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Abstract. Paulownia tomentosa (PT) exhibits diverse biolog‑
ical activities, including anti‑inflammatory and antioxidant 
effects; however, its potential effects on atopic dermatitis (AD) 
are unclear. The present study examined the effects of PT 
flower absolute (PTFAb) on AD‑related responses, particularly 
mast cell activation and keratinocyte barrier‑related responses. 
PTFAb was isolated from PT flowers using a solvent extrac‑
tion method and its chemical composition was analyzed by 
gas chromatography/mass spectrometry, through which 13 
components were identified. In vitro biological tests on rat 
basophilic leukemia cells (RBL‑2H3 cells; a commonly used 
mast cell model) and human epidermal keratinocytes (HaCaT 
cells) were performed using water‑soluble tetrazolium salt, 
5‑bromo‑2'‑deoxyuridine incorporation, Boyden chamber, 
immunoblotting and enzyme‑linked immunosorbent assay 
methods. All experiments were conducted on cells at nontoxic 
PTFAb concentrations. PTFAb reduced the expression of 
the v‑soluble N‑ethylmaleimide‑sensitive factor attachment 
protein receptor proteins vesicle‑associated membrane protein 
(VAMP)7 and VAMP8 in RBL‑2H3 cells. In RBL‑2H3 cells 
stimulated with anti‑dinitrophenyl (DNP)‑immunoglobulin 
E and DNP‑bovine serum albumin, PTFAb suppressed the 
release of β‑hexosaminidase and histamine (indicators of mast 
cell degranulation), and the phosphorylation of spleen tyrosine 
kinase, phosphatidylinositol 3‑kinase and protein kinase B. 

PTFAb also induced proliferation, migration, and type Ⅰ and 
Ⅳ collagen synthesis. Furthermore, PTFAb upregulated 
tumor necrosis factor‑α (TNF‑α)‑reduced filaggrin expres‑
sion and the expression of hyaluronan synthase (HAS)‑2 
and HAS‑3 in HaCaT cells, and reduced TNF‑α‑increased 
intercellular adhesion molecule‑1 expression in HaCaT cells. 
In conclusion, PTFAb may exert inhibitory effects on mast 
cell degranulation‑related responses and potentiate skin 
barrier‑related responses, suggesting its potential to modulate 
AD‑related cellular responses or skin barrier function.

Introduction

Atopic dermatitis (AD) is a representative chronic inflam‑
matory skin disease caused by a combination of immune 
dysfunction and impaired skin barrier function. Its prevalence 
is steadily increasing worldwide (1). The pathogenesis of AD 
is shaped by a complex interplay of genetic predisposition, 
environmental stimuli, immunological abnormalities, and 
impaired skin barrier function (1). In particular, the excessive 
activation of the T helper type 2 (Th2) cell immune response 
acts as a key factor in exacerbating the inflammatory response 
of AD by promoting the overproduction of immunoglobulin 
E (IgE) antibodies in B cells and the sensitization and acti‑
vation of mast cells (2). The binding of IgE and its receptors 
[high affinity IgE receptors (FcεRI)] activates mast cells and 
triggers mast cell degranulation, releasing various allergic or 
inflammatory mediators stored within the cells, such as cyto‑
kines, histamine, and β‑hexosaminidase, contributing directly 
to the induction of itching and inflammatory skin lesions (2,3). 
Mast cell degranulation is regulated by membrane fusion 
between intracellular vesicles and the cell membrane. In 
addition, SNARE (soluble N‑ethylmaleimide‑sensitive 
factor attachment protein receptor) protein complexes 
play a key role in this process  (4). In particular, vesicle 
membrane‑located v(vesicle)‑SNARE proteins, such as 
vesicle‑associated membrane protein (VAMP)7 and VAMP8, 
bind to membrane‑located t(target)‑SNARE proteins, synap‑
tosome‑associated protein (SNAP) 23, and syntaxin family 
proteins, forming a quadruple‑helix SNARE complex  (4). 
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The bound SNARE complex induces membrane fusion and 
degranulation, subsequently releasing allergic and inflamma‑
tory mediators from the cells (4). This degranulation response 
in activated mast cells is closely linked to the activation of 
spleen tyrosine kinase (Syk) and its downstream molecules, 
such as phosphatidylinositol 3‑kinase (PI3K)/protein kinase 
B (AKT) and mitogen‑activated protein kinases (MAPKs) 
signaling pathways (5,6). Therefore, SNARE protein complexes 
and related signaling molecules are becoming important 
molecular targets for modulating mast cell‑mediated allergic 
and inflammatory responses.

In addition to these immunological abnormalities, struc‑
tural impairment of the skin barrier function is another key 
pathogenic factor determining the onset and exacerbation 
of AD (7). The normal skin barrier maintains homeostasis 
through the harmonious interaction of keratinocyte differ‑
entiation‑linked structural proteins [filaggrin (FLG), loricrin 
(LOR), and involucrin (IVL)], a ceramide‑centered lipid layer, 
and extracellular matrix (ECM) components (e.g., collagen), 
protecting the body from external harmful environments (8,9). 
FLG, LOR, and IVL are key structural proteins of the outer 
layer of the epidermis (stratum corneum), which is formed 
through the terminal differentiation of keratinocytes and is 
essential for the skin barrier function (7). These proteins regu‑
late the skin barrier integrity and hydration, and deficiencies 
in them contribute to epidermal barrier dysfunction, a central 
feature of AD (7). In addition to structural proteins, proper 
hydration of the stratum corneum is critical for barrier homeo‑
stasis. Hyaluronan (also called hyaluronic acid) maintains 
skin moisture through its high water‑binding capacity and is 
synthesized by hyaluronan synthase (HAS) isoforms (HAS‑1, 
‑2, and ‑3) (10,11). Alterations in hyaluronic acid synthesis 
and degradation have been linked to the development and 
progression of AD (11).

When the skin barrier is continuously damaged, the tissue 
promotes the proliferation and migration of keratinocytes 
and induces collagen synthesis, a key component of the 
ECM, to re‑epithelialize and structurally repair the damaged 
area (12,13). On the other hand, the persistent inflammatory 
environment in AD disrupts this normal repair process, and 
incomplete tissue regeneration further exacerbates the barrier 
vulnerability (14). In a cytokine‑rich inflammatory environ‑
ment characteristic of AD, keratinocytes can show enhanced 
intercellular adhesion molecule‑1 (ICAM‑1) expression in 
response to inflammatory stimuli (15). This increased ICAM‑1 
expression may promote the infiltration of immune cells into 
the skin and enhance their interaction with ICAM‑1, thereby 
triggering localized inflammatory processes (16). Therefore, 
controlling ICAM‑1 expression regulation may help treat skin 
inflammatory diseases such as AD.

The adverse effects of long‑term use of synthetic steroids 
and immunosuppressants have increased interest in safe 
and effective natural ingredients that can modulate the 
immune responses and restore the skin barrier  (17). Plant 
essential oils contain a variety of secondary metabolites with 
the potential to exert diverse biological effects, including 
antibacterial, anti‑inflammatory, and wound healing prop‑
erties  (18,19). Among these, Paulownia  tomentosa (also 
called Paulownia coreana Uyeki at the National Institute of 
Biological Resources in Korea) is a deciduous tree belonging 

to the Paulowniaceae family, native to Korea, China, and 
Japan (20). This plant is known for its timber and ornamental 
value and is used widely in construction, furniture making, 
musical instruments, and handicrafts (21). Traditionally, it has 
been used to treat bronchial diseases such as cough, asthma, 
and bronchitis (22). In addition, pharmacological studies have 
reported that extracts and bioactive compounds derived from 
various parts of the plant, including the flowers, leaves, and 
fruit, have diverse biological activities, such as anti‑inflamma‑
tory, antioxidant, neuroprotective, and nitric oxide inhibitory 
effects (20,23,24).

Nevertheless, little research has been conducted on the 
effects of Paulownia tomentosa (PT) flower essential oil on 
mast cell degranulation and skin barrier function, which are 
related to the pathogenesis of AD. Although many topical and 
systemic treatments for AD have been developed (25), their 
clinical utility has been frequently limited because of their 
side effects and the complex etiology of the disease. Therefore, 
novel strategies are essential to overcome these existing limi‑
tations. In the present study, PT flower absolute (PTFAb) was 
isolated, and its chemical composition was analyzed by gas 
chromatography/mass spectrometry (GC/MS). The effects of 
PTFAb on AD‑related pathological aspects were also inves‑
tigated comprehensively, particularly mast cell degranulation, 
its modulatory signaling, and skin barrier function‑related 
responses, in  vitro. The following cells were used in this 
in vitro study: rat basophilic leukemia cells (RBL‑2H3 cells) 
as a mast cell model and human keratinocytes (HaCaT cells) 
as an epithelial cell model.

