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Abstract
Atopic dermatitis (AD) is a chronic inflammatory skin disease. Skin barrier dysfunction 
is the initial step in the development of AD. Recently, exosomes have been considered 
as potential cell-free medicine for skin defects such as aging, psoriasis and wounds. 
The aim of this study was to investigate the effects of human dermal fibroblast-
neonatal-derived exosome (HDFn-Ex) on AD. HDFn-Ex increased the expression of 
peroxisome proliferator activated receptor α (PPARα) and alleviated the 1-chloro-2,4-
dinitrobenzene (DNCB)-mediated downregulation of filaggrin, involucrin, loricrin, 
hyaluronic acid synthase 1 (HAS1) and HAS2 in human keratinocyte HaCaT cells. 
However, these effects were inhibited by the PPARα antagonist GW6471. In the arti-
ficial skin model, HDFn-Ex significantly inhibited DNCB-induced epidermal hyperpla-
sia and the decrease in filaggrin and HAS1 levels via a PPARα. In the DNCB-induced 
AD-like mouse model, HDFn-Ex administration reduced epidermis thickening and 
mast cell infiltration into the dermis compared to DNCB treatment. Moreover, the 
decreases in PPARα, filaggrin and HAS1 expression, as well as the increases in IgE 
and IL4 levels induced by DNCB treatment were reversed by HDFn-Ex. These effects 
were blocked by pre-treatment with GW6471. Furthermore, HDFn-Ex exhibited an 
anti-inflammatory effect by inhibiting the DNCB-induced increases in IκBα phospho-
rylation and TNF-α expression. Collectively, HDFn-Ex exhibited a protective effect on 
AD. Notably, these effects were regulated by PPARα. Based on our results, we sug-
gest that HDFn-Ex is a potential candidate for treating AD by recovering skin barrier 
dysfunction and exhibiting anti-inflammatory activity.
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1  |  INTRODUC TION

Atopic dermatitis (AD) is a chronic inflammatory skin disease 
with symptoms including eczematous lesions, impaired epidermal 
barrier, pruritus and dry skin.1 AD is caused by a combination of 
complex interactions between genetic and environmental factors, 
the skin barrier and immune dysregulation.2 Regarding the role of 
skin barrier in AD, a permeability barrier protects against exten-
sive water loss and prevents the entry of harmful substances like 
irritants, allergens and microorganisms into the skin.3 The skin is 
composed of three main layers: epidermis, dermis and the subcu-
taneous layer.4 Among them, the epidermis is the outermost layer 
and plays an essential role in protection, as it forms the body's first 
barrier.5 In AD, skin barrier damage occurs first in non-lesional 
skin,3 indicating that disruption of skin barrier is an early trigger 
of AD and the improvement of damaged skin barrier is a key factor 
to threat AD.

The peroxisome proliferator-activated receptors (PPARs) gov-
ern permeability barrier homeostasis, epidermal differentiation, 
lipid synthesis and inflammation.6,7 There are three known PPAR 
isotypes: PPAR-α, PPAR-β/δ and PPAR-γ.6 In the skin, PPAR-α acti-
vators induce keratinocyte differentiation and epidermal lipid syn-
thesis, including ceramide production,8 thereby accelerating the 
morphologic and functional maturation of the epidermal permea-
bility barrier. A hydroxy stearic acid derived from plants promotes 
barrier repair by significantly increasing filaggrin and transgluta-
minase-1(TGM1) after treatment.9 Wy14643, a PPAR-α agonist, 
significantly increases ceramide and cholesterol ester levels in 
reconstructed epidermis.10

Exosomes are derived from the multivesicular body (MVB), an 
organelle within the cell, and are secreted from the cell.11,12 They 
play a potential messenger role and contain various phospholipids 
and proteins such as receptor proteins, enzymes, heat shock protein 
family, glycosylphosphatidylinositol (GPI), as well as genetic materi-
als such as DNA and RNA derived from the cell of origin.13,14 Due to 
their characteristics, they can transmit various information to other 
cells or autologous cells to regulate cell proliferation and differenti-
ation, apoptosis and angiogenesis.15,16 Accordingly, the use of exo-
somes has substantially increased for the diagnosis and treatment of 
various pathologies.17

