorobenzene
(DNCB) in acetone and olive oil (3:1) to their shaved dorsal skin (day 1). After a week (day 8), mice dorsal skin
was subjected to DNCB challenge with topical applications of 0.5% (w/v) DNCB three times per week for 4 weeks.
On day 22, tHGA, vehicle or positive drug control was given. On day 33, the mice’s scratching behaviour and
skin condition were assessed, and on day 34, the mice were subjected to anaesthesia with 100 mg/kg ketamine
and 10 mg/kg xylazine for blood collection via cardiac puncture. They were subsequently euthanized via cervical
dislocation for skin sample collection.

The experimental groups for oral treatment of tHGA were vehicle treatment control, 20 mg/kg tHGA treat-
ment group, 40 mg/kg tHGA treatment group, 80 mg/kg tHGA treatment group and 10 mg/kg ketotifen fumarate
(KF) treatment positive control group. The treatment compound was dissolved in a vehicle solution of 5% DMSO
and 5% Tween 20 and administered at a volume of 10 ml/kg based on the mouse body weight'*. For the final
2 weeks, oral treatment was given 1 h before DNCB application three times per week.

The experimental groups for topical treatment of tHGA included a vehicle treatment control, 0.2% tHGA
treatment group, 1% tHGA treatment group, 5% tHGA treatment group and 0.1% dexamethasone (DEX) treat-
ment positive control group. To enhance transdermal delivery, the treatment compound was dissolved in argan
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0il®. In the final 2 weeks, topical treatment was administered daily for 12 days. If the treatment day coincided
with the DNCB challenge day, the treatment was given 4 h before the DNCB application.

Scratching behaviour test

Following the final DNCB challenge on day 33, the mice were housed in the observation chamber for an hour
before their scratching behaviour was assessed. Logitech Webcam Software (Logitech, Suzhou, China) was used
to record the scratching latency for 20 min. One episode of scratching was defined as the hind paw leaving the
floor and scratching incessantly until the paw returned to the floor. The cumulative duration, in seconds, of all
episodes of scratching observed within the 20 min period for each mouse was documented. The measurement was
performed by a single investigator to limit variation. The mice and the video were coded to avoid observer bias.

Evaluation of clinical skin condition

To determine the severity of dermatitis, erythema, erosion, dryness, and lichenification were examined and
graded. The following percentages of the afflicted skin area were used to rate the condition: Score 0 indicates no
symptoms were detected; score 1 indicates conditions affecting <25% of the shaved dorsal area; and scores 2 and
3 indicate conditions affecting 25-50% and >50% of the shaved dorsal skin, respectively, as detailed earlier®.
The scoring of AD (SCORAD) was calculated as the sum of each parameter’s scores, with a maximum score of
12. The scoring was done by a pathologist in a single-blinded manner.

Blood eosinophils count

Blood samples were collected in an EDTA blood tube by cardiac puncture. Blood smears were prepared on glass
slides, air dried, and stained with Leishman’s stain. Briefly, the blood films were immersed in Leishman’s stain
for 7 min. The stain was then mixed with an equal volume of phosphate buffered saline (PBS) for 5 min before
being washed under running water. Eosinophils were observed and counted in nine randomly selected fields
using a light microscope at x 400 magnification in a double-blinded manner.

Serum IgE assay

Some of the blood collected from the cardiac puncture was allowed to clot prior to centrifugation at 1000g for
10 min at 4 °C to extract the serum. Serum IgE levels were determined using an ELISA Standard Set Mouse IgE
kit (BioLegend, USA) according to the manufacturer’s protocol. Optical densities were measured at 450 nm,
with optical correction at 570 nm.

