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Purpose: Atopic dermatitis (AD) is a chronic inflammatory skin condition that can affect individuals of all ages. Recent research has
shown that oxidative stress plays a crucial role in the development of AD. Therefore, inhibiting oxidative stress may be an effective
therapeutic approach for AD. Nano-molybdenum is a promising material for use as an antioxidant. We aimed to evaluate the
therapeutic effects and preliminary mechanisms of molybdenum nanoparticles (Mo NPs) by using a murine model of chemically
induced AD-like disease.

Methods: HaCaT cells, a spontaneously immortalized human keratinocyte cell line, were stimulated by tumor necrosis factor-alpha
/interferon-gamma after pre-treatment with Mo NPs. Reactive oxygen species levels, production of inflammatory factors, and
activation of the nuclear factor kappa-B and the nuclear factor erythroid 2-related factor pathways were then evaluated. Mo NPs
was topically applied to treat a murine model of AD-like disease induced by MC903, a vitamin D3 analog. Dermatitis scores, pruritus
scores, transepidermal water loss and body weight were evaluated. AD-related inflammatory factors and chemokines were evaluated.
Activation of the nuclear factor kappa-B and nuclear factor erythroid 2-related factor / heme oxygenase-1 pathways was assessed.
Results: Our data showed that the topical application of Mo NPs dispersion could significantly alleviate AD skin lesions and itching
and promote skin barrier repair. Further mechanistic experiments revealed that Mo NPs could inhibit the excessive activation of the
nuclear factor kappa-B pathway, promote the expression of nuclear factor erythroid 2-related factor and heme oxygenase-1 proteins,
and suppress oxidative stress reactions. Additionally, they inhibited the expression of thymic stromal lymphopoietin, inflammatory
factors, and chemokines, thereby alleviating skin inflammation.

Conclusion: Mo NPs present a promising alternative treatment option for patients with AD as they could address three pivotal
mechanisms in the pathogenesis of AD concurrently.
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Introduction

AD is a chronic and recurrent inflammatory disease that is characterized by relapsing eczematous lesions and intense
itching. It is the most prevalent inflammatory skin disorder, with an incidence ranging from 15% to 20% among children
and approximately 10% in adults." The Global Burden of Disease study reveals that AD ranks 15th among the most
common non-fatal diseases. In terms of disability-adjusted life years, AD has the highest disease burden among skin
diseases.” The pathogenesis of AD remains incompletely elucidated; however, genetic and environmental factors,
destruction of epidermal barrier function, microbial imbalance, immune dysregulation, and skin inflammation are all
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believed to play crucial roles. Moreover, these factors can mutually drive and enhance each other. For instance,
a reduction in filaggrin (FLG) can lead to compromised skin barrier function that can exacerbate the aggregation of
inflammatory and immune cells. Changes in skin barrier function that involve the malfunction of barrier-related proteins
such as FLG and alterations in the intercorneocyte lipid composition, not only contribute to the typical skin dryness seen
in patients with AD but also facilitate the increased penetration of allergens and pathogens.” This microenvironment
notably contributes to the activation of Th2-mediated reactions and the release of proinflammatory cytokines including
tumor necrosis factor-alpha (TNF-0) and interleukins (IL-4, IL-13, IL-22).* Cytokines such as thymic stromal
lymphopoietin (TSLP), IL-25, and IL-33, derived from the epithelium, contribute to the inflammatory state of the skin
and initiate a Th2-mediated response in AD.®® Oxidative stress is involved in many inflammatory skin diseases, such as
psoriasis and vitiligo.” Recently, it has been suggested that excessive oxidative stress may be associated with the onset
of AD.' Oxidative stress can cause direct damage to the cell membrane and DNA, impairing the epidermal skin barrier.
Additionally, oxidative stress activation stimulates the nuclear factor kappa-B (NF-kB) pathway that induces the release
of inflammatory factors such as IL-6, IL-8, IL-9, and IL-33. The skin barrier dysfunction triggers an inflammatory
response in the dermis, further promoting the release of inflammatory factors. The inflammatory response of the skin can
also trigger the production of reactive oxygen species (ROS), thus forming a self-sustaining vicious circle.'’ Hence,
mitigating the oxidative stress induced by ROS in AD lesions may play a crucial role in improving dermatitis in
individuals with AD.