Exosomes secreted by autologous dermal fibroblasts accelerate 
diabetic cutaneous wound healing by activating the Akt/β-catenin 
pathway.18 Topical application of human embryonic mesenchymal 
stem cell (MSC)-derived exosomes also reduces the critical psoriatic 
cytokines IL-17 and IL-23 in the skin of a mouse model of psoria-
sis.19 Furthermore, exosomes derived from adipose tissue-derived 
mesenchymal stem cells (ASCs) downregulate the expression of in-
flammatory cytokines, such as IL-4, IL-23, IL-31 and TNF-α, in an AD 
mouse model.20

To date, topical corticosteroids (CS; dexamethasone), topical 
calcineurin inhibitors (TCI; cyclosporine), anti-histamines, and Janus 
kinase (JAK) inhibitors (upadacitinib and abrocitinib) are used as AD 
therapeutics.21 Although these drugs may relieve certain symptoms, 

long-term use of topical steroids may lead to skin thinning with sub-
sequent bleeding.22 Thus, new biological drugs with high efficacy 
and safety are in demand. The key benefits of exosomes are their 
high stability, non-immune rejection, and the direct stimulation of 
target cells.23 Although the therapeutic effects of exosomes on AD 
have been demonstrated,20 exosomes derived from human neonatal 
dermal fibroblasts (HDFn-Ex) have not yet been reported. Therefore, 
we investigated the effects of HDFn-Ex on skin barrier dysfunction 
in AD-like in vivo and in vitro models.

2  |  MATERIAL S AND METHODS

2.1  |  Cell culture and treatment

HaCaT cells, human keratinocyte cell line, were purchased from 
ATCC (Manassas, VA, USA), and all the reagents used for cell culture 
were purchased from WELGENE Inc. (Gyeongsangbuk-do, Korea). 
The cells were cultured in Dulbecco's modified Eagle's medium 
(DMEM) containing 10% fetal bovine serum, 100 U/mL penicillin, 
and 100 μg/mL streptomycin in an incubator at 37°C with 5% CO2. 
HaCaT cells were seeded at 2 × 106 cells/well in a 6-well plate and 
were treated with 5 or 10 μM 1-chloro-2,4-dinitrobenzene (DNCB; 
Sigma-Aldrich, St Louis, MO, USA), HDFn-Ex (5 × 105 or 1 × 107/mL), 
and 20 μM GW6471, a PPARα antagonist (Sigma-Aldrich), for 1 or 
24 h, respectively.

2.2  |  Isolation and characterization of exosomes

Human dermal fibroblast-neonatal (HDFn) cells were purchased 
from Gibco (Waltham, MD, USA). Exosomes used in this study were 
isolated from the supernatant of HDFn cells. To this end, HDFn 
was incubated in serum-free DMEM until the cells reached 70%–
80% confluence. The conditioned medium (CM) was collected and 
centrifuged at 300 × g for 10 min and 2000 × g for 20 min, followed 
by filtration to remove cells and cellular debris. The clarified super-
natant was collected and concentrated using a sterile-membrane 
T-series cassette (Pall Life Sciences, Washington, NY, USA) with 
tangential flow filtration (TFF). The mixture was then centrifuged 
at 100000 × g for 3 h. The HDFn-Ex morphology was examined 
using a field-emission scanning electron microscope (FE-SEM) 
(Sigma HD, Carl Zeiss Meditec AG, Jena, Germany). The size dis-
tribution was determined using nanoparticle tracking analysis 
on ZetaView (Particle Metrix, Diessen, Germany). Two exosome 
markers, CD63 and ALIX, were used, and calnexin was utilized as 
a negative marker.

2.3  |  Cell viability

HaCaT cells were cultured in 96-well plates at a density of 5 × 103 
cells/well and were exposed to HDFn-Ex at concentrations ranging 
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from 5 × 105 to 5 × 107 particles/mL. After 24 h, the cells were in-
cubated in a medium containing WST-8 solution (Biomax, Seoul, 
Korea) for 2 h at 37°C with 5% CO2. The absorbance was measured 
at 450 nm using a SpectraMax 340 spectrophotometer (Molecular 
Devices, Sunnyvale, CA, USA).