Skin tissue histology

Following euthanasia, the dorsal skin of mice was extracted using a sterile dissection kit. The samples were fixed
in 10% buffered formalin and processed in an automated tissue processor (Leica Instrument Gmb, Germany)
for 14 h. The skin samples were then embedded in paraffin wax and sectioned into 5 pm sections. Haematoxylin
and eosin (H&E) stain was used for epidermal thickness measurement and skin eosinophil counts. A compound
microscope and Leica Application Suite Core (LAS) software (Leica Instrument GmbH, Germany) were used
to measure epidermal thickness. The epidermal thickness in pm was measured in five fields of the thickest area
at x 100 magnification in a double-blind fashion. Eosinophils were counted in ten random high-power fields
with a magnification of x 400. Toluidine blue stain was used to examine mast cells. The number of mast cells and
degranulated mast cells were counted in ten random high-power fields at a magnification of x400 and x 1000,
respectively.

Immunoassay of IL-4 in skin tissue and serum

Using mechanical cryogenic grinding, liquid nitrogen snap-frozen skin tissue samples were crushed with a pes-
tle into small, fragmented bits. The shattered tissue samples were lysed in RIPA buffer and proteinase inhibitor
overnight at 4 °C. The supernatants were collected after centrifuging the lysed samples at 10,000g for 20 min.
The serum was collected as described in section “Blood eosinophils count”. IL-4 was quantified by using the
IL-4 DuoSet ELISA kit (R&D Systems, USA) according to the manufacturer’s protocol. Optical densities were
measured at 450 nm, with optical correction at 570 nm.

Statistical analysis

Data were analysed with one-way ANOVA using SPSS software version 26 (IBM, USA). Significant differences
between experimental groups were tested using Tukey’s post hoc test. All data were expressed as the mean + SEM
of at least six mice per group. When the treatment groups were compared to their respective vehicle groups,
differences were considered significant when P <0.05.

Results

Oral and topical administration of tHGA attenuate the development of clinical symptoms of
DNCB-induced AD-like skin lesions

Repeated DNCB challenges resulted in the formation of skin lesions (Fig. 2a) with a high SCORAD score in
BALB/c mice (Fig. 2c). When compared to the vehicle group, oral treatment of 40 mg/kg and 80 mg/kg tHGA
significantly lowered the SCORAD scores by 35.1% (P <0.01) and 43.4% (P <0.001), respectively. These two doses
were statistically equivalent to KF. However, the lowest dose of oral tHGA, 20 mg/kg, showed a slight reduction
of SCORAD at 20.9% but without statistical significance. On the other hand, topical treatment with 0.2%, 1%
and 5% tHGA, as well as 0.1% DEX, significantly reduced SCORAD by 29.3% (P <0.05), 56.1% (P <0.001), 51.2%
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Figure 2. tHGA improves the clinical symptoms of AD-like skin lesions in BALB/c mice. (a) Representative
images of the dorsal skin conditions of mice on day 34 before euthanasia. (b) On day 33, mice were observed
for scratching behaviour and the scratching latency was recorded. Data were represented as the mean of the
cumulative duration, measured in seconds, of all episodes of scratching observed within the 20 min period for
6 mice in each group. (c) On day 34, mice SCORAD scores were evaluated based on the severity of erythema,
erosion, dryness, and lichenification. Data are presented as means +S.E.M. Significant differences were
compared to DNCB-sensitised respective vehicle-treated control mice. *P <0.05, **P <0.01 and ***P <0.001. KF
Ketotifen fumarate, DEX Dexamethasone.

(P<0.001) and 56.1% (P < 0.001), respectively. No statistical difference was observed between the topical tHGA
treatment groups and the drug control group.