Materials and methods

Materials. Fetal bovine serum (FBS; cat. no. SH30919.03) 
and penicillin/streptomycin (P/S; cat. no.  SH40003.01) 
were purchased from Hyclone (Logan, UT, USA). 
Trypsin‑ethylenediaminetetraacetic acid (cat. no. 15400‑054) 
was purchased from Gibco BRL (Gaithersburg, MD, USA). 
Phosphate‑buffered saline (PBS; cat. no.  LB 001‑02) and 
Dulbecco's Modified Eagle Medium (DMEM; high glucose, 
cat. no. LM 001‑05; low glucose, cat. no. LM 001‑11) were 
supplied by Welgene (Daegu, Korea). Anti‑β‑actin antibody 
(cat. no. A5441), anti‑DNP IgE antibody (cat. no. D8406), 
p‑nitrophenyl‑N‑acetyl‑β‑D‑glucosaminide (cat. no. N9376), 
Tween‑20 (cat. no. P2287), sucrose (cat. no. S1888), polyvi‑
nylidene fluoride (PVDF) membrane (cat. no. IPVH00010), 
dimethyl sulfoxide (DMSO; cat. no. D2650), LY294002 (cat. 
no. 440202), SB203580 (cat. no. S8307), and PD98059 (cat. 
no. P215) were obtained from MilliporeSigma (St. Louis, MO, 
USA). Recombinant human keratinocyte growth factor (rhKGF; 
cat. no.  251‑KG), recombinant human epidermal growth 
factor (rhEGF; cat. no. 236‑EG) (purity >97%), Recombinant 
human tumor necrosis factor‑α (rhTNF‑α; cat. no. 210‑TA), 
and anti‑ICAM‑1 antibody (cat. no. BAF 796) were acquired 
from R&D Systems (Minneapolis, MN, USA). The EZ‑CyTox 
kit (cat. no. EZ‑3000) and bovine serum albumin (BSA; cat. 
No. A0100‑010) were supplied by DoGenBio (Seoul, Korea) 
and GenDEPOT (Katy, TX, USA), respectively. Type I collagen 
(rat tail; cat. no. 354236) was sourced from Corning Life 
Sciences (Corning, NY, USA). The 5‑bromo‑2'‑deoxyuridine 
(BrdU) kit (cat. no. 11669915001) and streptavidin‑peroxidase 
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(POD) conjugate (cat. no. 11089153001) was obtained from 
Roche (Indianapolis, IN, USA). DNP‑BSA (cat. no. A23018), 
monoclonal anti‑type  I and IV collagen antibodies (cat. 
no. MA1‑26771 and cat. no. MA1‑22148, respectively) and 
chemiluminescent substrate (cat. no. 37069) were obtained 
from Thermo Scientific (Waltham, MA, USA). The antibodies 
for phospho Syk (cat. no. 2711), ERK1/2 (cat. no. 9102), phospho 
ERK1/2 (cat. no. 9101), p38 MAPK (cat. no. 9212), phospho 
p38 MAPK (cat. no.  9211), JNK (cat. no.  9258), phospho 
JNK (cat. no. 4668), PI3K (cat. no. 4292), phospho PI3K (cat. 
no. 4228), AKT (cat. no. 9272), phospho AKT (cat. no. 9271), 
horseradish peroxidase conjugated rabbit immunoglobulin G 
(cat. no. 7074), and horseradish peroxidase conjugated mouse 
immunoglobulin G (cat. no. 7076) were purchased from Cell 
Signaling Technology, Inc. (Beverly, MA, USA). RIPA buffer 
(cat. no. 9806) was also purchased from the same company. The 
antibodies for Syk (cat. no. ab3993), VAMP7 (cat. no. ab36195), 
VAMP8 (cat. no. ab76021), Syntaxin 1a (cat. no. ab170890), 
Syntaxin 4 (cat. no. ab184545), SNAP 25 (cat. no. ab109105), 
and polyclonal anti‑type I and IV collagens (cat. no. ab6577 
and cat. no.  ab6581, respectively) were obtained from 
Abcam (Cambridge, UK). The antibodies for SNAP 23 (cat. 
no. sc‑166244) and filaggrin (cat. no. sc‑66192) were supplied 
by Santa Cruz Biotechnology (Dallas, TX, USA). Anti‑HAS‑2 
(cat. no. NBP2‑37446) and anti‑HAS‑3 (cat. no. NBP1‑86328) 
antibodies were purchased from Novus Biologicals (Littleton, 
CO, USA). n‑Hexane (cat. no. 4081‑4110) and ethanol (cat. 
no. 4204‑4410) were obtained from DAEJUNG (Siheung, 
Korea) and piceatannol was from TCI (Tokyo, Japan).

Extraction and preparation of Paulownia  tomentosa 
flower absolute. The flowers of Paulownia tomentosa were 
harvested in Daepyeong‑ri, Gwangdeok‑myeon, Cheonan, 
Korea (36.678200˚N, 127.161120˚E). Plant collection was 
conducted in accordance with the guidelines of the Korea 
Forest Service (Daejeon, Korea). Paulownia  tomentosa 
is not classified as a protected or endangered species. Its 
conservation status is listed as ‘Least Concern’ in the IUCN 
Red List (26). It is classified not included in any protected 
or threatened category in national databases, including the 
Korean Red Data Book of Vascular Plants (27). The plant 
material was taxonomically authenticated by Dr. Hyun‑Jun 
Kim at the Forest Medicinal Resources Research Center 
(Seoul, Korea). The voucher specimen (No. PCU‑0001) has 
been deposited in publicly accessible herbaria at the Korea 
Essential Oil Resource Research Institute, Hoseo University 
(Asan, Korea), and in the Korea Forest Plants Essential Oil 
Bank of the National Institute of Forest Science (Seoul, 
Korea). The flower essential oil of Paulownia  tomentosa 
was obtained as an absolute by organic solvent extraction. 
Briefly, 4 kg of Paulownia tomentosa flowers were subjected 
to extraction with n‑hexane to obtain a concrete, which 
was then dissolved in ethanol. The solvent was evaporated, 
leaving 5 g of the absolute type of essential oil. The resulting 
absolute type of essential oil was a yellow, viscous liquid, 
with a final yield of 0.125% (w/w). The extracted absolute 
type of essential oil was stored at ‑80˚C until further use. 
For subsequent cell‑based experiments, the PTFAb sample 
was dissolved in DMSO, to prepare a stock solution before 
treatment. The final concentration of DMSO was adjusted 

to be identical in all experimental groups, including the 
PTFAb‑treated and control groups. For RBL‑2H3 cell exper‑
iments, the final DMSO concentration was maintained at 
0.1%, whereas for HaCaT cell experiments, it was maintained 
at 0.5%. The corresponding DMSO concentrations were used 
in the control groups as vehicle controls.

Identification of compounds in PTFAb. PTFAb analysis 
was conducted by NICEM (the National Instrumentation 
Center for Environmental Management, Seoul National 
University, Seoul, Korea). Its components were identified by 
GC/MS analysis using a TRACE 1310 GC unit coupled to 
an ISQ LT single‑quadrupole mass spectrometer (Thermo 
Scientific, Waltham, MA, USA), as reported elsewhere (28). 
Briefly, the derivatized samples were subjected to separation 
on a DB‑5MS column (60 m x 0.25 mm, 0.25 µm; Agilent 
Technologies, Santa Clara, CA, USA) at a constant flow rate 
of 1 ml/min using the following program: 50˚C for 5 min, 50 
to 65˚C at 10˚C/min, 65 to 210˚C at 5˚C/min, 210 to 310˚C 
at 20˚C/min, and 310˚C for 10 min. The mass spectra were 
acquired in the range of m/z 35 to m/z 550 at 0.2 scans/sec. 
The transfer line and ion source temperatures were 300˚C 
and 270˚C, respectively. The detected compounds were iden‑
tified by comparing the mass spectra and retention indices 
(RIs) with reference standards in the NIST/NIH/EPA mass 
spectral library (NIST 11, version 2.0 g) and by matching 
the retention times and spectra with those of commercially 
available standards. A solution of C7‑C30 n‑alkanes was used 
as the standard to calculate the RIs.

Cell culture. RBL‑2H3 cells (rat basophilic leukemia; cat. 
no.  22256), which were commonly used as a mast cell 
model (29,30), were obtained from the Korea Cell Line Bank 
(Seoul, Korea) and the HaCaT human keratinocyte cell line 
(Cellosaurus CVCL_0038) was obtained from the National 
Institute for Korean Medicine Development (Gyeongsan, 
Korea). According to the institute, the cells were originally 
sourced from Keimyung University (Daegu, Korea), which 
had purchased them from CLS Cell Lines Service (Cytion; cat. 
no. 300493, Eppelheim, Germany), the official DKFZ‑approved 
supplier  (31,32). Cells were maintained under standard 
culture conditions. Their identity and integrity were routinely 
confirmed by morphological assessment and monitoring of 
growth characteristics. All cultures were regularly tested for 
mycoplasma contamination, and cells between passages 28 
and 35 were used in experiments. The cells were cultured in 
DMEM (Welgene Inc., Daegu, Korea) supplemented with 10% 
FBS (HyClone, Logan, UT, USA) and 1% P/S (HyClone) at 
37˚C in a humidified incubator containing 5% CO2.

Cell viability assay. The RBL‑2H3 and HaCaT cells viability 
was assessed using a water‑soluble tetrazolium salt (WST) 
assay with the EZ‑CyTox kit (cat. no. EZ‑3000; DoGenBio, 
Seoul, Korea). The cells were seeded at 5x10³ cells per well in 
96‑well microtiter plates and incubated overnight in a humidi‑
fied atmosphere containing 5% CO2 and 95% air at 37˚C. 
Cells were treated with various concentrations of PTFAb for 
24 h, while vehicle control cells received the corresponding 
concentration of DMSO. Finally, 10 µl of EZ‑Cytox reagent 
(cat. no. EZ‑3000; DoGenBio, Seoul, Korea) was added, and 
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the plate was incubated at 37˚C for 30 min. The absorbance 
at 450 nm was determined using a multi‑well plate reader 
(Synergy 2; BioTek Instruments, Winooski, VT, USA).