2.4  |  Western blot analysis

Cells were lysed in PRO-PREP™ (iNtRON Biotechnology, 
Seongnam, Korea), and the protein content was quantified using 
the Bradford reagent (Sigma-Aldrich). Equal amounts of protein 
samples were separated using 10% sodium dodecyl sulphate-
polyacrylamide (SDS) gel electrophoresis and transferred to ni-
trocellulose membranes. After blocking in 5% skim milk solution, 
the membranes were probed with specific primary antibodies. 
Antibodies against p38, p-p38(Thr180/Tyr182), JNK, p-JNK(Thr183/
Tyr182), ERK, p-ERK (Thr202/Tyr204), IκBα and p-IκBα(Ser32/36) 
were obtained from Cell Signaling Technology (Danvers, MA, 
USA); those against PPARβ, HAS2, TNF-α and β-actin were pro-
cured from Santa Cruz Biotechnology (Santa Cruz, CA, USA); 
those against CD63, ALIX, Calnexin, PPARα, PPARγ, involucrin, 
loricrin and HAS1 were purchased from Abcam (Cambridge, UK); 
and antibodies against filaggrin were obtained from Thermo Fisher 
Scientific (Rockford, IL, USA).

After washing, the membranes were incubated with the ap-
propriate horseradish peroxidase-conjugated goat anti-rabbit and 
goat anti-mouse IgG secondary antibodies obtained from Vector 
Laboratories (Burlingame, CA, USA). The protein bands were then 
visualized using an enhanced chemiluminescence detection system 
(Amersham International PLC, Buckinghamshire, UK). The results 
were analysed using the Image J software (National Institutes of 
Health, Bethesda, MD, USA).

2.5  |  Cellular reactive oxygen species (ROS) assay

ROS production was evaluated using the cellular ROS detection 
Assay Kit (ab113851, Abcam) according to the manufacturer's 
protocol. Cells pre-loaded with 20 μM 2′,7′-dichlorofluorescin 
diacetate (DCFDA) solution for 30 min were exposed to DNCB, 
HDFn-Ex and GW6471. Cells were then observed immediately 
under a fluorescent microscope (Leica Microsystems, Heidelberg, 
Germany).

2.6  |  Culture and treatments of reconstructed 
three-dimensional (3D) human skin

Reconstructed 3D human skin samples (Neoderm-ED) were pur-
chased from Tego-Science (Seoul, Korea) and treated with DNCB, 
HDFn-Ex or GW6471 according to the experimental conditions for 
24 h. Thereafter, the skin tissue was incubated at 37°C with 5% CO2. 

Artificial skin tissue was fixed in 4% formalin for haematoxylin and 
eosin (H&E) staining and immunohistochemistry (IHC).

2.7  |  Sensitization and treatment of AD mice

A total of 25 female SKH-1 hairless mice (age, 6 weeks; weight, 
17–20 g; n = 5 per group) were purchased from Orient Bio (Orient 
Bio Inc., Seongnam, Korea). All animal experiments were conducted 
in accordance with the principles of laboratory animal care of the 
National Institutes of Health (NIH, Bethesda, Maryland, USA) and 
with the approval of the Ethics Committee for Laboratory Animals 
at Chung-Ang University. The mice were randomly divided into five 
groups, with five mice in each group: Normal (Group 1), DNCB only 
(Group 2), DNCB + Dexamethasone (Group 3), DNCB + HDFn-Ex 
(Group 4), and DNCB + HDFn-Ex + GW6471 (Group 5). After resting 
for 1 week, the mice were sensitized on the back skin with 200 μL of 
2% DNCB solution, which was dissolved in a 3:1 mixture of acetone 
and olive oil. Starting from Day 7 after the initial sensitization, the 
back skin of mice was challenged with 200 μL of 0.5% DNCB mix-
ture, which was repeatedly applied every 2 days for 3 weeks. Equal 
volumes of acetone and olive oil mixture were used as controls in 
the normal group. Next, for 2 weeks, GW6471 was applied topically 
before the DNCB treatment, and then DNCB was applied to the dor-
sal skin. Dexamethasone was topically applied, and HDFn-Ex was 
administrated through intraperitoneal injection after treatment with 
DNCB.

2.8  |  Measurement of dermatitis severity

The dorsal skin was photographed in proximity using a digital single-
lens reflex camera (D5200; Nikon, Tokyo, Japan). According to the 
method of previously described,24 the severity of AD-like dorsal 
skin lesions was assessed by dermatitis score at the end of the ex-
perimental period. The dorsal skin severity scores were recorded for 
AD mice based on four skin symptoms (excoriation, scaling, oedema, 
erythema). The scoring range indicators were 0 (none), 1 (mild), 2 
(moderate) and 3 (severe). Clinical skin score was defined as the sum 
of the individual scores with a maximum score of 12.