Oral and topical administration of tHGA reduce the scratching latency of DNCB-induced
AD-like skin lesions in mice

Scratching behaviour in DNCB-challenged mice was evaluated, and both orally and topically administered
tHGA significantly attenuated scratching behaviour (Fig. 2b). DNCB-induced vehicle-treated mice scratched
46-fold and 56-fold more than normal mice in oral treatment and topical treatment experiments, respectively.
Orally administered tHGA at 20, 40, and 80 mg/kg were able to reduce the scratching latency by 46.3% (P <0.05),
55.9% (P<0.01) and 56.3% (P <0.01), respectively compared to the vehicle control group, while topically applied
tHGA at 0.2%, 1% and 5% reduced scratching latency by 57.6% (P <0.01), 50.4% (P <0.01) and 46.3% (P <0.05),
respectively when compared to their vehicle group. Scratching latency was significantly reduced in the drug
control group for the orally administered KF group (52.2%) and the topically applied DEX group (44.2%). There
were no significant differences between the tHGA treatment groups and their respective drug control groups.

Oral and topical administration of tHGA suppress the epidermal thickness of DNCB-induced
AD-like skin lesions

The negative and vehicle control groups exhibited the thickest epidermal layer as compared to the normal group,
as shown in Fig. 3a,c. Mice administered with tHGA orally and topically at all three doses, as well as drug con-
trols, demonstrated a significant reduction in epidermal thickness. In comparison to the vehicle group, 20 mg/
kg, 40 mg/kg, 80 mg/kg tHGA and 10 mg/kg KF oral treatments significantly (P <0.001) suppressed epidermal
thickness by 30.1%, 37.7%, 36.8% and 41.4% respectively; while 0.2%, 1.0%, 5.0% tHGA and 0.1% DEX topical
treatments recorded epidermal thickness suppression of 24.1% (P <0.01), 21.7% (P <0.05), 34.3% (P <0.001)
and 47.5% (P <0.001), respectively. All tHGA treatment groups were statistically comparable to their respective
drug control groups.
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Figure 3. The effects of tHGA on epidermis thickness and eosinophilia. (a) Histological images of mouse dorsal
skin for epidermal thickness measurement. (b) Histological images of eosinophilia in mouse skin tissue. (c)

The epidermal thickness was determined in five areas with the thickest skin. (d) The number of eosinophils in
the skin tissues was counted in ten random high-power fields of histology sections, whereas (e) eosinophils in
the blood were counted in nine random high-power fields of blood film. Data are presented as means+ S.E.M.
Significant differences were compared to DNCB-sensitised respective vehicle-treated control mice. *P <0.05,
**P<0.01 and ***P <0.001. KF Ketotifen fumarate, DEX Dexamethasone.

Oral and topical administration of tHGA inhibit the blood and tissue eosinophils count of
DNCB-induced AD-like skin lesions
We examined the eosinophil infiltration in the skin tissue, which is the pathological site of AD. As shown in
Fig. 3b, H&E staining revealed that orally administering tHGA at 40 and 80 mg/kg and 10 mg/kg KF significantly
attenuated eosinophil infiltration in the tissue by 28.9% (P <0.05), 53.8% (P <0.001) and 48.2% (P <0.001),
respectively. However, whereas 20 mg/kg tHGA did demonstrate some effect in inhibiting eosinophil infiltration
(27.6%), it was not statistically significant when compared to the vehicle group. Eosinophil infiltration in tissue
(Fig. 3d) was also significantly (P <0.001) reduced by applying 0.2%, 1%, 5% tHGA and DEX topically by 62.8%,
56.5%, 69.8% and 68.3%, respectively, which corresponded to the findings of the blood eosinophil count. The
inhibitory effects of 40 mg/kg, 80 mg/kg oral and all doses of topical tHGA treatment were statistically compa-
rable to their respective drug control groups.

As shown in Fig. 3e, oral administration of tHGA at all doses (20, 40, and 80 mg/kg) as well as KF signifi-
cantly (P <0.001) reduced blood eosinophil levels by 54.7%, 65.6%, 87.4% and 76.3%, respectively compared to
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the vehicle group. Although the effect on blood eosinophil count was not as substantial as with oral treatment,
topical application of tHGA at all concentrations (0.2%, 1%, and 5%) and DEX resulted in a significant reduction
by 44.6% (P <0.001), 42.5% (P <0.01), 75.4% (P <0.001) and 75.4% (P <0.001), respectively in blood eosinophil
count. The effects of all tHGA oral and topical treatments showed no statistical difference from their respective
drug control groups.