Proliferation assay. The HaCaT cell proliferation level was 
evaluated using a DNA synthesis‑based BrdU incorpora‑
tion assay with a BrdU kit (cat. no.  11669915001; Roche, 
Indianapolis, IN, USA). Briefly, 96‑well black flat‑bottom 
plates were coated with type I collagen (0.1 mg/ml), sourced 
from Corning Life Sciences (Corning, NY, USA), for 30 min, 
and HaCaT cells were seeded at 2x10³ cells/well and incubated 
for 12 h. The cells were treated with in PTFAb at the same 
concentrations described above, with rhEGF (50 ng/ml) as a 
positive control, and incubated for 36 h. Subsequently, BrdU 
labeling solution (1:200 dilution with serum‑free medium) was 
added, and the cells were incubated for an additional 12 h at 
37˚C. After incubation, the cells were fixed at room tempera‑
ture for 30 min and incubated with peroxidase‑conjugated 
anti‑BrdU antibody (1:100 dilution with diluent included in the 
BrdU kit) for 90 min at room temperature. After the substrate 
reaction, the luminescence was measured using a luminometer 
(Synergy 2; BioTek Instruments, USA).

Migration assay. The HaCaT cell migration was evaluated using 
a 48‑well microchemotaxis chamber (cat. no. 866‑417‑0014; 
Neuro Probe, Gaithersburg, MD, USA). A polycarbonate 
membrane with an 8 µm pore size (cat. no. 1220686; GVS Life 
Science, Bologna, Italy) and pre‑coated with type I collagen 
(0.1 mg/ml) was used. The lower chambers were filled with 
DMEM containing 0.1% BSA, supplemented with rhEGF 
(1 ng/ml) as a positive control or PTFAb at various concentra‑
tions. After assembling the collagen‑coated membrane and the 
upper chamber, the HaCaT cells were seeded into the upper 
chamber at a density of 5x104 cells/well in 50 µl of medium. 
The chamber was incubated at 37˚C in a humidified atmosphere 
containing 5% CO2 for 3 h and 30 min. After incubation, the 
membrane was removed from the chamber, and the migrated 
cells were fixed and stained using a Diff‑Quick solution (cat. 
no. 38721; Sysmex Corporation, Kobe, Japan). The migrated 
cells were visualized under an optical microscope at x200 
magnification, and their number was quantified by manual 
counting.

Collagen synthesis assay. HaCaT cells were seeded at a density 
of 5x105 cells per 100‑mm dish and incubated for 12 h at 37˚C 
in a humidified atmosphere containing 5% CO2. After incu‑
bation, the culture medium was removed, and the cells were 
washed with PBS. The cells were then treated with PTFAb 
at the indicated concentrations and further incubated for 48 h 
under the same conditions. The conditioned medium (CM; 
supernatants) was collected and centrifuged at 500, 800, and 
1,000 x g for 10 min each to obtain the supernatant. In parallel, 
the cells were washed with PBS, lysed using a lysis buffer, 
and the total protein concentration was determined using a 
DC protein assay kit (cat. no. 500‑0116; Bio‑Rad Laboratories, 
Hercules, CA, USA). For collagen quantification, 96‑well 
black flat‑bottom plates (cat. no. 655090; Greiner Bio‑One, 
Kremsmünster, Austria) were coated with monoclonal anti‑
bodies against type I and type IV collagen (cat. no. MA1‑26771 
and cat. no.  MA1‑22148, respectively; Thermo Scientific, 

Waltham, MA, USA) at 2 µg/well in 100 µl and incubated at 
4˚C for 12 h. After washing with PBS, the plates were blocked 
with PBS containing 1% BSA and 5% sucrose for 1 h at room 
temperature. The collected CM was then added to each well 
and incubated for 90 min at room temperature. After washing 
with PBS, biotinylated polyclonal antibodies against type I and 
type IV collagen (cat. no. ab6577 and cat. no. ab6581, respec‑
tively; Abcam, Cambridge, UK), diluted 1:2,000, were added 
and incubated for 90 min at room temperature. The wells 
were then washed and incubated with POD conjugate (Roche, 
Indianapolis, IN, USA) diluted 1:5,000 for 1 h. After a final 
wash with PBS, chemiluminescent substrate solution (Thermo 
Scientific) was added, and the luminescence was measured 
using a luminometer (Synergy 2; Bio‑Tek Instruments).

SNARE protein expression. The RBL‑2H3 cells were seeded 
at a density of 3x105 cells per 100‑mm culture dish and incu‑
bated at 37˚C in a humidified atmosphere containing 5% CO2 
for 12 h. After incubation, the culture medium was removed, 
and the cells were washed with PBS. The cells were then 
treated with various concentrations of PTFAb and incubated 
at 37˚C in an atmosphere containing 5% CO2 for 48 h. The 
expression of SNARE proteins, including VAMP7, VAMP8, 
syntaxin 1a, syntaxin 4, SNAP 23 and SNAP 25, was analyzed 
by immunoblotting.

β‑Hexosaminidase and histamine release assays. The 
RBL‑2H3 cells were seeded in 24‑well plates at a density of 
1.5x104 cells per well and incubated at 37˚C in a humidified 
atmosphere containing 5% CO2 for 12 h. After incubation, the 
culture medium was removed, and the cells were washed with 
PBS. The cells were then treated with the indicated PTFAb 
and incubated for 48 h at 37˚C with 5% CO2. Anti‑DNP IgE 
(cat. no. D8406; MilliporeSigma, St. Louis, MO, USA) was 
then diluted in DMEM containing 10% FBS and added to 
the cells at a final concentration of 200 ng/ml, followed by 
incubation for 10  h at 37˚C in a humidified atmosphere 
containing 5% CO2. After sensitization, the cells were washed 
with Siraganian buffer (cat. no. BS067; Biosolution, Seoul, 
Korea). Degranulation was induced by stimulation with 
DNP‑BSA, diluted in Siraganian buffer to a final concentra‑
tion of 20 ng/ml, and incubated in a humidified atmosphere 
containing 5% CO2 for 1 h at 37˚C. The culture supernatants 
were collected and centrifuged sequentially at 500, 1,000, and 
10,000 x g for 10 min each to obtain CM. In parallel, cells 
were washed with PBS and lysed with a lysis buffer to extract 
the intracellular proteins, which were quantified using a DC 
protein assay.

For the β‑hexosaminidase release assay, 50  µl of the 
collected supernatant was mixed with 100 µl of substrate 
buffer containing 2 mM 4‑p‑nitrophenyl‑N‑acetyl‑β‑D‑gluco
saminide in 0.05 M sodium citrate buffer (pH 4.5) and incu‑
bated at 37˚C for 3 h. The reaction was quenched by adding 
100 µl of a stop solution (0.2 M glycine‑NaOH, pH 10.0), and 
the absorbance was measured at 405 nm using a multi‑well 
plate reader (Synergy2; Bio‑Tek Instruments).

Histamine release was quantified from the same condi‑
tioned medium using a histamine enzyme‑linked immunoassay 
(EIA) kit (cat. no. A05890; Cayman Chemical, Ann Arbor, MI, 
USA), according to the manufacturer's instructions.
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Activation analysis of Syk, MAPKs, and PI3K/AKT. The 
RBL‑2H3 cells were seeded at a density of 8x105 cells per 
60‑mm culture dish and incubated at 37˚C in a humidified 
atmosphere containing 5% CO2 for 12 h. The culture medium 
was removed, and the cells were washed with PBS. The cells 
were then sensitized with Anti‑DNP IgE (cat. no. D8406; 
MilliporeSigma) diluted in DMEM containing 10% FBS to 
a final concentration of 100 ng/ml and incubated for 12 h at 
37˚C with 5% CO2. After sensitization, the IgE‑containing 
medium was removed, and the cells were washed with PBS. 
The cells were then treated with various concentrations of 
PTFAb and incubated for 1 h at 37˚C. The medium was then 
removed, and the cells were washed with Siraganian buffer. 
Degranulation was induced by a treatment with DNP‑BSA 
diluted in Siraganian buffer to a final concentration of 
20 ng/ml for 10 min. After stimulation, the cells were lysed 
using RIPA buffer (Cell Signaling). The lysates were centri‑
fuged at 17,000 x g for 15 min at 4˚C to obtain the cell lysates. 
The protein concentrations were determined using a DC 
protein assay, and the levels of Syk, MAPKs, and PI3K/AKT 
phosphorylation were analyzed by immunoblotting.

Filaggrin expression analysis. HaCaT cells were seeded at a 
density of 1x106 cells per 100‑mm dish and incubated for 12 h 
at 37˚C in a humidified atmosphere containing 5% CO2. After 
incubation, the culture medium was removed, and the cells 
were washed with PBS. Except for the negative control group, 
the cells were treated with different PTFAb concentrations 
dissolved in culture medium containing TNF‑α (5 ng/ml). The 
control group was treated with the culture medium without 
TNF‑α. The cells were then incubated for an additional 24 h at 
37˚C in a 5% CO2 incubator. Filaggrin protein expression was 
analyzed by immunoblotting.