2.9  |  Histological analysis

Paraffin-embedded tissue sections were deparaffinized and stained 
according to a previously published protocol.25 To evaluate epider-
mal thickening, tissue slides were stained with H&E. mast cells in 
the skin were stained with toluidine blue (TB). For staining of IHC, 
the slides were blocked with a normal serum solution. Subsequently, 
sections from the same paraffin block were incubated with primary 
antibodies, followed by the addition of secondary antibodies. The 
slides were washed with Tris-buffered saline with 0.1% Tween® 
20 Detergent (TBS-T) and incubated with a two-component 
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high-sensitivity 3,3-diaminobenzidine (DAB) chromogenic substrate 
(Vector Laboratories). After washing with tap water, the slides were 
counterstained with haematoxylin. The slides were washed with tap 
water again, air-dried, mounted, covered with a cover glass and ex-
amined under a microscope (3DHISTECH, Budapest, Hungary).

2.10  |  Transepidermal water loss (TEWL) and 
corneometer

TEWL (g/m2h) and hydration (arbitrary units, A.U.) in the stratum 
corneum (SC) were measured using a Tewameter (Courage Khazaka 
Electronic GmbH, Cologne, Germany) and a Corneometer® CM 
825(Courage Khazaka Electronic GmbH), respectively, at the end of 
the experiment. The measurement site was maintained at an indoor 
temperature of 22–24°C and a humidity of 50%–60%. The measure-
ment results were recorded three times (excluding the initial value), 
and the average value was determined.

2.11  |  Measurement of IgE and IL4

The test animals were sacrificed, and whole blood was collected at 
the end of the experiment. The blood samples were centrifuged at 
3000 × g for 10 min at 4°C, and the supernatant was collected. The 
total amount of IgE and IL4 in the serum was measured using an IgE, 
IL4 mouse uncoated enzyme-linked immunosorbent assay (ELISA) kit 
(Invitrogen, Waltham, USA) per the manufacturer's instructions. All 
factors were measured using a SpectraMax 190 microplate reader 
(Molecular Devices, LLC, Sunnyvale, CA, USA).

2.12  |  Statistical analyses

The data were analysed using GraphPad Prism 7.0 (GraphPad 
Software Inc., San Diego, CA, USA), and all quantitative data are 
presented as the mean ± SD. Experimental data were obtained from 
at least three independent experiments. One-way ANOVA was used 
for comparisons of multiple groups. Statistically significant differ-
ences were indicated as follows: *, p < 0.05; **, p < 0.01; ***, p < 0.001.

3  |  RESULTS AND DISCUSSIONS

3.1  |  Isolation and characterization of HDFn-Ex

HDFn-Ex isolation was performed using ultracentrifugation (UC) and 
TFF methods (Figure 1A). HDFn-Ex exhibited a spherical morphol-
ogy with a diameter of 100–300 nm (Figure 1B). In order to confirm 
the production yield of isolated exosomes, the number and size of 
total particles were quantified using NTA. The mean size and abun-
dance of exosomes were 209.1 ± 107 nm and 3.17 × 1010 ± 1.53 × 109 
per mL, respectively (Figure 1C). Two exosome markers, CD63 and 

ALIX, were abundant in HDFn-Ex samples, but no calnexin, the neg-
ative protein marker of exosomes, was detected (Figure 1D). These 
results indicated that highly pure samples of HDFn-Ex were success-
fully obtained. To investigate the cytotoxicity of HDFn-Ex in HaCaT 
cells, we performed a WST-8 assay. As shown in Figure. 1E, no cyto-
toxicity was observed at concentrations up to 5 × 107 particles/mL.

3.2  |  Only PPARα  expression is increased by 
HDFn-Ex

To determine whether HDFn-Ex affects the expression of PPARs in 
HaCaT cells, we assessed their levels using western blotting after 
HDFn-Ex treatment. Among the PPARs, only PPARα exhibited in-
creased protein levels in a dose-dependent manner. The levels of the 
other isotypes, PPARβ and PPARγ, were not affected (Figure 2A). The 
DNCB-induced AD-like in vitro model exhibited decreased PPARα 
expression. In contrast, co-treatment with DNCB and HDFn-Ex sup-
pressed DNCB-mediated PPARα downregulation (Figure 2B,C).