Oral and topical administration of tHGA inhibit mast cell and degranulated mast cell counts in
DNCB-induced AD-like skin lesions

Toluidine blue staining of skin tissue sections revealed that both the DNCB-induced negative and vehicle control
groups had high mast cell infiltration in the skin (Fig. 4a,c). When compared to the vehicle group, orally treated
tHGA at doses of 20 mg/kg, 40 mg/kg, and 80 mg/kg significantly reduced mast cell count by 59.6% (P <0.001),
51.6% (P <0.01), and 56.8% (P <0.001), respectively. There was no statistical difference between these results
and KE, which showed a 38.0% (P <0.05) reduction in comparison to the vehicle group. Meanwhile, the mast
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Figure 4. The effects of tHGA on mast cell count and degranulation. (a) Histological images of mast cells in
mice dorsal skin. (b) Histological images of degranulated mast cells in mouse skin tissue. (c) The mast cell
count and (d) the degranulated mast cell count were determined in ten random fields of toluidine blue-stained
histology sections. Data are presented as means +S.E.M. Significant differences were compared to DNCB-
sensitised respective vehicle-treated control mice. *P <0.05, **P <0.01 and ***P <0.001. KF Ketotifen fumarate,
DEX Dexamethasone.
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cell count was reduced by 36.2% (P <0.05), 36.9% (P <0.05), and 41.6% (P <0.01), respectively, when tHGA was
applied topically at doses of 0.2%, 1.0%, and 5.0%. These three figures were statistically comparable to DEX,
which reduced mast cell count by 45.0% (P <0.01) relative to the vehicle group.

We further enumerated the number of degranulated mast cells on the stained tissue sections (Fig. 4b,d). In
DNCB-induced BALB/c mice, all three dosages of oral tHGA treatment and higher doses of tHGA topical treat-
ment (5% and 1%) significantly reduced the number of degranulated mast cells when compared to the vehicle
control groups. Oral tHGA treatment at 20, 40, and 80 mg/kg reduced the number of degranulated mast cells
by 46.2% (P <0.01), 52.0% (P <0.001) and 49.1% (P <0.01), respectively. Treatment with KF resulted in a 40.0%
reduction (P <0.05), compared to the vehicle control group. Topical application of tHGA at dosages of 1.0% and
5.0% significantly (P <0.001) reduced the number of degranulated mast cells by 46.9% and 42.5%, respectively.
These two doses were statistically comparable to DEX, which reduced the number of degranulated mast cells by
61.6% (P <0.001) in comparison to the vehicle group. These treatment groups were statistically comparable to
the drug control groups. The lowest topical tHGA dose, 0.2%, reduced the number of degranulated mast cells
marginally by 19.0% but was not statistically significant.

Oral and topical administration of tHGA suppress serum IgE level in DNCB-induced AD mice
DNCB-induced mice exhibited a marked increase in serum IgE levels of more than 12-fold (Fig. 5a). In com-
parison to the vehicle group, oral treatment with tHGA at 40 mg/kg, and 80 mg/kg, as well as topical treat-
ment with tHGA at 0.2%, 1% and 5%, significantly lowered serum IgE concentrations at a quantum of 40.2%
(P<0.05), 66.6% (P <0.001), 54.2% (P <0.001), 77.5% (P <0.001) and 87.1% (P <0.001) respectively. However,
oral treatment of tHGA at 20 mg/kg did not show a statistically significant reduction in serum IgE compared
to the vehicle group. The inhibition of tHGA treatments was statistically comparable to their respective KF and
DEX control groups.