Hyaluronan synthase‑related protein analysis. HaCaT cells 
were seeded at 1x106 cells per 100‑mm dish and cultured for 
12 h at 37˚C in a humidified incubator containing 5% CO2. 
After incubation, the culture medium was removed, and the 
cells were washed with PBS, followed by serum starvation 
in serum‑free DMEM for 6 h. The cells were treated with 
rhKGF (R&D Systems, Minneapolis, MN, USA) at 20 ng/ml 
as a positive control, or with the indicated concentrations of 
PTFAb, and incubated for an additional 12 h at 37˚C under 5% 
CO2. Expression of hyaluronan synthesis‑related proteins was 
analyzed by immunoblotting.

Immunoblotting. Immunoblotting analysis was performed 
as described elsewhere  (28). The cells were lysed using 
RIPA buffer (Cell Signaling) and centrifuged at 17,000 x g 
for 15  min at 4˚C. The total protein concentration in the 
supernatant was determined using a DC protein assay kit. 
The proteins (30‑60 µg per lane) were fractionated by 8‑12% 
sodium dodecyl sulfate‑polyacrylamide gel electrophoresis 
(SDS‑PAGE) and transferred electrophoretically to polyvi‑
nylidene fluoride (PVDF) membranes at 4˚C. The membranes 
were blocked with 3% skim milk or BSA at room temperature 
for 2 h. Subsequently, the membranes were washed with PBS 
containing 0.05% Tween‑20 and incubated with the primary 
antibodies against VAMP7 (dilution, 1:2,000), VAMP8 
(dilution, 1:2,000), Syntaxin 1a (dilution, 1:1,000), Syntaxin 

4 (dilution, 1:2,000), SNAP 23 (dilution, 1:1000), SNAP 25 
(dilution, 1:2,000), phospho p38 MAPK (dilution, 1:1,000), p38 
MAPK (dilution, 1:1,000), phospho ERK1/2 (dilution, 1:2,000), 
ERK 1/2 (dilution, 1:1,000), phospho JNK (dilution, 1:1,000), 
JNK (dilution, 1:1,000), phospho Syk (dilution, 1:1,000), Syk 
(dilution, 1:500), phospho PI3K (dilution, 1:1,000), PI3K (dilu‑
tion, 1:1,000), phospho AKT (dilution, 1:1,000), AKT (dilution, 
1:1,000), filaggrin (dilution, 1:500), HAS‑2 (dilution, 1:2,000), 
HAS‑3 (dilution, 1:1,000), and ICAM‑1 (dilution, 1:1,000) 
at 4˚C overnight. β‑actin (dilution, 1:5,000) was incubated 
at room temperature for 30 min. The membranes were then 
exposed to horseradish peroxidase conjugated rabbit immu‑
noglobulin G (dilution, 1:2,000) or mouse immunoglobulin G 
(dilution, 1:2,000) at room temperature for 1 h. β‑actin was 
used as a loading control to confirm equal protein loading and 
for normalization of protein expression levels. Specifically, 
the levels of phosphorylated proteins were quantified as the 
ratio to their corresponding total protein levels. Normalization 
to β‑actin was applied only for the quantification of total 
protein expression. The protein bands were visualized using a 
chemiluminescence substrate (cat. no. 2332632; ATTO, Tokyo, 
Japan) and detected with a chemiluminescence imaging 
system (LuminoGraph, ATTO, Tokyo, Japan).

Statistical analysis. All statistical analyses were performed 
using GraphPad Prism version 5.0 (GraphPad Software, Inc., 
La Jolla, CA, USA). The data are expressed as the mean ± stan‑
dard error of the mean (SEM). One‑way ANOVA followed by 
Tukey's post hoc test was used for multiple group compari‑
sons. Results in the present study are based on at least three 
independent experiments. P<0.05 was considered to indicate a 
statistically significant difference.

Results

Chemical composition of PTFAb. The chemical composi‑
tion of PTFAb was analyzed by GC/MS, which identified 13 
components (Table Ⅰ and Fig. 1). Among the identified compo‑
nents, methyl undecanoate (45.63%) had the highest content, 
followed in order by heneicosane (13.62%), tricosane (13.62%), 
sesamin (10.33%), 1,4‑dimethoxybenzene (5.98%), tetracosane 
(4.79%), methyl anisate (1.79%), eicosanal (1.36%), 1‑octen‑3‑ol 
(0.73%), methyl benzoate (0.71%), β‑ionone (0.68%), nonanal 
(0.41%), and 3‑oxo‑α‑ionone (0.35%) (Table Ⅰ).

Alteration in SNARE proteins linked to mast cell degranula‑
tion by PTFAb. The PTFAb test concentration for biological 
analysis was first determined by observing the changes in 
cell viability in RBL‑2H3 mast cells treated with PTFAb. 
Treatment with PTFAb (1‑200 µg/ml) showed a statisti‑
cally significant decrease in cell viability compared to the 
control group at 200 µg/ml, but no significant decrease 
was observed at 1‑150 µg/ml (Fig. 2A). Although there was 
no significant decrease in cell viability at 150 µg/ml, the 
observed cell morphology appeared less uniformly rounded 
and slightly more irregular (Fig. S1). Therefore, the PTFAb 
test concentration for subsequent biological analysis was 
≤100 µg/ml, which did not affect the viability of RBL‑2H3 
cells. SNARE proteins, such as v‑SNAREs (VAMP7 and 
VAMP8) and t‑SNAREs (SNAP 23 and syntaxin 4), form 
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trans‑SNARE complexes to promote membrane fusion. 
These proteins help regulate the mast cell degranulation 
process and the release of inflammatory mediators, such as 
histamine and cytokines (4). The influence of PTFAb on the 
expression of SNARE proteins in RBL‑2H3 mast cells was 
investigated by immunoblotting. PTFAb (0.1‑100 µg/ml) 
concentration‑dependently inhibited the expression of the 
v‑SNARE proteins VAMP7 (Fig. 2B and C) and VAMP8 
in RBL‑2H3 cells (Fig.  2B  and  D). The expression of 
VAMP7 and VAMP8 in RBL‑2H3 cells decreased signifi‑
cantly after the treatment with PTFAb at 50‑100 µg/ml. 
The reduced expression in VAMP7 and VAMP8 showed a 
maximum at 100 µg/ml of PTFAb 22.02±8.61% (Fig. 2C) 
and 20.61±7.40% (Fig. 2D) of the untreated control, respec‑
tively. On the other hand, the expression of the t‑SNARE 
proteins (syntaxin 1a, syntaxin 4, SNAP 23, and SNAP 25) 
did not show significant changes after the treatment with 
PTFAb at 0.1‑100 µg/ml (Fig. S2).

Effects of PTFAb on β‑hexosaminidase and histamine release 
in RBL‑2H3 mast cells. Degranulation of activated mast cells 
results in the release of β‑hexosaminidase and histamine. 
These mediators are mast cell degranulation markers and have 
been implicated in the pathogenesis of AD (1,33). The effects 
of PTFAb (0.1‑100 µg/ml) on DNP‑BSA (20 ng/ml)‑induced 
β‑hexosaminidase and histamine release in anti‑DNP IgE 
(200 ng/ml)‑sensitized RBL‑2H3 cells were examined to deter‑
mine if PTFAb inhibits mast cell degranulation. DNP‑BSA 
stimulation increased the levels of β‑hexosaminidase 
(329.09±4.77%) and histamine (193.02±6.64%) compared to 
the anti‑DNP IgE control (Fig. 3A and B, respectively). By 
contrast, the PTFAb treatment at 1‑100 µg/ml significantly 
reduced these levels in a concentration‑dependent manner. 
In particular, PTFAb exhibited maximum inhibitory activity 
at 100 µg/ml, reducing β‑hexosaminidase and histamine to 

146.06±4.34% (Fig. 3A) and 111.63±8.31% (Fig. 3B) of the 
anti‑DNP IgE control, respectively.

Effects of PTFAb on the degranulation‑related signaling mole‑
cules in RBL‑2H3 mast cells. During mast cell degranulation 
and the release of inflammatory mediators, Syk phosphoryla‑
tion, which accompanies the activation of the IgE receptor 
FcεRI (Fc epsilon receptor I), plays a key role in the initial 
signaling (34). PI3K/AKT and MAPK signaling pathways are 
also involved in this process (35). Thus, the effects of PTFAb on 
these key signaling molecules in mast cells were examined by 
observing the phosphorylation of Syk, PI3K/AKT, and MAPKs 
(p38, ERK1/2, and JNK) induced by DNP‑BSA (20 ng/ml) in 
anti‑DNP IgE antibody (100 ng/ml)‑sensitized RBL‑2H3 cells 
using immunoblotting to determine how PTFAb affects these 
key signaling molecules in mast cells. DNP‑BSA significantly 
increased Syk phosphorylation (197.77±13.46%) compared to 
the anti‑DNP IgE control (Fig. 4A and B). On the other hand, 
treatment with PTFAb at 75 and 100 µg/ml attenuated this 
level, and the maximum inhibitory effect was observed at 
100 µg/ml, reducing Syk phosphorylation to 91.13±5.05% of 
the anti‑DNP IgE control (Fig. 4B). In addition, the DNP‑BSA 
treatment enhanced the phosphorylation levels of PI3K 
(143.67±17.84%) and AKT (157.02±5.79%) compared to the 
anti‑DNP IgE control (Fig. 4C‑E). The PTFAb treatments at 75 
and 100 µg/ml and at 50‑100 µg/ml significantly attenuated the 
increased levels of PI3K and AKT phosphorylation, respec‑
tively. The maximum inhibitory effects on the phosphorylation 
of these proteins were observed at 100 and 75 µg/ml, with 
the PI3K and AKT phosphorylation levels reduced to 
60.80±6.24% (Fig. 4D) and 59.42±9.37% of the anti‑DNP IgE 
control group, respectively (Fig. 4E). The total protein levels 
of Syk, PI3K, and AKT normalized to β‑actin are shown in 
Fig. S3, indicating that the observed effects were not due to 
changes in total protein expression. On the other hand, PTFAb 

Table Ⅰ. Chemical composition of Paulownia tomentosa flower absolute.