3.3  |  HDFn-Ex inhibits DNCB-mediated 
downregulation of filaggrin, involucrin, and loricrin 
via PPARα

DNCB-treated HaCaT cells showed strong fluorescence, indicating 
excessive ROS generation. By contrast, co-treatment with HDFn-Ex 
and DNCB reduced the cellular ROS levels, and this effect was 
blocked by GW6471, a PPARα antagonist, indicating that HDFn-Ex 
suppressed DNCB-mediated ROS production via PPARα (Figure 3A). 
HDFn-Ex suppressed the DNCB-mediated phosphorylation of 
p38(Thr180/Tyr182), JNK(Thr183/Tyr185) and ERK(Thr202/Tyr204); 
however, pre-treatment with GW6471 abrogated these beneficial 
effects of HDFn-Ex (Figure 3B). The expression levels of filaggrin, in-
volucrin, and loricrin were reduced by DNCB treatment. In contrast, 
pre-treatment with HDFn-Ex inhibited DNCB-mediated decreases 
in filaggrin, involucrin and loricrin levels, and this inhibitory effect 
was abrogated by GW6471, suggesting that the protective effect of 
HDFn-Ex on skin barrier is mediated on PPARα. Dry skin is a com-
mon symptom found in AD patients.26 The key molecule involved in 
skin moisture is hyaluronan or hyaluronic acid (HA).27 Therefore, we 
examined the hydration effects of HDFn-Ex in DNCB-treated HaCaT 
cells. The levels of HAS1 and HAS2 decreased, but HDFn-Ex inhib-
ited DNCB-mediated downregulation of HAS1 and HAS2. Notably, 
this effect was reversed by GW6471 (Figure 3C). In HaCaT cells with 
downregulation of PPARα using PPARα siRNA, we also confirmed the 
HDFn-Ex did not reverse DNCB-induced decrease in these protein 
levels. (Figure S1). These results demonstrate that HDFn-Ex protects 
skin hydration by regulating PPARα. AD increases the thickness of 
the SC due to hyperkeratosis.28 DNCB led to the thickening of the 
epidermis. In contrast, the epidermis layer co-treated with HDFn-Ex 
and DNCB was thinner compared to DNCB-only-treated tissues, in-
dicating that HDFn-Ex suppressed hyperkeratosis. Interestingly, this 
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effect was inhibited by GW6471 treatment (Figure 3D,H). Moreover, 
HDFn-Ex blocked DNCB-induced decreases in PPARα (Figure 3E,I), 
Filaggrin (Figure 3F,J) and HAS1 (Figure 3G,K) levels, and these ef-
fects were suppressed by GW6471 treatment.

3.4  |  HDFn-Ex improves skin lesions in 
DNCB-induced AD-like hairless mouse model

We established an AD-like lesion model in SKH-1 mice induced by 
DNCB and investigated the role of HDFn-Ex in AD-like mice using 

dexamethasone as a positive control. The experimental schedule 
is presented in Figure  4A. Photographs of the mouse dorsal skin 
(Figure 4B) and SCORAD scores (Figure 4G) showed that HDFn-Ex 
significantly alleviated the clinical symptoms on the dorsal skin. 
However, the effect of HDFn-Ex was inhibited by GW6471 treat-
ment. DNCB increases the thickness of the SC due to hyperkeratosis. 
Compared with the Group 2 (DNCB only), the epidermal thickness 
of the Group 3 (DNCB + Dexamethasone) and Group 4 (DNCB + 
HDFn-E) significantly decreased. This HDFn-Ex effect was inhib-
ited by GW6471(Figure 4C,H). Transepidermal water loss (TEWL) 
in the Group 2 (DNCB only) increased compared with the Group 1 

F I G U R E  1 Isolation and characterization of HDFn-Ex.(A) Scheme of exosome isolation methods. (B) Image of HDFn-Ex obtained using 
a FE-SEM. Scale bar, 200 μm. (C) Histogram of particle concentration and size distribution of HDFn-Ex measured using NTA. (D) Expression 
levels of CD63, ALIX and calnexin after treatment with HDFn-Ex for 24 h. (E) HaCaT cells were treated with HDFn-Ex (5 × 105 to 107 
particles/mL) for 24 h, and WST-8 cell viability assay was performed. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001 compared with the 
controls (unpaired t-test).
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(Normal), while TEWL in Group 3 (DNCB + Dexamethasone) and 
Group 4 (DNCB + HDFn-Ex) was significantly reduced compared 
with the Group 2 (DNCB only). In addition, the hydration of SC 
was lower in the Group 2 (DNCB only) compared with the Group 
4 (DNCB + HDFn-Ex). GW6471 abrogated the ability of HDFn-Ex 
to control skin moisture (Figure 4I,J). Moreover, HDFn-Ex inhibited 
DNCB-mediated decreases in PPARα, filaggrin and HAS1 levels, 
and the protective effect of HDFn-Ex on skin barrier was inhib-
ited by GW6471 (Figure  4D–F). Overall, these findings suggest 
that HDFn-Ex might constitute a potential medicine to treat AD-
mediated skin dysfunction.