Oral and topical administration of tHGA reduce IL-4 levels in the skin tissue and serum of
DNCB-induced AD mice

The levels of IL-4 in skin tissue were significantly elevated after the inductive challenge by DNCB (Fig. 5b). Orally
administered tHGA at 80 mg/kg significantly suppressed IL-4 levels in skin tissue by 50.9% (P <0.01), but no
significant inhibition was observed for 20 mg/kg or 40 mg/kg. It is worth mentioning that even at 80 mg/kg,
the inhibitory effect of orally administered tHGA was not as effective as the 91.6% (P <0.001) IL-4 inhibition
achieved by 10 mg/kg KF. On the other hand, all three dosages of topically applied tHGA (0.2%, 1%, and 5%)
significantly (P <0.001) reduced IL-4 levels in skin tissue by 66.8%, 102.7% and 101.1% and were statistically
comparable to the DEX group with an inhibition of 96.9%.

We further evaluated serum IL-4 levels in orally treated tHGA mice since orally administered tHGA that
enters the systemic circulation significantly attenuated and ameliorated other AD-related parameters but not
IL-4 in skin tissue. Orally administered tHGA was able to significantly (P <0.01) suppress serum IL-4 levels by
92.4% for 20 mg/kg dosage, 100.7% for 40 mg/kg dosage and 98.2% for 80 mg/kg dosage. Even at the lowest dose
of 20 mg/kg, oral tHGA treatment was statistically comparable to the drug control KF group which reduced
serum IL-4 levels by 89.6% (Fig. 5¢).

Discussion

AD is a chronic inflammatory skin illness characterised by acute pruritus and eczema that affects people all over
the world. Skin barrier protein degradation is a critical phase in the aetiology of AD as a result of inflammatory
reactions that lead to erythema, lichenification, pain and itch®*2. Skin lichenification induces epidermal hyper-
plasia, which is characterised by the thickening of the epidermis’ spinous and cornified layers®. Pathological find-
ings in AD patients as well as AD animal models include epidermal hyperplasia, substantial mast cell infiltration,
and eosinophils at the lesion site**. tHGA has been shown to exert various pharmacological properties, including
anti-allergic activity'*'®. tHGA can decrease passive systemic anaphylaxis via inhibition of IgE-mediated mast
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Figure 5. The effects of tHGA on (a) serum IgE and (b) skin IL-4. Further evaluation of the (c) serum

IL-4 levels in orally tHGA-treated mice was performed. Data are presented as means + S.E.M. Significant
differences were compared to DNCB-sensitised respective vehicle-treated control mice. *P <0.05, **P <0.01 and
**P <(0.001. KF Ketotifen fumarate, DEX Dexamethasone.
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cell degranulation. tHGA pretreatment retained mast cell shape and inhibited degranulation, resulting in lower
levels of serum preformed and de novo mediators'®. AD, along with asthma, is one of the atopic triads, with IgE-
mediated mast cell activity being strongly implicated in the pathogenesis'. In this investigation, oral treatment of
tHGA at doses of 20, 40, and 80 mg/kg, as well as topical application of tHGA at doses of 0.2, 1, and 5%, showed
that it can alleviate AD-like skin lesions as well as other AD characteristics and metrics.