	RI
	 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
Component name	 RT, min	 Observed	 Literature	 Area, %	 CAS no.	 (Refs.)

  1. 1‑Octen‑3‑ol	 22.01	 983	 983	 0.73	 3391‑86‑4	 (59)
  2. Methyl benzoate	 29.50	 1,098	 1,098	 0.71	 93‑58‑3	 (60)
  3. Nonanal	 29.91	 1,106	 1,106	 0.41	 124‑19‑6	 (61)
  4. 1,4‑Dimethoxybenzene	 32.77	 1,164	 1,165	 5.98	 150‑78‑7	 (62)
  5. Methyl anisate	 46.22	 1,383	 1,386	 1.79	 121‑98‑2	 (62)
  6. Methyl undecanoate	 48.29	 1,427	 1,427	 45.63	 1731‑86‑8	 (63)
  7. β‑Ionone	 50.66	 1,486	 1,486	 0.68	 14901‑07‑6	 (64)
  8. 3‑Oxo‑α‑ionone	 55.97	 1,658	 1,665	 0.35	 79734‑43‑3	 (65)
  9. Eicosanal	 62.31	 2,029	 2,211	 1.36	 2400‑66‑0	 (66)
10. Heneicosane	 62.94	 2,101	 ‑	 13.62	 629‑94‑7	
11. Tricosane	 64.31	 2,300	 ‑	 13.62	 638‑67‑5	
12. Tetracosane	 65.60	 2,500	 ‑	 4.79	 646‑31‑1	
13. Sesamin	 67.53	 2,753	 3,150	 10.33	 607‑80‑7	 (67)

RT, retention time; RI, retention index (on a DB‑5MS column). min: minutes. The identified compounds accounted for 100.00% of the total 
peak area.
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(0.1‑100 µg/ml) did not affect the phosphorylation of MAPKs 
(p38, ERK1/2, and JNK) induced by DNP‑BSA (20 ng/ml) in 
anti‑DNP IgE antibody (100 ng/ml)‑activated RBL‑2H3 cells 
(Fig. S4).

To further investigate the involvement of Syk/PI3K and 
MAPK signaling pathways in the anti‑degranulation activity of 
PTFAb, pharmacological inhibitors targeting Syk, PI3K, p38, 
and ERK1/2 were evaluated. PTFAb (50 µg/ml), piceatannol 
(a Syk inhibitor; 30 µM), and LY294002 (a PI3K inhibitor; 
0.1 µM) significantly reduced anti‑DNP IgE/DNP‑induced 
β‑hexosaminidase release (Fig. S5A). Co‑treatment of PTFAb 
with either piceatannol or LY294002 further reduced anti‑DNP 
IgE/DNP‑induced β‑hexosaminidase release compared 
with PTFAb treatment alone (Fig. S5B). In contrast, treat‑
ment with SB203580 increased anti‑DNP IgE/DNP‑induced 

β‑hexosaminidase release (Fig. S5A), whereas co‑treatment of 
PTFAb with SB203580 partially attenuated the inhibitory effect 
of PTFAb on anti‑DNP IgE/DNP‑induced β‑hexosaminidase 
release (Fig. S5B). PD98059 alone or in combination with 
PTFAb had little or no effect on anti‑DNP IgE/DNP‑induced 
β‑hexosaminidase release (Fig. S5A and B).

Effect of PTFAb on the proliferation and migration of 
HaCaT cells. The cytotoxic effects of PTFAb on HaCaT 
cells were first assessed using a WST assay to determine 
its regenerative potential. The WST assay results showed 
that PTFAb significantly enhanced cell viability at 250 and 
500 µg/ml, while concentrations at 1 to 100 µg/ml showed 
only a slight, non‑significant increase (Fig. 5A). Therefore, 
the entire concentration range (1‑500 µg/ml) of PTFAb was 

Figure 1. Gas chromatography/mass spectrometry analysis of Paulownia tomentosa flower absolute. (A) Total ion chromatogram showing the peaks corre‑
sponding to the 13 major compounds listed in Table I. The bracketed numbers and the numbers below them indicate the compound numbers and retention 
times, respectively. (B) Chemical structures of the 13 major compounds shown in panel A.
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used for further studies. BrdU assays showed that HaCaT cells 
proliferation was increased significantly by PTFAb at 250 and 
500 µg/ml, with the maximum increase occurred at 500 µg/ml 

(143.98±12.34% compared to the untreated control) (Fig. 5B). 
Furthermore, the cell migration assay results showed that a 
PTFAb treatment at 100‑500 µg/ml significantly promoted the 

Figure 2. Effects of PTFAb on the expression of SNARE proteins in RBL‑2H3 cells. (A) RBL‑2H3 cell viability. RBL‑2H3 cells were incubated in the pres‑
ence or absence of PTFAb (1‑200 µg/ml) for 24 h. The final DMSO concentration was maintained at 0.1% in all experimental groups, and control cells were 
treated with 0.1% DMSO as the vehicle control. The cell viability was analyzed using a WST assay (n=5). *P<0.05 compared with the vehicle control cells. 
(B) RBL‑2H3 cells were incubated for 48 h in the presence or absence of PTFAb (0.1‑100 µg/ml). The final DMSO concentration was maintained at 0.1% in 
all groups, including the vehicle control group. The cell lysates were immunoblotted with the indicated antibodies. (C and D) The graphs show the expression 
levels of the VAMP7 (C) and VAMP8 (D) proteins shown in panel B. The expression levels of VAMP7 and VAMP8 were quantified by normalization to β‑actin 
(loading control) and presented as a percentage relative to the vehicle control group. *P<0.05 vs. the vehicle control cells. DMSO, dimethyl sulfoxide; PTFAb, 
Paulownia tomentosa flower absolute; SNARE, soluble N‑ethylmaleimide‑sensitive factor attachment protein receptor; VAMP, vesicle‑associated membrane 
protein; WST, water‑soluble tetrazolium.

Figure 3. Effects of PTFAb on β‑hexosaminidase and histamine release in IgE/DNP‑stimulated RBL‑2H3 cells. RBL‑2H3 cells were incubated for 48 h in the 
presence or absence of PTFAb (0.1‑100 µg/ml). The final DMSO concentration was maintained at 0.1% in all experimental groups. The cells were treated with 
anti‑DNP IgE (200 ng/ml) for 10 h and then stimulated with DNP‑BSA (20 ng/ml) for 1 h. The culture media were collected and centrifuged, and the levels 
of (A) β‑hexosaminidase (n=3) and (B) histamine (n=3) in the supernatant (conditioned media) were measured using an enzyme immunoassay. The response 
in cells treated with anti‑DNP IgE alone in the presence of 0.1% DMSO was considered 100%. *P<0.05 vs. anti‑DNP IgE/DNP‑BSA‑stimulated cells in the 
presence of 0.1% DMSO alone. DMSO, dimethyl sulfoxide; anti‑DNP IgE, anti‑dinitrophenyl immunoglobulin E; DNP‑BSA, 2,4‑dinitrophenyl‑labeled bovine 
serum albumin; PTFAb, Paulownia tomentosa flower absolute.
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migration of HaCaT cells, peaking at 840.00±52.46% at the 
500 µg/ml (Fig. 5C and D).

Alteration of collagen synthesis in HaCaT cells by PTFAb. 
Collagen synthesis strengthens the integrity of the dermal and 
basement membranes, a key component of the skin barrier, 
supporting keratinocyte migration and proliferation (36). The 
effects of PTFAb on collagen synthesis in HaCaT cells were 
evaluated using a sandwich enzyme‑linked immunosorbent 
assay (ELISA). Treatment with PTFAb (10‑500 µg/ml) signifi‑
cantly increased type I collagen synthesis at 100 and 500 µg/ml, 
and type IV collagen synthesis at 500 µg/ml. Specifically, 
PTFAb at 500 µg/ml had the most prominent effect, with 
synthesis levels reaching 171.45±7.27 and 154.42±7.53% for 
type I (Fig. 6A) and IV (Fig. 6B), respectively.