3.5  |  HDFn-Ex exhibits 
anti-inflammatory properties

To investigate the anti-inflammatory effect of HDFn-Ex in DNCB-
induced AD-like mouse model, we assessed the abundance of mast 
cells using TB staining and the expression of TNF-α. The Group 2 
(DNCB only) exhibited increased mast cell infiltration compared 
to the Group 1 (Normal) (Figure 5A,C). The increase in TNF-α lev-
els induced by DNCB was reversed by HDFn-Ex; however, pre-
treatment with GW6471 abrogated this anti-inflammatory effect 

of HDFn-Ex (Figure  5B). IgE is an important therapeutic target 
in AD and activates mast cells to release histamine.29,30 IL-4 also 
plays a key role in IgE-dependent inflammatory responses.31 Thus, 
we analysed IgE and IL-4 levels in serum using ELISA. The levels 
of IgE and IL-4 were significantly lower in the Group 4 (DNCB 
+ HDFn-Ex). However, the protective effect of HDFn-Ex was 
not observed in the Group 5 (DNCB + HDFn-Ex + GW6471) 
(Figure 5D,E). TNF-α induces the transcription of genes regulat-
ing inflammation, primarily through activation of the NF-κB path-
way.32 HDFn-Ex inhibited DNCB-mediated increase of TNF-α 
expression and the phosphorylation of IκBα (Ser32/36). In contrast, 
GW6471 blocked the suppressive effect of HDFn-Ex on DNCB-
induced inflammation (Figure  5F,G). These results indicate that 
HDFn-Ex exhibits anti-inflammatory activity and acts similarly to 
PPARα activators.

4  |  DISCUSSION

Eupatilin, an activator of PPARα, inhibits the development of oxa-
zolone-induced AD symptoms in BALB/c mice.33 Consistent with the 
above study, we found that HDFn-Ex has anti-inflammatory activity 
by regulating PPARα protein levels.

F I G U R E  2 Expression of PPARs after HDFn-Ex treatment in HaCaT cells. (A) Expression levels of PPAR isotypes antibodies (PPARα, β, 
γ) after treatment with HDFn-Ex for 24 h. β-actin was used as an internal control. (B) The expression of PPARα after treatment with HDFn-
Ex for 24 h. β-Actin was used as an internal control (C) The expression of PPARα after co-treatment with HDFn-Ex and DNCB for 24 h. *, 
p < 0.05; **, p < 0.01; ***, p < 0.001 compared with the controls. #, p < 0.05; ##, p < 0.01; ###, p < 0.001 compared with the DNCB-only group. 
Unpaired t-test, one-way analysis of variance, and post hoc Tukey's test were performed for statistical analyses.
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    |  7 of 13JANG et al.

F I G U R E  3 HDFn-Ex-mediated regulation of skin barrier after treatment with DNCB. (A) Images (ROS) of cells treated with DNCB 
(5 μM), HDFn-Ex (1 × 107 particles/mL), and GW6471 (20 μM) for 2 h. Scale bars, 200 μm. (B) The expression of p-p38, p-JNK, and p-ER; 
p38, JNK, and ERK after co-treatment with DNCB (5 μM), HDFn-Ex (1 × 107 particles/mL), and GW6471 (20 μM) for 3 h. β-Actin was used 
as an internal control. (C) The expression of filaggrin, involucrin, loricrin, HAS1, and HAS2 after co-treatment with DNCB (5 μM), HDFn-Ex 
(1 × 107 particles/mL), and GW6471 (20 μM) for 24 h. (D) H&E and IHC staining for (E) PPARα, (F) filaggrin and (G) HAS1 expression in the skin 
equivalent in vitro models. (H) Epidermal thickness, (I) PPARα, (J) filaggrin and (K) HAS1 density was analysed using the Image J program. 
Images were captured at 20× magnification. *, p < 0.05; **, p < 0.01, ***, p < 0.001 compared with the controls. #, p < 0.05; ##, p < 0.01; ###, 
p < 0.001 compared with the DNCB-only group. $, p < 0.05; $$, p < 0.01; $$$, p < 0.001 compared with the HDFn-Ex group. Unpaired t-test, 
one-way analysis of variance, and post-hoc Tukey's test were performed for statistical analyses.
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The MAPK signalling pathway plays a critical role in epider-
mal differentiation and skin barrier function.34 ERK1/2 knockout 
decreases the expression of terminal keratinocyte differentiation 
genes.34 The knockdown of filaggrin influences the MAPK signal-
ling pathway in normal human epidermal keratinocytes.35 In this 
study, DNCB leads to a decrease in filaggrin levels and an acti-
vation the MAPK signalling pathway (Figure 3B,C). These effects 
were reversed by HDFn-Ex treatment. These results indicate that 
HDFn-Ex protects the skin barrier through the filaggrin-MAPK 
signalling pathway.