DNCB and substances with a structural resemblance, like 2,4-dinitrofluorobenzene and picryl chloride, can
combine with different skin proteins to produce covalent conjugates, which serve as immunogens. Local anti-
gen presenting cells, such as cutaneous Langerhans cells, dermal dendritic cells, and macrophages, internalise
DNCB-modified macromolecules, after which they are presented to T cell, which stimulate differentiation into
Th2 cells*>3. Th2 cells secrete a variety of type 2 cytokines, such as IL-4, IL-13, IL-5, and IL-31¥. IL-4, a type
2 cytokine, is essential for the aetiology of AD and is capable of inducing all histopathological features of the
disease®. In AD, IL-4 induces IgE production and enhances inflammation by driving Th2 cell differentiation, as
well as mediating pruritus by acting on tissue cells**’. Eosinophil recruitment and activation by IL-5 can lead to
eosinophilia?. They can be prevalent in the blood and at the inflammatory sites of allergic illnesses, where they
function as pro-inflammatory cells by secreting a variety of pro-inflammatory mediators*?. Eosinophils are well
known to be present in the inflammatory infiltrate of AD and to be associated with disease activity*’. The IL-4
and IL-13 cytokines also induce B cells to produce IgE which causes IgE-mediated immediate hypersensitivity
by activating the high-affinity receptor for IgE (FceRI) on mast cells*#**. A high IgE level in the blood is one of
the hallmarks of AD. IgE activates mast cells and basophils, causing them to produce pro-inflammatory media-
tors and cytokines that aggravate AD, leading to erythema and lichenification of the skin***’. All topically and
orally administered tHGA doses significantly reduced both blood and tissue eosinophilia. Furthermore, tHGA
was demonstrated to attenuate mast cell infiltration and degranulation. Both topical and oral treatment of tHGA
also suppressed the levels of IgE and Th2 cytokines. It's worth mentioning that the positive drug control for oral
treatment, ketotifen fumarate, was unable to block mast cell degranulation when compared to the positive drug
control for topical treatment, dexamethasone. Our findings were partly compatible with Finn and Walsh*, who
reported that ketotifen fumarate inhibited mast cell degranulation in the lung and tonsillar tissues but not in the
skin. Ketotifen fumarate is less effective as an antihistamine and mast cell stabiliser than other drugs with dual
characteristics*’. These accounted for the non-statistically significant effect of ketotifen fumarate on mast cell
degranulation. Dexamethasone, on the other hand, has been shown to lower the level of FceRI on mast cells**>!.
FceRI suppression reduces mast cell activation and degranulation, which may explain the significant decrease
in degranulated mast cell count by dexamethasone in the data.

Topically applied tHGA and orally administered tHGA at all doses successfully attenuate most of the AD-
related parameters following DNCB stimulation. Nevertheless, oral treatment of tHGA at a lower dose of 20 mg/
kg did not result in a substantial reduction in SCORAD, tissue eosinophil infiltration and serum IgE levels.
Moreover, only the highest dose of orally administered tHGA, 80 mg/kg, reduced IL-4 levels in the skin. The
current findings were consistent with previous observations on tHGA oral treatment in a DNP-induced passive
systemic anaphylaxis model in rats, where the lowest dose of 20 mg/kg tHGA demonstrated limited effects on
IL-4 release and mast cell degranulation’. Similar results were reported in a murine model of chronic asthma,
where the lowest dose of 20 mg/kg tHGA was unable to significantly attenuate serum OVA-specific IgE levels
as well as serum IL-4 levels'®. On the other hand, topically applied tHGA at all tested doses, even the lowest at
0.2%, significantly reduced the SCORAD, eosinophil infiltration and level of IL-4 in the skin. We examined blood
eosinophil count and serum IL-4 levels to validate tHGA's effectiveness when taken orally. All tested doses (20,
40, and 80 mg/kg) reduced blood eosinophils and IL-4 levels in the serum in this murine AD model. The inability
of the modest dose of oral tHGA to lower SCORAD, tissue eosinophil infiltration and IL-4 levels in the skin
could be explained by its limited therapeutic effects based on previous studies, as well as the skin being one of the
poorest perfused organs'>'®2. The epidermis was well-known for its lack of blood vessels. The dermal network
of interconnected arterioles and venules called the superficial vascular plexus runs beneath the epidermis in
the dermis®**. The rate of systemic transfer into different organs and tissues is determined by the rate of blood
flow to the tissue, tissue mass, and blood-tissue partitioning characteristics, and it follows the perfusion-rate
of the diffusion process®. Organs and tissues that are heavily perfused with blood are more likely to distribute
drugs quickly. We hypothesise that tHGA taken orally requires a greater dose to improve the drug distribution
to the skin and to have a significant effect on SCORAD), tissue eosinophil infiltration and IL-4 levels in the skin.