Molybdenum is a trace element that is important for many physiological processes and human survival.'? Tt is
found in most foods and is part of a complex called molybdenum cofactor that is required for three mammalian
enzymes: xanthine oxidase, aldehyde oxidase, and sulfite oxidase."® The total body content of Molybdenum is less
than 9 mg and most organs and tissues contain trace amounts of it.'* Nanomaterials and nanocarriers with favorable
rheological properties and stability have shown significant potential in repairing skin damage.'>'® Previous studies
have demonstrated that nanoparticles have an enhanced capability to penetrate the skin and target lesion areas, making
them promising for the treatment and management of skin conditions.'”'® Molybdenum-based nanoparticles are
a class of transition metal nanomaterials that exhibit unique physical and chemical properties. These properties include
large surface area, easy surface modification, and efficient near-infrared photothermal energy transfer capabilities.'’
Nano-molybdenum is a promising material for use as an antioxidant. Our previous research has confirmed that nano-
molybdenum exhibits strong antioxidant capability in vitro. Animal experiments have further validated that nano-
molybdenum materials can promote wound healing and stimulate hair growth by inhibiting oxidative stress

reactions.?%?!

Previous studies have indicated that Mo disulfide (MoS2)-based nanocomposites exhibited
a substantial antioxidant effect in cancer therapy.”>** A recent article by Zhang et al suggested that zero-valent
molybdenum nanodots could down-regulate the amount of ROS and reduce colitis in a mouse model of inflammatory
bowel disease without significant side effects.”* It was confirmed that MoO3 particles of different sizes and
morphologies had good antimicrobial activity and were able to completely destroy Staphylococcus epidermidis
ATCC 12228 strain.>>2° Studies have found Staphylococcus species expand during AD flares. Antimicrobials are
common treatments and can reduce both staphylococcal relative abundances and disease severity.”” Based on this, we
hypothesized that Mo NPs could alleviate skin lesions in AD by inhibiting oxidative stress in the skin. To assess the
impact of Mo NPs on AD inflammation, 15-30 nm diameter Mo NPs were synthesized, dissolved in deionized water
(DI), and prepared as a dispersion. The topical application of Mo NPs dispersion significantly improved the severity
of AD skin lesions, alleviated the intense itching associated with AD, and restored the impaired skin barrier function.
Moreover, it mitigated the weight loss observed in AD mice. To further explore the mechanisms underlying the
amelioration of AD skin lesions by Mo NPs, oxidative stress-related signaling pathways, including the NF-xB and
nuclear factor erythroid 2-related factor (Nrf2)/heme oxygenase-1(HO-1) signaling pathways, were investigated. The
results confirmed that the use of Mo NPs dispersion ameliorated skin lesions by inhibiting the NF-kB pathway,
promoting the Nrf2/HO-1 signaling pathway, and suppressing oxidative stress reactions in the skin. These discoveries
indicated that Mo NPs dispersion possessed excellent ROS scavenging ability and presented an effective approach for
treating AD.
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Materials and Methods

Materials and Reagents

Mo powder and isopropanol were purchased from Macklin (Shanghai, China). H,O, was obtained from Yukacell
(Shanghai, China). Hydrogen peroxide detection reagent was obtained from LOHAND (Hangzhou, China). HaCat
cells were purchased from Fuheng Biology (Deyang, China). Phosphate-buffered saline (PBS), Dulbecco’s modified
Eagle’s medium (DMEM), fetal bovine serum (FBS), streptomycin and penicillin were obtained from Gibco (Waltham,
MA, USA). A CCK-8 assay kit was purchased from Yeasen (Shanghai, China). Recombinant TNF-a and IFN-y proteins
were obtained from Peprotech (RockyHill, USA). Enzyme-linked immunosorbent assay (ELISA) kits were obtained from
Nanjing Jiancheng Bioengineering Institute (Nanjing, China). A ROS assay kit was obtained from Beyotime (Shanghai,
China). TRIzol was obtained from Invitrogen (California, USA). The cDNA synthesis kit and SYBR Green fluorescence
master mix were obtained from TaKaRa (Beijing, China). Radioimmunoprecipitation assay lysis buffer and the bicinch-
oninic acid protein detection kit were purchased from Beyotime (Shanghai, China).