Filaggrin, involucrin and loricrin promote the differentiation of 
keratinocytes and play a key role in the formation and maintenance 
of the skin barrier function.36 AD or psoriasis can occur due to the 
deterioration of the skin barrier function through the downregula-
tion of these proteins.37 In addition, Th2 cytokines such as inter-
leukin-4, 5 and 13 activate B cells to secrete IgE or prostaglandin 
D2 (PGD2), and also suppress the expression of loricrin, involucrin 
and filaggrin.38 As shown in Figure  3C, HDFn-Ex recovered the 
expression levels of loricrin, involucrin and filaggrin, which were 
decreased by DNCB. Notably, these effects were blocked by the 

PPARα antagonist GW6471. These results indicated that the func-
tion of HDFn-Ex is regulated by PPARα.

Retention of HA content is proposed to have an important role in 
preventing skin aging and improving disease conditions.39 We found 
that HDFn-Ex significantly increased HAS1 and HAS2 levels, which 
were decreased by DNCB; GW6471 treatment reversed the effect 
of HDFn-Ex (Figure 3C). These observations suggest that HDFn-Ex 
can improve and strengthen the skin barrier by regulating PPARα 
expression.

HDFn-Ex improved the dermatitis score, hyperkeratosis and epider-
mal thickness in the skin of DNCB-induced AD-like mice (Figure 4C,H) 
and also restored skin barrier function by decreasing TEWL and in-
creasing hydration (Figure 4I,J). In addition, HDFn-Ex increased the ex-
pression of PPARα, filaggrin and HAS1 compared to the vehicle group 
(Figure 4E,F). However, GW6471 abrogated the protective effect of 
HDFn-Ex on skin barrier. These results imply that HDFn-Ex repairs AD-
mediated skin barrier damage via PPARα. HDFn-Ex treatment reduced 
mast cell numbers, serum IgE and IL4 levels, and TNFα expression in 
DNCB-induced AD-like mice (Figure 5A–E). This anti-inflammatory ac-
tivity was suppressed by GW6471.

F I G U R E  3  (Continued)
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    |  9 of 13JANG et al.

F I G U R E  4 HDFn-Ex improves AD induced by repeated exposure to DNCB. (A) Design of the entire experiment. (B) Photography of 
mouse dorsal skin and (C) H&E staining (20× magnification; Scale bar, 100 μm). (D–F) DAB staining for the expression of PPARα, filaggrin and 
HAS1. (G) The modified SCORAD score was analysed by combining the signs observed in clinical trials, such as excoriation, scaling, oedema, 
and erythema, with scores of 0 (clear), 1 (almost clear), 2 (mild), 3 (moderate) and 4 (severe) for each sign. Histological examination of dorsal 
skin lesion at the end of the experiment. (H) Epidermal thickness, (I) TEWL and (J) hydration levels. *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, 
p < 0.0001 compared with the controls. #, p < 0.05; ##, p < 0.01; ###, p < 0.001; ####, p < 0.0001 compared with the DNCB-only group. $, 
p < 0.05; $$, p < 0.01; $$$, p < 0.001; $$$$, p < 0.0001 compared with the HDFn-Ex group. One-way analysis of variance and post-hoc Tukey's 
test were performed for statistical analyses.
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10 of 13  |     JANG et al.