Alteration of the skin barrier and hyaluronan production-
related proteins in HaCaT cells by PTFAb. A reduction in 
the filaggrin levels and HASs (HAS‑1, 2, and 3)‑mediated 
HA synthesis impairs the structural stability and moisture 
retention of the skin barrier, contributing to skin barrier 
compromise of AD (37,38). Therefore, this study investi‑
gated the regulatory effects of PTFAb on the expression of 
filaggrin and HAS in keratinocytes using immunoblotting. 
FLG protein expression in HaCaT cells was downregulated 

by a TNF‑α treatment to 42.27±13.23% of the untreated 
control. Nevertheless, treatment with PTFAb at 250 and 
500 µg/ml significantly restored FLG expression, which 
had been suppressed by TNF‑α. In particular, 500 µg/ml 
PTFAb had a maximum recovery effect (196.08±20.47% 
of the untreated control) (Fig. 7A and B). In addition, this 
study observed the influence of PTFAb on HAS expres‑
sion in keratinocytes. The effects of PTFAb on HAS‑2 and 
HAS‑3 expression were evaluated at concentrations ranging 
from 1 to 500 µg/ml (Fig. 7C‑E). The PTFAb treatment 
significantly increased the HAS‑2 levels by 377.11±55.21% 
compared to the untreated control at 250 µg/ml (Fig. 7D). 
An increase (260.91±47.65% of the untreated control) was 
also observed at 500  µg/ml, but did not have statistical 
significance. In contrast, HAS‑3 expression was signifi‑
cantly upregulated at 250 and 500 µg/ml, with a maximum 
effect of 443.78±61.56% at 500 µg/ml (Fig. 7E).

Effect of PTFAb on ICAM‑1 expression in HaCaT cells. 
Increased expression of ICAM‑1 in keratinocytes by inflam‑
matory stimuli promotes the skin infiltration of immune cells 
and local inflammatory responses, which may be associated 
with abnormal skin barrier functions  (15). Therefore, the 
changes in ICAM‑1 protein expression were observed after 
a PTFAb treatment of TNF‑α‑stimulated keratinocytes to 

Figure 4. Effects of PTFAb on Syk, PI3K, and AKT phosphorylation in RBL‑2H3 cells. (A and B) Syk phosphorylation. (A) Representative image. RBL‑2H3 
cells were sensitized with anti‑DNP IgE and subsequently stimulated with DNP‑BSA to induce Syk phosphorylation. The cells were treated with PTFAb 
(0.1‑100 µg/ml), and the expression levels of phosphorylated Syk were analyzed by Western blotting (n=3). The final DMSO concentration was maintained at 
0.1% in all experimental groups. (B) Quantification of the p‑Syk levels normalized to the total Syk, presented as a percentage relative to anti‑DNP IgE‑sensitized 
cells treated with 0.1% DMSO alone. β‑actin was used as a loading control to verify equal protein loading. *P<0.05 vs. DNP‑BSA‑stimulated cells in the 
presence of anti‑DNP IgE alone. (C‑E) Phosphorylation of PI3K and AKT. (C) RBL‑2H3 cells were sensitized with anti‑DNP IgE and then stimulated with 
DNP‑BSA to induce PI3K and AKT phosphorylation. The cells were treated with PTFAb (0.1‑100 µg/ml), and the expression levels of p‑PI3K and p‑AKT 
were analyzed by Western blotting (n=3 for each protein). The final DMSO concentration was maintained at 0.1% in all experimental groups. Quantification 
of the (D) p‑PI3K and (E) p‑AKT levels normalized to the respective total protein levels (total PI3K and total AKT), and presented as percentages relative 
to anti‑DNP‑IgE‑sensitized cells treated with 0.1% DMSO alone. β‑actin was used as a loading control to verify equal protein loading. *P<0.05 vs. anti‑DNP 
IgE/DNP‑BSA‑stimulated cells in the presence of 0.1% DMSO alone. DMSO, dimethyl sulfoxide; anti‑DNP IgE, anti‑dinitrophenyl immunoglobulin E; 
DNP‑BSA, 2,4‑dinitrophenyl‑labeled bovine serum albumin; p‑AKT, phosphorylated protein kinase B; p‑PI3K, phosphorylated phosphoinositide 3‑kinase; 
PTFAb, Paulownia tomentosa flower absolute; p‑Syk, phosphorylated spleen tyrosine kinase.
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determine if PTFAb can alleviate skin inflammatory diseases 
through modulation of ICAM‑1 expression. As shown in 
Fig. 8A and B, the TNF‑α (10 ng/ml) treatment significantly 
increased ICAM‑1 expression by 179.08±9.70% compared 
to the untreated control. Nevertheless, the PTFAb treat‑
ment significantly reduced the expression levels at 250 and 
500  µg/ml. Specifically, the expression was maximally 
suppressed, reaching 99.81±19.46% of the untreated control 
(Fig. 8B).

Discussion

AD is a chronic inflammatory skin disease that develops 
and progresses through the interaction of an imbalanced 
immune response and impaired epidermal barrier function. 

These complex pathological characteristics are associated 
with persistent exacerbation and recurrent relapses (1). In 
particular, excessive secretion of inflammatory mediators 
due to mast cell activation and dysfunction of keratinocytes, 
which encompass the skin barrier, exacerbate the inflam‑
matory responses and impede the restoration of skin 
homeostasis  (1). Considering the characteristics of AD, 
simultaneously modulating the inflammatory responses 
and skin barrier function may be a practical therapeutic 
approach. The present study evaluated the anti‑atopic poten‑
tial of PTFAb, an absolute‑type essential oil, using mast cell 
and keratinocyte‑based in vitro models. PTFAb suppressed 
the mast cell responses associated with the secretion of 
inflammatory mediators while simultaneously promoting the 
keratinocyte responses involved in skin barrier formation 

Figure 5. Effects of PTFAb on the proliferation and migration of HaCaT cells. (A) Cell viability. HaCaT cells were incubated in the presence or absence of 
PTFAb (1‑500 µg/ml) for 24 h. The final DMSO concentration was maintained at 0.5% in all experimental groups, and control cells were treated with 0.5% 
DMSO as the vehicle control (‑). The cell viability was analyzed using a WST assay (n=5). *P<0.05 compared with the untreated cells. (B) Proliferation. 
HaCaT cells were incubated in the presence or absence of PTFAb (1‑500 µg/ml) for 48 h. The final DMSO concentration was maintained at 0.5% in all groups, 
including the vehicle control group (‑). Cell proliferation was analyzed using the BrdU incorporation assay (n=3). rhEGF (50 ng/ml)‑induced proliferation 
was used as a positive control. The percentages represent the levels compared to that of the vehicle control cells, which are considered 100%. The results are 
presented as the means ± SEMs. *P<0.05 compared to the quiescent state. (C and D) Migration. HaCaT cells were incubated in the presence or absence of 
PTFAb (1‑500 µg/ml) for 210 min. The final DMSO concentration was maintained at 0.5% in all experimental groups, including the vehicle control group. 
The cell migration levels were assessed using the Boyden chamber assay. (C) Representative images. The blue spots indicate migrating cells. (D) Statistical 
graph obtained from panel C. rhEGF (1 ng/ml)‑induced migration was used as a positive control. The percentages represent the levels compared to the vehicle 
control, which are considered 100% (n=3). The results are presented as the means ± SEMs. Scale bar=50 µm. *P<0.05 compared with the vehicle control group. 
Con, vehicle control; BrdU, 5‑bromo‑2'‑deoxyuridine; DMSO, dimethyl sulfoxide; PTFAb, Paulownia tomentosa flower absolute; rhEGF, recombinant human 
epidermal growth factor; SEMs, standard errors of the means; WST, water‑soluble tetrazolium.
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and maintenance, suggesting that PTFAb may be a promising 
functional material that can modulate multiple AD‑related 
cellular responses in mast cells and keratinocytes.

Mast cell activation involves membrane fusion between 
pre‑existing granules or vesicles and the plasma membrane, 
resulting in degranulation and the release of allergic 

Figure 6. Effects of PTFAb on the synthesis of type Ⅰ and Ⅳ collagen in HaCaT cells. HaCaT cells were incubated in the presence or absence of PTFAb (10, 
100, and 500 µg/ml) for 48 h. The final DMSO concentration was maintained at 0.5% in all experimental groups, and control cells were treated with 0.5% 
DMSO as the vehicle control. The levels of (A) type I (n=3) and (B) IV collagen (n=3) in the conditioned media were quantified using a sandwich ELISA with 
the specific antibodies. The collagen synthesis levels are expressed as percentages of the levels in the conditioned media of vehicle control cells (‑) considered 
for 100% (n=3). rhEGF (50 ng/ml)‑induced response was used as a positive control. The results are presented as means ± SEMs. *P<0.05 compared to the 
vehicle control cells. DMSO, dimethyl sulfoxide; ELISA, enzyme‑linked immunosorbent assay; PTFAb, Paulownia tomentosa flower absolute; rhEGF, 
recombinant human epidermal growth factor; SEMs, standard errors of the means.