Synthesis and Characterization of Mo NPs

Mo NPs were synthesized as described previously through the mechanical exfoliation of a blend comprising 6 g Mo
powder and 100 mL isopropanol for 20 h at 450 W with a 75% duty cycle.?>*' Mechanical exfoliation was carried out by
an ultrasonic disrupter (Fisher Scientific™ Model 120, Pittsburgh, USA). The supernatant was collected, and the
isopropanol was removed using a rotary evaporator. The prepared Mo NPs were dispersed and dissolved in DI. The
transmission electron microscopy (TEM) electron micrographs were acquired using the FEI Tecnai F30 Microscope
(Eindhoven, The Netherlands). The hydrodynamic particle size and zeta potential of different Mo NPs were analyzed in
distilled water using Dynamic light scattering (Zeta SIZER NANO ZS90, Malvern Ltd, Malvern, United Kingdom),
while the X-ray photoelectron spectroscopy (XPS) spectra were collected using the Thermo Scientific K-Alpha instru-
ment (Waltham, MA, USA). In order to evaluate their antioxidant capacity, Mo NPs were co-reacted with H,O, (0.1 mM)
at different concentrations (0, 40, 80, 120, 160, 300 and 320 ppm). After incubating for three minutes, the residual

concentration of H,O, was measured using a hydrogen peroxide detection reagent.

Cell Culture and CCK8 Assay

HaCaT cells that are adherent cells were used in this study. HaCaT cells were cultured in DMEM comprising 10% (v/v)
FBS and antibiotics (100 U/mL penicillin and 100 pg/mL streptomycin) at 37°C in a humidified 5% CO, incubator. Cells
from the third passage were used for the experiments. Cell viability was measured by the CCK-8 kit assay. HaCaT cells
were seeded in 96-well plates at the density of 5x10° cells per well, stabilized for 24 h, replaced with a serum-free
medium containing varying concentrations of Mo NPs (0, 3.75, 37.5, 75, 150, 300, 600, 900, and 1200 ppm), and
incubated for 24 h, 48 h, and 72 h. Then, CCK-8 solution was added, and the cells were further incubated for 2 h away
from light. Following incubation, absorbance was detected at 450 nm by a spectrophotometer (Thermo Fisher Scientific,
Waltham, MA, USA). Results were expressed as a percentage of cell viability.

Reactive Oxygen Species Assay

The ROS assay was performed using the ROS assay kit in strict accordance with instructions. HaCaT cells (2x10° cells/
well) were cultured in a 24-well plate for 24 h. In the TNF-o/IFN-y stimulated group, HaCaT cells were treated with
TNF-0/IFN-y (10 ng/mL each) with or without Mo NPs (300 ppm) for 24 h, and the ROS assay was performed. In
cellular oxidative stress mode, cells were treated with or without Mo NPs dispersion for 24 h and then incubated with
H,0, (0.1 mM) for 0.5 h in the dark. The supernatant was removed, and the cells were washed with PBS twice.
Intracellular ROS was quantified with 2.7-dichlorodihydrofluorescein diacetate (DCFH-DA). DCFH-DA was loaded into
the cells as a fluorescent probe. Cells were incubated in serum-free culture medium containing DCFH-DA at
a concentration of 10 umol/L for 30 minutes in the dark. Subsequently, cells were washed three times with PBS to
thoroughly remove the probe that had not entered the cells. The results were observed under an inverted fluorescence
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microscope with a 488 nm excitation wavelength. Fluorescent micrographs were acquired using a fluorescence micro-
scope Zeiss Axio Vert.Al (Oberkochen, Germany).

Enzyme-Linked Immunosorbent Assay

HaCaT cells (5x10° cells/well) were cultured with TNF-a/IFN-y (all 10 ng/mL) in the presence or absence of Mo NPs
(300 ppm) for 24 h in a 6-well plate. The supernatant of the HaCaT cell culture medium was harvested, and the cytokine
(IL-4, IL-13, IL-33 and TSLP) concentrations were measured by ELISA kits by following the instructions of the
manufacturer. The absorbance was measured at 450 nm by a microplate reader.