F I G U R E  5 HDFn-Ex exhibits anti-inflammatory effects. (A and C) The number of mast cells with dorsal skin lesion was measured using 
TB staining and quantified using Image J (B) TNF-α expression using DAB staining. (D) ELISA for total serum IgE and (E) IL4 levels. (F and 
G) The expression of p-IκB and TNF-α with IκBα and β-actin as the control respectively after treatment with co-treated with DNCB (5 μM), 
HDFn-Ex (1 × 107 particles/mL), and GW6471 (20 μM) for 24 h. (20× magnification; Scale bar, 100 μm *, p < 0.05; **, p < 0.01; ***, p < 0.001; 
****, p < 0.0001 compared with the controls. #, p < 0.05; ##, p < 0.01; ###, p < 0.001; ####, p < 0.0001 compared with the DNCB-only group. 
$, p < 0.05; $$, p < 0.01; $$$, p < 0.001 compared with the HDFn-Ex group. One-way analysis of variance and post hoc Tukey's test were 
performed for statistical analyses.
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WY-14643, a PPARα agonist, decreases NF-κB pathway activ-
ity by modulating the expression, stability, and activity of IκBα.40 
In most unstimulated cells, NF-κB is sequestered in the cytoplasm 
by IκB proteins that mask the nuclear localization sequence of NF-
κB. In response to TNF-α, the IκB kinase (IKK) signalling cascade is 
activated, leading to the phosphorylation of the N-terminal serine 
residues Ser30 and Ser34 of IκBα. This phosphorylation promotes 
ubiquitination of the IκB proteins, which are subsequently de-
graded. The degradation of IκB then promotes nuclear transloca-
tion of NF-κB.41 NF-κB activation induces the expression of TNF-α 
and IL-1β, which exacerbate the acne inflammation.19 HDFn-Ex in-
hibited DNCB-induced phosphorylation of IκBα and also HDFn-Ex 
suppressed the DNCB-induced increase in TNF-α expression 
(Figure 5F,G). These effects were reversed by GW6471. Taken to-
gether, these results demonstrate that HDFn-Ex can inhibit inflam-
mation via the NF-κB/TNF-α signalling pathway. Collectively, we 
demonstrated for the first time that exosomes from HDFn have the 
activity to repair AD by upregulating PPARα expression. Therefore, 
we suggest that HDFn-Ex is an excellent adjuvant with anti-inflam-
matory actions that restores skin barrier function and improves AD 
skin symptoms.

5  |  CONCLUSIONS

HDFn-Ex alleviated the DNCB-mediated downregulation of filag-
grin, involucrin, loricrin, HAS1, and HAS2 in HaCaT cells. However, 
these effects were inhibited by the PPARα antagonist GW6471. In 
artificial skin, HDFn-Ex significantly inhibited DNCB-induced epi-
dermal hyperplasia and the decreases in PPARα, filaggrin and HAS1 
in a PPARα dependent manner. HDFn-Ex administration reduced 
thickening of the epidermis and infiltration of mast cells into the 
dermis compared to DNCB treatment. Moreover, the decreases in 
PPARα, filaggrin and HAS1 expression levels and increases in IgE 
and IL4 levels due to DNCB treatment were reversed by HDFn-Ex. 
These effects of HDFn-Ex were blocked by pre-treatment with 
GW6471. Furthermore, HDFn-Ex exhibited an anti-inflammatory 
effect by inhibiting the increases in IκBα phosphorylation and 
TNF-α expression induced by DNCB. Taken together, our find-
ings indicate that HDFn-Ex exhibits potential for treating AD by 
recovering damaged skin barrier and activating anti-inflammatory 
functions.
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SUPPORTING INFORMATION
Additional supporting information can be found online in the 
Supporting Information section at the end of this article.

Figure S1. Effect of PPARα on HDFn-Ex mediated skin barrier 
related protein levels after treatment with DNCB. Western blot 
data show that PPARα siRNA inhibited on HDFn-Ex inducing skin 
barrier markers changes. HaCaT cells were transfected with PPARα 
siRNA (Dharmacon, ON-TARGET plus siRNA SMART Pool) 24 h prior 
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to incubation with DNCB (5 μM), HDFn-Ex (1 × 107 particles/mL) for 
24 h. HDFn-Ex significantly increased filaggrin, involucrin, loricrin, 
HAS1 and HAS2. PPARα siRNA but not non-target siRNA (Bioneer, 
Daejeon, Korea) inhibited the HDFn-Ex induced changes. The data 
are expressed *, p < 0.05; **, p < 0.01, ***, p < 0.001 compared with the 
controls. #, p < 0.05; ##, p < 0.01; ###, p < 0.001 compared with the 
DNCB-only group. $, p < 0.05; $$, p < 0.01; $$$, p < 0.001 compared 
with the DNCB+HDFn-Ex group. One-way analysis of variance, and 
post hoc Tukey's test were performed for statistical analyses.
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