The bioactive principle of tHGA is the phloroglucinol structural core®. Both synthetic and natural phloroglu-
cinols have shown a wide variety of biological actions. 5-methoxypsoralen, a phloroglucinol-derived compound,
has been patented for the oral and topical treatment of psoriasis and other skin disorders®. The tHGA structure
includes an acetophenone moiety in addition to the phloroglucinol functional group®®. An acetophenone found
in another plant called Helichrysum italicum, possesses wound healing and skin protecting characteristics when
supplied orally and topically due to its anti-inflammatory action, which was demonstrated in a chronic inflam-
mation model®. Based on the structure of tHGA, we can confidently say that our findings are consistent with
prior research that used acetophenone and phloroglucinol to treat skin conditions. However, because different
researchers use different experimental methodologies, comparing the results of different investigations can be
difficult.

IgE, mast cells, and cytokines, particularly IL-4, all play roles in the pathogenesis of AD. High-affinity IgE
receptors, FceR]I, are expressed on mast cells and increased in the presence of IL-4 and IgE. Furthermore, the pres-
ence of IL-4 and IgE promotes mast cell activation®®!. Mast cells release mediators and cytokines such as IL-4 and
IL-13, which mediate pro-inflammatory responses and may contribute to the progression of AD®**, In both oral
and topical tests, results from all research parameters suggest that tHGA decreased mast cell-related parameters
such as mast cell count, degranulated mast cell count, IL-4, and IgE. We hypothesise that it is related to tHGA’s
mast cell stabilising effect. Previous research discovered that tHGA reduces IgE-mediated systemic anaphylaxis
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by blocking mast cell degranulation'>'®. It has been observed that tHGA inhibits numerous key proteins in the
signalling cascade of IgE-mediated mast cell degranulation, including 5-LOX, COX-2, LAT, PLCyl, p38, JNK,
ERK, cPLA2, PI3K, NF-kB, IxBa, and IKKa/B'°. tHGA was unable to block Syk phosphorylation and attenuate
its kinase. Further experiments employing the siRNA knockdown assay showed that the compound was unable
to prevent mast cell degranulation in LAT-deficient RBL-2H3 cells. These findings suggested that LAT protein
might be the molecular target of tHGA in IgE-mediated mast cell activation'®. Analysis and assessment of the
mechanism of action of tHGA in a number of disease models, such as cancer, allergies, and asthma, have been
conducted and thoroughly reviewed'. In this study, instead of delving further into this mechanism, we shifted
our focus to investigating the potential of tHGA as a treatment for AD. Specifically, we compared two common
treatment routes for AD patients: topical and oral administration. This study holds significant importance for
enhancing the pharmacological profile of tHGA. It marks the first exploration of tHGA' effectiveness as a topi-
cal anti-allergic treatment, as previous research on the anti-allergic effects of tHGA predominantly emphasised
oral and intraperitoneal routes’>.

The efficacy of orally and topically treated tHGA in suppressing mast cell-related parameters is potentially
associated with reducing both sensitivity and potency of mast cells due to relief of IgE, IL-4, and a significant
reduction in activated and degranulated mast cell counts in the current study. Future research should investigate
the impact of tHGA on other AD-related biomarkers. For instance, Th1 cytokines (IFN-y and TNF-a) and other
Th2 cytokines (IL-5 and IL-13) are significant in the pathophysiology of AD because they influence the severity
of the disease as well as the recruitment of inflammatory cells®*4. Furthermore, skin barrier dysfunction in AD
has been linked to decreased expression of molecules associated with epidermal differentiation such as FLG,
LOR, and involucrin, as well as decreased total ceramide levels and ceramide composition alterations®’.