Animals

The Institutional Animal Care and Use Committee of the Experimental Animal Welfare and Ethics Management
Committee of Tongji University (Laboratory animal licences 2020-002, Shanghai, China) approved all animal experi-
ments. Six-week-old male C57BL/6 mice (obtained from JSJ Experimental Animal Company, Shanghai, China) were
housed under specific pathogen-free conditions (24 + 2 °C, 12 h/12 h light/dark cycles, 45-55% humidity) and were
given free access to standard chow and water. Mice were raised for 1 week to acclimate to the environment.
Subsequently, all mice were randomly divided into three groups of three mice each: (1) control group: (2) MC903
group; (3) Mo group. The control group received no treatment. The MC903 group received a daily treatment of 0.1 mL
MC903 (0.1 mM) on their dorsal skin for 12 days. The Mo group was administered with both 0.1 mL MC903 (0.1 mM)
and 0.1 mL Mo NPs dispersion (300 ppm) daily on their backs for 12 days. Mo NPs was performed 1 h after the MC903
challenge. After applying the treatment to the mouse skin, the surface droplets disappeared within 10 minutes under
anesthesia. Prior to the experiment, an approximately 2 cm X 3 cm area of fur on the back of the mouse was removed
using an electric shaver. The remaining hairs in the shaved area were then removed with depilatory cream. On day 13,

mice were sacrificed by cervical neck dislocation, and dorsal skin samples were collected for further examination.

Evaluation of Dermatitis Scores, Pruritus Scores, Transepidermal Water Loss and
Body Weight

The severity of dermatitis in the dorsal skin was assessed macroscopically on day 0, 2, 4, 6, and 8. Dermatitis scores were
assigned according to the following scoring procedure.”® Mice were assessed and scored (ranging from 0 to 12) for
erythema (redness, hemorrhage), edema (swelling), erosion (excoriation), and desquamation (scaling, crusting) on a scale
from 0 to 3: 0 indicating no symptoms, 1 for mild symptoms, 2 for moderate symptoms, and 3 for severe symptoms. The
overall severity score for dermatitis was calculated as the sum of individual scores. Pruritus is one of the major clinical
manifestations in AD. To investigate AD-like behavioral changes, the frequencies of mice rubbing the dorsal skin with
hind paws for a 10 min period immediately after administration was measured and recorded on day 4, and 8.
Transepidermal water loss (TEWL) was measured by GPSkin Barrier (GPOWER Inc, Seoul, South Korea) and
determined from three replicate measurements from each mouse on day 0, 2, 4, 6, 8, and 10. The body weight of
each mouse was measured on day 1, 3, 5,7, 9, and 11.

Histopathological Analysis and Immunohistochemistry

Mouse dorsal skin samples were excised and fixed in 10% formalin overnight. The skin sections were dehydrated in
graded ethanol, cleared in xylene, and embedded in paraffin. Then, the specimens were sectioned into 5 pm-thick slices.
The sections were stained with hematoxylin and eosin (H&E) to visualize epidermal thickness and assess histological
changes. They were examined under a light microscope. Epidermal thickness was measured by Image J software. The
immunohistochemistry (IHC) staining was performed as described previously.”” Antibodies against iNOS (BA0362,
Boster, 1:1000), COX2 (BA0738, Boster, 1:150), TSLP (ab47943, Abcam, 1:100) and TNF-o (Beyotime, AF8208,
1:100), were used as primary antibodies. The IHC stain analysis was performed using the Image J IHC Toolbox.
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Quantitative Reverse Transcriptase- Polymerase Chain Reaction (qRT-PCR)