Figure 7. Effects of PTFAb on expression of filaggrin and hyaluronan synthases in HaCaT cells. (A and B) Filaggrin expression. (A) Representative image. 
HaCaT cells were stimulated with TNF‑α (5 ng/ml) to suppress filaggrin expression and then treated with PTFAb (1‑500 µg/ml). The final DMSO concentration 
was maintained at 0.5% in all experimental groups. The filaggrin protein levels were analyzed by immunoblotting (n=3). (B) Statistical graph. The relative 
expression of filaggrin was quantified by normalizing to β‑actin (loading control) and presented as a percentage of the 0.5% DMSO alone‑treated control group 
(vehicle control) (*P<0.05 vs. TNF‑α‑stimulated cells in the presence of 0.5% DMSO alone). (C‑E) Hyaluronan syntheses. (C) Representative images. HaCaT 
cells were treated with PTFAb (1‑500 µg/ml), and rhKGF (20 ng/ml) was applied to induce HAS expression. The final DMSO concentration was maintained 
at 0.5% in all experimental groups. The protein levels of HAS‑2 and HAS‑3 were analyzed by Western blotting (n=3 for each protein). (D and E) Statistical 
graph. The relative expression levels of (D) HAS‑2 and (E) HAS‑3 were quantified by normalizing to β‑actin (loading control) and presented as percentages 
relative to the 0.5% DMSO alone‑treated vehicle control cells. rhKGF was used as a positive control. *P<0.05 compared to 0.5% DMSO alone‑treated control 
group. DMSO, dimethyl sulfoxide; HAS, hyaluronan synthase; PTFAb, Paulownia tomentosa flower absolute; rhKGF, recombinant human keratinocyte 
growth factor; TNF‑α, tumor necrosis factor‑α.
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mediators stored within these granules (4). The membrane 
fusion process in mast cells is regulated by the SNARE 
complex, which is formed by the interaction between 
v‑SNAREs and t‑SNAREs  (4). VAMP7 and VAMP8 are 
members of the v‑SNARE proteins, and syntaxin 1a, 
syntaxin 4, SNAP 23, and SNAP 25 are members of the 
t‑SNARE proteins. The interaction between these v‑SNARE 
and t‑SNARE proteins promotes mast cell degranulation. 
This mechanism was reported to be an important molecular 
target for the treatment of AD inflammatory lesions (29,39). 
Plant‑derived substances inhibit mast cell degranulation by 
downregulating SNARE proteins and improve skin inflam‑
matory symptoms in AD (39,40). Therefore, attenuating mast 
cell hyper‑degranulation might be an important strategy for 
alleviating allergic inflammation. The present study found 
that PTFAb reduced VAMP7 and VAMP8 expression in 
RBL‑2H3 cells, suggesting that PTFAb suppresses mast 
cell membrane fusion by interfering with SNARE complex 
formation. On the other hand, PTFAb did not suppress 
the expressions of syntaxin 1a, syntaxin 4, SNAP 23, and 
SNAP 25 in RBL‑2H3 cells. Therefore, PTFAb may inhibit 
membrane fusion by selectively regulating the v‑SNARE 
proteins VAMP7 and VAMP8, thereby reducing mast cell 
degranulation.

Excessive mast cell degranulation is a key contributor to 
the allergic inflammation observed in AD (41). When activated 
by allergens and IgE, mast cells release mediators such as 
histamine, β‑hexosaminidase, and cytokines via degranula‑
tion, triggering inflammatory reactions (33,41). Among these, 
β‑hexosaminidase and histamine are widely recognized as 
reliable indicators of mast cell degranulation because their 
release levels reflect the extent of mediator secretion (33). A 
literature survey showed that among 13 components identi‑
fied from PTFAb, sesamin was reported to reduce histamine 
release and the production and secretion of pro‑inflammatory 
cytokines in mast cells stimulated with IgE (42), suggesting 
that this constituent may contribute to the inhibitory effect 
of PTFAb on mast cell‑derived inflammatory allergic reac‑
tions. In the present study, treatment with PTFAb markedly 

reduced β‑hexosaminidase and histamine release in RBL‑2H3 
cells sensitized with anti‑DNP IgE upon DNP‑BSA stimula‑
tion. Hence, PTFAb might suppress β‑hexosaminidase and 
histamine release, which may contribute to the regulation of 
AD‑related allergic responses.

Binding FcεRI and IgE activates mast cells and initiates 
the early activation of Syk, which then propagates signals 
to various downstream signaling pathways associated with 
the FcεRI‑mediated degranulation and the production of 
allergic and inflammatory cytokines (6,34). Among these 
pathways, the PI3K/AKT axis plays a key role in inducing 
degranulation (33). In addition, the MAPK signaling pathway, 
represented by ERK1/2, JNK, and p38, was reported to 
regulate late‑phase responses in the mast cells, including 
the regulation of inflammatory cytokine and chemokine 
expression, and degranulation (6,34). Therefore, targeting 
these signaling pathways may be a promising strategy 
for suppressing mast cell‑mediated allergic inflammatory 
responses. A previous study reported that the inhibition 
of Syk‑PI3K/AKT and MAPK (p38, JNK, and ERK1/2) 
phosphorylation by the plant extract was associated with the 
suppression of DNCB‑IgE‑mediated mast cell degranulation 
and inflammatory cytokine expression, probably amelio‑
rating DNCB‑induced AD‑like lesions in animals  (30). 
RBL‑2H3 cells and DNCB‑induced skin lesions are widely 
used as in vitro and in vivo models, respectively, for studying 
the mast cell‑mediated allergic inflammatory responses and 
AD lesions (39). In the present study, the PTFAb treatment 
significantly reduced the levels of Syk, PI3K, and AKT phos‑
phorylation in RBL‑2H3 cells sensitized with anti‑DNP IgE 
upon DNP‑BSA stimulation, whereas no significant changes 
were observed in the phosphorylation of the MAPK family 
members, ERK1/2, JNK, and p38. Therefore, these findings 
suggest that PTFAb may be associated with reduced activa‑
tion of the Syk‑PI3K/AKT signaling pathway, rather than 
broad suppression of all downstream signaling pathways 
examined in this study.

In addition, to further investigate the potential contri‑
bution of Syk‑PI3K/AKT and MAPK signaling to the 

Figure 8. Effects of PTFAb on the expression of ICAM‑1 protein in HaCaT cells. (A) HaCaT cells were stimulated with TNF‑α (10 ng/ml) to induce ICAM‑1 
expression and then treated with PTFAb (1‑500 µg/ml). The final DMSO concentration was maintained at 0.5% in all experimental groups. The levels of 
ICAM‑1 protein were analyzed by immunoblotting (n=3). (B) The relative expression of ICAM‑1 was quantified by normalizing it to β‑actin (loading control) 
and expressed as a percentage relative to the 0.5% DMSO alone‑treated control group (vehicle control) (*P<0.05 vs. TNF‑α‑stimulated cells in the presence 
of 0.5% DMSO alone). DMSO, dimethyl sulfoxide; ICAM‑1, intercellular adhesion molecule 1; PTFAb, Paulownia tomentosa flower absolute; TNF‑α, tumor 
necrosis factor‑α.



Molecular Medicine REPORTS  34:  304,  2026 13

anti‑degranulation activity of PTFAb, we evaluated the effects 
of pharmacological inhibitors targeting Syk, PI3K, and MAPKs 
on anti‑DNP IgE/DNP‑BSA‑induced β‑hexosaminidase 
release. Co‑treatment of PTFAb with the Syk inhibitor 
piceatannol or the PI3K inhibitor LY294002 further reduced 
anti‑DNP IgE/DNP‑BSA‑induced β‑hexosaminidase release 
compared with PTFAb treatment alone. Although these 
additive effects do not establish that the activity of PTFAb 
is dependent on the Syk‑PI3K/AKT pathway, they provide 
supportive, but not definitive, pharmacological evidence that 
this signaling axis may contribute to the observed effects 
of PTFAb. Interestingly, inhibition of p38 with SB203580 
increased anti‑DNP IgE/DNP‑BSA‑induced β‑hexosaminidase 
release and partially attenuated the inhibitory effect of 
PTFAb, whereas inhibition of ERK1/2 with PD98059 had little 
effect either alone or in combination with PTFAb. Consistent 
with these observations, PTFAb did not significantly alter 
the phosphorylation of p38, ERK1/2, or JNK, suggesting 
that MAPK signaling may not represent a major molecular 
signaling pathway modulated by PTFAb. Collectively, these 
findings indicate that PTFAb is associated with reduced 
phosphorylation of Syk, PI3K, and AKT, whereas the inhibitor 
experiments provide only supportive, non‑definitive evidence 
for the possible involvement of the Syk‑PI3K/AKT signaling 
axis in its anti‑degranulation activity of PTFAb. Further 
studies are needed to determine whether, and to what extent, 
this signaling pathway contributes to the anti‑degranulation 
effects of PTFAb and to clarify the potential crosstalk between 
the Syk‑PI3K/AKT and MAPK signaling pathways in the 
regulation of mast cell degranulation.

In addition to immune dysfunction leading to dysregu‑
lated allergic responses, AD is characterized by impaired 
skin barrier function (1). This impaired barrier function can 
be linked to abnormalities in the behavior of keratinocytes, 
the main cells in the epidermal layer of the skin, because 
these cells are essential for restoring the functional epidermal 
barrier through proliferation and migration  (43). These 
processes may contribute to impaired epidermal renewal and 
delayed barrier restoration in AD. Interestingly, nonanal, a 
compound isolated from PTFAb, induces the expression 
of keratinocyte growth factor (KGF) and stimulates the 
proliferation and migration in dermal papilla cells  (44). 
KGF promotes keratinocyte proliferation and migration (45). 
Based on these reports, it is suggested that PTFAb may exert 
stimulatory effects on HaCaT cell migration and prolifera‑
tion. In the present study, PTFAb stimulated the proliferation 
and migration of HaCaT cells at non‑cytotoxic concentra‑
tions (250‑500 µg/ml for proliferation and 100‑500 µg/ml for 
migration). These effects of PTFAb were mainly observed at 
relatively high concentrations. PTFAb is a crude botanical 
extract containing multiple constituents, and relatively 
high concentrations are often required to elicit measurable 
biological responses in in vitro studies. In addition, these 
concentrations of PTFAb showed no cytotoxicity, suggesting 
that the observed effects were not attributable to nonspecific 
cytotoxic responses. Furthermore, topical administration 
may allow relatively high local concentrations to be achieved 
at the site of application, but this possibility requires 
confirmation in appropriate in vivo studies. Nevertheless, 
the physiological/pharmacological relevance of these 

concentrations remains to be established through appropriate 
in vivo studies.