According to our findings, both orally and topically given tHGA can greatly alleviate AD symptoms, with
neither route being superior. In silico prediction studies on the pharmacokinetics and pharmacodynamics of
tHGA revealed that tHGA potentially has good intestinal absorption, aqueous solubility, moderate blood-brain
barrier penetration, cytochrome P4502D6 (CYP2D6) inhibition, and no hepatotoxicity, making it a promising
medication for the oral treatment of tHGA®. Previous studies on tHGA administered orally demonstrated that
it reduced airway hyperresponsiveness, prevented airway remodelling, and prevented IgE-mediated passive
systemic anaphylaxis and morphological changes in peritoneal mast cells related to mast cell degranulation,
indicating that tHGA has adequate oral bioavailability for therapeutic efficacy’>!®. Based on allometric scaling
for dosage conversion from mice to humans, the pharmacologically active human equivalent dose for a 60 kg
human adult was estimated to be 194.4 to 388.8 mg/kg for a mouse dose of 40 to 80 mg/kg®”. On the other hand,
the tHGA molecular weight is equivalent to 304.08 Da*®. To facilitate skin penetration, the majority of topi-
cal drugs used in dermatotherapy have molecular weights less than 500 Da, which may explain the efficiency
of tHGA when applied topically®®. It was expected to have a local effect when applied directly to the diseased
skin®7°, Furthermore, data from Toxicity Prediction by Komputer Assisted Technology (TOPKAT) showed that
tHGA is biodegradable, non-mutagenic, non-carcinogenic, and non-irritant to the eyes and skin®. Additional
comprehensive pharmacokinetic studies of oral and topical administered tHGA are warranted to provide further
understanding of the disparity in bioavailability between the two methods of administration.

The utilization of mice as a model has been extensively employed to conduct in-depth research on AD and to
facilitate the expedited evaluation of potential treatments for AD”"72. While there have been new developments
in rat models of AD, canine and mouse models are already well-established”®. Mice AD models are most com-
mon utilized due to their cost-effectiveness, ease of handling, rapid maturation, and the ability to manipulate
their genetic makeup with ease’. There has been a significant number of literature supporting the preference for
using male mice over female mice”?. This preference is because male mice are easier to handle, show less varia-
tion in results and are more cost-effective. Female mice have a 4-day oestrous cycle, which would require a large
number of animals to maintain synchronisation for experiments’. This results in reduced cost-effectiveness. In
addition, the hormonal changes that occur throughout the oestrous cycle of female mice lead to variations in
their behaviour. There is a minor female predominance in adult AD, according to survey-based epidemiological
research’®. While sex differences have been reported in general immune system response, there is very limited
highlighting the differences in the pathophysiology of AD and responsiveness to therapy between male and
female subjects’””. Males experience more baseline transepidermal water loss than females in healthy subjects;
however, no sex differences in basal transepidermal water loss were observed in a study of children with AD"%.
The production of oestrogen has been found to have a deleterious effect on the healing process of skin lesions
similar to those found in AD”. On the other hand, male mouse castration or androgen receptor antagonistic
therapy improved epidermal barrier repair following tape peeling in a male mouse model of AD®. Female mice
models were generally excluded due to the assumption that they exhibit greater inherent variation compared to
males, which may potentially affect drug discovery and development for improving AD. However, it is imperative
to conduct additional trials that evaluate both male and female animals and human subjects to comprehensively
examine the influence of sex on treatment outcomes.

In conclusion, orally administered and topically applied tHGA improved systemic inflammation (serum IgE,
IL-4) and local barrier disruption (SCORAD, epidermal thickness, inflammatory cell histology), demonstrat-
ing that tHGA has systemic and topical inhibitory effects in AD, which may be promising in managing AD in
both mild and severe patients. tHGA has the potential to be a viable therapeutic lead for the treatment of AD.
The current findings extend prior studies on the pharmacological efficacy and therapeutic potential of tHGA.
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