Total RNA was extracted from HaCaT cells or dorsal skin tissue samples using TRIzol. For cDNA synthesis, total RNA was
reverse transcribed using a cDNA synthesis kit. The polymerase chain reaction (PCR) primers were synthesized and the
sequences of primers pairs were as follows: Human B-actin, forward 5> AAG GTG ACA GCA GTC GGT T 3’, reversed 5’
TGT GTG GAC TTG GGA GAG G 3’. Human FLG, forward 5° GAC AAT AGG AAG AGG CTA AGT 3’, reversed 5” TGT
GTA ATATGT GGC AAT ATG 3’. Human MDC, forward 5° AGA CAC CTG GGC TGA GAC ATA 3’, reversed 5’ CAG ACG
GTA ACG GAC GTA ATC 3°. Human RANTES, forward 5° GTG CCC ACATCA AGG AGT ATT 3’, reversed 5° CCG AAC
CCATTT CTT CTC TG 3’. Human TARC, forward 5 GCC ATC GTT TTT GTA ACT GT 3’, reversed 5> GCATTC TTC ACT
CTC TTG TTG T 3’. Mouse B-actin, forward 5> CCT CTA TGC CAA CAC AGT 3’, reversed 5 AGC CAC CAATCC ACA
CAG 3’. Mouse IL-4, forward 5° ACG AAG AAC ACC ACA GAG AGT 3’, reversed 5> GAA AAG CCC GAA AGA GTC
T 3. Mouse IL-13, forward 5° CAG CCT CCC CGATAC CAA AAT 3’, reversed 5> CCC CAG CAA AGT CTG ATG TGA 3.
Mouse TSLP, forward 5> GCT ACC CTG AAA CTG AGA GAA 3’, reversed 5 TGA AGG AAT ACC ACA ATC TTA GAA
3. Mouse MDC, forward 5’ TAT CTG CTG CCA GGA CTA CAT 3’, reversed 5 TCT CGG TTC TTG ACG GTT AT 3.
Mouse TARC, forward 5 GAG AGT GCT GCC TGG ATT ACT TC 3’, reversed 5’ CTT GCC CTG GAC AGT CAG A 3.
Mouse RANTES, forward 5 AGG ATA GAG GGT TTC TTG ATT C 3, reversed 5° GTG GGA GTA GGG GAT TAC TG 3.
Mouse FLG, forward 5> CAA AGA GAG GGA AAC AGA AGA 3°,3’ CTG CCT CCT TCA GAG TCA C 5. Real-time PCR
was performed using a quantitative amplification system (ABI PRISM 7500 Fast Real-time PCR System; Applied Biosystems,
Foster City, CA, USA) in a 20 uL reaction volume, containing 10 L. SYBR Green fluorescence master mix, 5 uL. primer, and
5 pL quantified cDNA template. The relative expression level of target genes was determined using the 2—AACt method.

Western Blotting

Mouse dorsal skin tissue samples were lysed in radioimmunoprecipitation assay lysis buffer, homogenized and centrifugated at
13,500 rpm for 15 min at 4°C to separate the supernatants. HaCaT cells (2x10° cells/well) were cultured with TNF-a/IFN-y in
the presence or absence of Mo NPs (300 ppm) for 24 h. RIPA lysis buffer containing phenylmethylsulfonyl fluoride was used to
extract total cellular protein, according to the instructions of the manufacturer. Protein concentration was determined using the
bicinchoninic acid protein detection kit. Protein samples were directly loaded onto sodium dodecyl-sulfate polyacrylamide gel
electrophoresis gel wells and electrophoresis buffer was added to initiate electrophoresis. After electrophoresis, the proteins
were transferred to a polyvinylidene fluoride membrane. The PVDF membrane was then incubated with blocking solution (5%
skim milk solution) at room temperature for 1 h. Following that, the membrane was incubated with primary antibodies at 4°C
overnight. The membrane was washed three times using tris-buffered saline Tween-20 buffer, incubated with diluted horse-
radish peroxidase-conjugated secondary antibody (Cat.# ab6721, Abcam) for 2 h at room temperature, and then washed three
times with TBST buffer for 10 min each time. Finally, the PVDF membrane was incubated with the chemiluminescent substrate
(Cat. # 5200, Tanon) and was detected with a full-function luminometer (Cat. # FR-1800, Furi technology). B-Actin was used as
the internal standard, the relative expression was calculated, and the experiment was repeated three times. Primary antibodies
included anti-Nrf2 (1:1000, Cat. # AF0639, Affinity), anti-p65 (1:1000, Cat. # 3033T, CST), anti-p-P65 (1:1000, Cat. # BF8005,
Affinity), anti-HO-1 (1:1000, Cat. # BF8020, Affinity), and anti-B-actin (1:2000, Cat. # 66009-1-Ig, Proteintech).

Statistical Analysis

All statistical analyses were performed by using Prism 8.0 software (GraphPad Software). All experiments were repeated
at least three times with duplicates and results were reported as mean+SD (standard deviation). Significant differences
among multiple groups were assessed by ANOVA with Tukey’s multiple comparison test. Results were regarded
statistically significant when the P-value was <0.05.