Taken together, these findings suggest that PTFAb has 
the potential to modulate AD‑related keratinocyte responses 
by promoting re‑epithelialization and enhancing skin 
barrier‑related functions.

Despite these promising biological activities, the active 
constituents responsible for the observed effects remain 
unclear. While GC/MS analysis identified 13 constituents in 
PTFAb, the present study did not isolate or identify the specific 
compounds responsible for the biological activities observed 
in the present study. Although several of the identified constit‑
uents, including sesamin and nonanal, have previously been 
reported to possess biological activities relevant to the present 
findings, their individual contributions were not experimen‑
tally verified. Therefore, the relationship between the chemical 
composition of PTFAb and its biological activities remains 
to be established. Because PTFAb is a complex mixture, its 
biological activities may result from the effects of individual 
constituents or from additive or synergistic interactions among 
multiple components. Further studies are required to examine 
fractionated extracts, isolate individual constituents, and eluci‑
date the mechanisms underlying their activities to determine 
which constituents contribute to the cellular responses associ‑
ated with the anti‑AD potential of PTFAb.

The structural stability of skin tissue is provided by 
collagen, the predominant protein in the ECM, and influences 
key cellular functions such as adhesion, migration, and prolif‑
eration (46). Type I collagen is abundant in the interstitial layer 
and supports the structural integrity and elasticity of the skin, 
whereas type IV collagen in the basement membrane contrib‑
utes to keratinocyte migration and proliferation, maintains 
the basement membrane structure, and mediates cell adhesion 
and signaling (47‑50). In AD, reduced collagen levels have 
been linked to delayed wound healing, decreased elasticity, 
and increased skin dryness (50). Plant‑derived extracts have 
the potential to support skin repair by stimulating collagen 
synthesis in keratinocytes  (19). The results showed that 
PTFAb upregulated the production of collagen types I and IV 
in HaCaT cells. Hence, PTFAb may enhance ECM integrity 
and help stabilize skin barrier‑related functions by promoting 
collagen production in keratinocytes.

FLG, IVL, and LOR, which are produced by keratinocytes, 
maintain the integrity of the skin barrier (7). Changes in the 
expression of these epidermal barrier‑related proteins are 
widely known as a major cause of skin barrier dysfunction in 
AD (7). In particular, filaggrin mutations or deficiencies are 
reported to be a key contributor to the pathogenesis of AD, 
leading to a barrier dysfunction (51). In this context, studies 
have shown that FLG deficiency impairs barrier integrity, 
whereas restoring or upregulating FLG promotes barrier 
recovery from atopic, inflammatory, or chemically induced 
skin damage (51‑53). These reports highlight the importance 
of regulating the barrier proteins in maintaining and restoring 
the epidermal barrier function in AD. In the present study, 
PTFAb enhanced FLG expression in HaCaT cells exposed to 
TNF‑α, highlighting its potential to promote epidermal barrier 
recovery in AD. Future studies into its effects on IVL and 
LOR expression could further clarify the therapeutic potential 
of PTFAb in restoring the barrier function.

https://www.spandidos-publications.com/10.3892/mmr.2026.14015
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Hyaluronic acid (HA), a glycosaminoglycan component of 
the ECM, helps sustain skin moisture and elasticity through 
its strong affinity for water; hence, it is a key molecule in 
skin hydration maintenance (10,11). Its synthesis in keratino‑
cytes is mediated by HAS enzymes (HAS‑1, ‑2, and ‑3) (10). 
Maintaining proper skin moisture is essential for preserving 
the barrier integrity and the balance of skin functions, associ‑
ated with a normal skin barrier function (54). HA ameliorated 
2,4‑dinitrof luorobenzene‑induced AD‑like lesions in 
mice (55). An emollient containing hydrolyzed collagen and 
HA improved the skin barrier function and enhanced hydra‑
tion in AD, as shown in the clinical, in vitro, and ex vivo 
studies (56). These reports highlight its potential use in AD 
therapy. In the present study, PTFAb increased HAS‑2 and 
HAS‑3 expression in HaCaT cells. Hence, PTFAb may help 
enhance HAS (HAS‑2 and HAS‑3) expression in keratino‑
cytes, probably improving skin hydration by increasing HA 
production. Overall, PTFAb may promote cellular responses 
associated with wound healing, skin barrier function, and 
hydration in keratinocytes.

The interaction between keratinocytes, primary skin 
cells, and various immune cells is associated with recurrent 
and persistent inflammation in AD (1). Keratinocytes show 
increased expression of adhesion molecules like ICAM‑1 in 
response to inflammatory stimuli. This process facilitates the 
infiltration and retention of T cells in the skin, contributing 
to skin barrier dysfunction and sustaining local inflamma‑
tory response  (57). A previous study reported that TNF‑α 
induces ICAM‑1 in keratinocytes and ICAM‑1 is upregulated 
in keratinocytes in inflammatory lesions of AD skin (58). In 
the present study, TNF‑α, which induces an inflammatory 
condition, increased ICAM‑1 expression, which was inhibited 
after PTFAb stimulation. These findings suggest that PTFAb 
may attenuate AD‑linked inflammation, probably by reducing 
immune cell adhesion and infiltration at the keratinocyte level. 
In addition, PTFAb inhibited histamine and β‑hexosaminidase 
release from mast cells, highlighting its potential to suppress 
excessive immune activation during the early phase of allergic 
responses. Collectively, these findings suggest that PTFAb 
may exert anti‑inflammatory effects by regulating adhesion 
molecule expression and the release of inflammatory media‑
tors. Therefore, PTFAb may simultaneously regulate multiple 
mast cell‑ and keratinocyte‑mediated pathways associated 
with AD‑related cellular responses.

In conclusion, 13 compounds were identified from PTFAb, 
showing that PTFAb modulates the key cellular responses asso‑
ciated with the pathogenesis of AD. PTFAb downregulated the 
expression of the v‑SNARE proteins VAMP7 and VAMP8 in 
RBL‑2H3 mast cells. PTFAb also inhibited β‑hexosaminidase 
and histamine release, and suppressed Syk‑PI3K/AKT 
phosphorylation in RBL‑2H3 cells under stimulation with 
anti‑DNP IgE and DNP‑BSA. In addition, in keratinocytes, 
PTFAb promoted barrier‑restorative functions by enhancing 
cell proliferation and migration, increasing type I and type IV 
collagen synthesis, restoring filaggrin expression reduced 
by TNF‑α, upregulating HAS‑2 and HAS‑3 expression, and 
suppressing TNF‑α‑induced ICAM‑1 expression. These find‑
ings demonstrate that PTFAb enhances keratinocyte‑mediated 
barrier repair and hydration while reducing inflammatory 
adhesion molecule expression. Collectively, these results 

suggest that PTFAb may modulate cellular processes 
involved in AD pathogenesis through multiple mechanisms, 
including the inhibition of mast cell degranulation and the 
enhancement of keratinocyte barrier recovery. Importantly, 
this study provides mechanistic evidence that PTFAb simul‑
taneously regulates two interdependent processes associated 
with AD: mast cell‑mediated allergic inflammation and 
keratinocyte‑driven epidermal barrier dysfunction, supporting 
its potential as a multi‑target natural product candidate. These 
findings provide a scientific basis for further investigation of 
PTFAb as a natural product‑based material for AD‑related 
research. Nevertheless, additional validation in animal models 
and clinical studies will be needed to clarify its therapeutic 
potential.

Several limitations of the present study should be consid‑
ered when interpreting the findings. Although HaCaT cells 
were obtained from a documented commercial source and 
routinely tested for mycoplasma contamination, short tandem 
repeat (STR) profiling was not performed in our laboratory to 
independently confirm cell identity. Therefore, this limitation 
should be taken into account when interpreting the present 
results.

In addition, standard positive controls commonly used 
in mast cell‑ and AD‑related models were not included in 
the present study. The primary objective of this study was to 
investigate the biological effects and underlying mechanisms 
of PTFAb by comparing its effects with corresponding stimu‑
lated control groups, rather than to directly compare its efficacy 
with established anti‑allergic or anti‑AD agents. Therefore, the 
effects of PTFAb were evaluated based on its ability to atten‑
uate stimulus‑induced cellular responses. Although positive 
controls (rhEGF or rhKGF) were included in selected HaCaT 
cell‑based assays to validate specific keratinocyte responses, 
these assay‑specific controls do not address the absence of 
standard positive controls for the mast cell‑ and AD‑related 
assays and were not intended to serve as reference compounds 
for mast cell degranulation or AD‑related immune responses. 
Future studies including appropriate positive controls for mast 
cell and AD models will further strengthen the comparative 
evaluation and validation of the efficacy of PTFAb.
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