Results
Synthesis and Characterization of Mo NPs

Mo NPs were synthesized via mechanical exfoliation of Mo powder in isopropanol. Mo NPs were dissolved in DI.
Figure 1a shows the overall appearance of the Mo NPs dispersion (300 ppm). TEM results confirmed that the Mo NPs
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Figure | Characterization of Mo NPs. (a) Photographs of Mo NPs (300 ppm) in deionized water (left) and in 0. mM H,O, (right). (b) TEM micrograph of Mo NPs. (c) Hydration
particle sizes of Mo NPs. (d) XPS spectra of Mo 3d of Mo and oxide Mo. (e) XPS spectrum of Mo NPs. (f) Scavenging H,O, by Mo NPs at a range of concentrations (meanSD, n = 3).

were uniform in size, evenly distributed, and had a diameter of 15-30 nm (Figure 1b). The hydration particle size
distribution of Mo NPs was 93.91 nm and the zeta potential of Mo NPs was —10.4 mV (Figure 1c). As shown in
Figure 1d, the binding energy of the Mo 3d oxide increased by 0.2 eV after co-reacting with H,O, (0.1 mM). XPS
revealed that Mo NPs contained Mo and O atoms (Figure le). To evaluate the antioxidant capacity of Mo NPs, Mo NPs
dispersion of different concentrations were co-reacted with H,O, (0.1mM). The result showed that Mo NPs could
significantly downregulate the concentration of H,O,. As illustrated in Figure 1f, the H,O, scavenging rates of Mo NPs
dispersion increased with higher Mo NP concentrations. At 300 ppm, the Mo NP dispersion exhibited an ability to
scavenge nearly 90% of H,0,. The results showed that Mo NPs were successfully synthesized and had in vitro
antioxidant properties for HO, scavenging.

Effects of Mo NPs on HaCaT Cell Viability and ROS Generation

To investigate the impact of Mo NP dispersion on HaCaT cell viability, cells were incubated with different concentrations
of Mo NP dispersion. The cells were then harvested at 24 h, 48 h and 72 h for the CCKS assay. We observed that Mo NPs
did not affect cell viability at concentrations as high as 300 ppm but cell viability decreased at concentrations of 600 ppm
(Figure 2a). However, the impact of Mo NPs dispersion on cell viability did not increase with increased exposure time.
The results demonstrated that Mo NPs dispersion at a concentration of 300 ppm did not affect cell viability. Our data
were consistent with previous findings.>® Moreover, Mo NPs were observed to eliminate 90% of H,O, in vitro.
Therefore, a 300 ppm dispersion of Mo NPs was used for subsequent cell culture and animal-based experiments.
Studies have confirmed that ROS play an important role in the pathogenesis of AD.>' To determine whether Mo NP
dispersion could suppress ROS generation, HaCaT cells were cultured with H,O, for 0.5 h to create a cellular oxidative
stress model. The fluorescence intensity of cells which were not pre-treated with Mo NPs, but only stimulated by H,O,
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Figure 2 Effect of Mo NPs on HaCaT Cells. (a) The impact of Mo NPs on HaCaT cell viability. (b) Mo NPs suppress ROS generation in HaCaT cells in various oxidative
stress models. Data were represented as mean+SD from three independent replicates, and P values were calculated by ANOVA with Tukey’s honest significant difference
post-hoc test (****P < 0.0001).

was remarkably increased, and it was significantly reduced in a cellular oxidative stress model involving pre-treatment
with Mo NPs dispersion (Figure 2b). These findings validated the ability of Mo NPs to efficiently reduce intracellular
ROS. This was further verified in another model where cells were treated with TNF-o/IFN-y. HaCaT cells stimulated by
TNF-o/IFN-y showed a significant increase in intracellular ROS levels (Figure 2b). When the TNF-a/IFN-y-treated cells
were pre-treated with Mo NPs dispersion, the level of intracellular ROS was markedly reduced. These data indicated that
Mo NPs dispersion can significantly reduce the generation of ROS in keratinocytes after stimulation with H,O, or
TNF-o/IFN-y.
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Mo NPs Downregulated Expression of Pro-inflammatory Cytokines and Chemokines
in TNF-o /IFN-y Stimulated HaCaT Cells

TNF-o/IFN-y can stimulate the expression of pro-inflammatory factors and chemokines such as IL-6, IL-8, CCL17, and
CCL22.*? Consequently, this treatment is widely utilized to stimulate HaCaT cells and construct in vitro models
of AD.**-** The impact of Mo NPs dispersion on the secretion of Th2 cytokines and chemokines was evaluated using
ELISA. As shown in Figure 3a, a 300 ppm Mo NPs dispersion significantly inhibited the expression of IL-4, IL-13, IL-33
and TSLP in TNF-a /IFN-y stimulated HaCaT cells.

Additionally, a qRT-PCR assay was employed to assess the influence of Mo NPs dispersion on the expression of
mRNAs for macrophage-derived chemokines (MDC, CCL22), thymic and activating regulatory chemokines (TARC,
CCL17), those secreted by activated T cells (RANTES, CCLS5), and FLG in TNF-o/IFN-y induced HaCaT cells. The
mRNA levels of MDC, TARC and RANTES were significantly inhibited by Mo NPs dispersion compared with those in
the AD model group (Figure 3b). FLG is an important epidermal protein that plays a crucial role in the pathogenesis of
allergic diseases such as AD. Impaired skin barrier function in patients with AD is often accompanied by a significant
decrease in FLG expression.>> The mRNA expression of the FLG locus in TNF-o/IFN-y stimulated HaCaT cells was
significantly inhibited. However, Mo NPs dispersion treatment could significantly increase FLG expression (Figure 3b).

These results demonstrated that Mo NPs dispersion inhibited the expression of inflammatory factors 1L-4, 1L-13,
IL-33, and TSLP in keratinocytes that play a crucial role in the pathogenesis of AD. Mo NPs dispersion also down-
regulated the expression of the chemokines MDC, TARC and RANTES, but upregulated the expression of the skin
barrier-related gene FLG.

Mo NPs Suppressed the NF-kB Signaling Pathway and Promoted the Expression of
Nrf2 and HO-1 in TNF-o/IFN-y Stimulated HaCaT Cells

It is widely recognized that NF-kB plays a crucial role in the production of pro-inflammatory cytokines and chemokines
including MDC and TARC.*® In order to further understand the molecular mechanism underlying the anti-inflammatory
activity of Mo NPs dispersion in TNF-o/IFN-y stimulated HaCaT cells, the impact of Mo NPs dispersion on the
activation of the NF-kB signaling pathway was investigated. The phosphorylation levels of NF-kB P65 protein were
analyzed using Western blotting.

HaCaT cells triggered by TNF-o/IFN-y exhibited a significant increase in NF-kB P65 phosphorylation. Mo NPs
dispersion markedly inhibited P65 phosphorylation compared to the TNF-a/IFN-y single treatment group (Figure 3c).
These results indicated that Mo NPs suppressed overactivation of the NF-kB signaling pathway by inhibiting phosphor-
ylation of NF-kB P65 protein. HO-1 is a gene regulated by Nrf2 and it plays an essential role in combating inflammation
and oxidation and exerts cytoprotective effects. Previous studies have revealed that treating AD leads to elevated
expression levels of HO-1 and Nrf2, suggesting an important role for HO-1 and Nrf2 in the therapeutic approach
to AD.?>"*® The Nrf2/HO-1 pathway restricts skin inflammation by suppressing the production of inflammatory
cytokines.>**® The influence of Mo NPs dispersion on the expression of the Nrf2/HO-1 pathway was investigated
using Western blotting. The results showed that the expression of Nrf2 and HO-1 proteins in keratinocytes induced by
TNF-o/IFN-y significantly was reduced; However, Mo NPs dispersion treatment could markedly enhance Nrf2/HO-1
expression (Figure 3c).

Based on these results, we hypothesized that TNF-o/IFN-y inhibited Nrf2 and HO-1 protein expression by promoting
the overactivation of the NF-«B signaling pathway. Mo NPs have the potential to restrain the overactivation of the NF-xB
signaling pathway, enhance the expression of Nrf2 and HO-1, decrease ROS production, and mitigate excessive oxidative
stress in HaCaT cells.

Mo NPs Ameliorated MC903-Induced AD-Like Symptoms and Recovered Skin Barrier

Function
To investigate the effects of topically applied Mo NPs dispersion on AD-like lesions, a murine model of AD-like disease
was established by topical use of MC903, an analog of vitamin D3. Figure 4a is a schematic diagram of the experimental
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process. Compared to the control group, mice in the AD model group exhibited erythema, edema, and desquamation on
the back skin starting from the second day of treatment with MC903, and widespread edema, erythema, and scaling were
observed on the dorsal skin accompanied by lichenified changes by the eighth day of MC903 treatment. In contrast, mice
treated with topical Mo NPs dispersion showed minimal redness and desquamation on day 4, and no significant
aggravation of symptoms was observed by day 13 (Figure 4b). The skin lesion scores of the mice were evaluated
on day 0, 2, 4, 6 and 8 and revealed a significant improvement with the application of Mo NPs dispersion. Mo NPs
dispersion effectively alleviated AD-like symptoms while decreasing the dermatitis scores of the mice (Figure 4c).
Intense itching is also a characteristic manifestation of AD. To assess whether Mo NPs dispersion could improve the
itching symptoms in AD mice, we evaluated the scratching behavior of the mice on day 4 and 8. Our findings indicated
that topical application of MC903 markedly elevated the frequency of scratching bouts on day 4 and 8. In contrast, the
application of Mo NPs dispersion demonstrated a significant reduction in scratching bouts (Figure 4d). To assess the skin
barrier function of AD mice, we conducted TEWL tests on the dorsal skin of the mice on day 0, 2, 4, 6, 8, and 10. The
results indicated that TEWL gradually increased with the exacerbation of AD skin lesions. MC903-induced mice showed
an increase in TEWL versus untreated controls. A reduction in TEWL was observed after treatment with Mo NPs
dispersion (Figure 4e). Furthermore, weight measurements on day 1, 3, 5, 7, 9, and 11 indicated a substantial decrease in
body weight in AD mice, whereas topical Mo NPs dispersion treatment alleviated the weight loss in MC903-induced
mice (Figure 4f).

These findings collectively suggest that topical application of Mo NPs dispersion can significantly improve AD-like
skin lesions, alleviate pruritus associated with AD lesions, promote the repair of the compromised skin barrier, reduce
TEWL, and ameliorate the weight loss observed in AD mice.

Mo NPs Ameliorated the Pathological Changes in the Skin Lesions and Inhibited
Oxidative Stress in AD Mice

To further investigate the efficacy of Mo NPs on AD, dorsal skin samples from mice were subjected to H&E staining.
Figure 5a showed that mice in the MC903 group showed epidermal hyperplasia, hyperkeratosis, spinous layer hyper-
trophy, and infiltration of inflammatory cells into the dermis, consistent with the pathological features of AD, confirming
the successful establishment of a murine model of AD-like disease. Mo NPs markedly alleviated the lesions in the dorsal
skin of AD mice. Additionally, the results showed that AD mice had considerably thicker epidermal and dermal skin
compared to mice in the control group. However, Mo NPs significantly decreased epidermal and dermal thickness. The
IHC results also confirmed that pro-inflammatory marker proteins cyclo-oxygenase-2 (COX2) and inducible nitric oxide
synthase (iNOS) were increased significantly in dorsal skin tissues of MC903-induced mice compared with control mice,
whereas topical treatment with Mo NPs dispersion resulted in a significant reduction in the expression of COX2 and
iNOS in the MC903-induced mice (Figure 5b and c). The expression of TNF-o and TSLP in skin lesions was also studied
by IHC, and the results indicated a significant elevation in the expression of TNF-a and TSLP in the MC903 group
compared to the control group; this elevation was noticeably mitigated by the administration of Mo NPs dispersion
(Figure 5d and e).

Mo NPs Decreased Expression of AD-Related Cytokines in AD Mice

To further explore the mechanisms by which Mo NPs improved AD-like skin lesions, we conducted PCR testing on
dorsal skin lesions to analyze the impact of Mo NPs on the mRNA expression of AD-related factors. As shown in
Figure 6a, compared to the control group, the gene expression of pro-inflammatory factors IL-4, IL-13, IL-33, and TSLP
in the MC903 group significantly increased. However, topical application of Mo NPs dispersion markedly inhibited the
expression of IL-4, IL-13, IL-33, and TSLP. The chemokines associated with AD pathogenesis (MDC, TARC, and
RANTES) also exhibited a significant increase in AD mice compared to the control group, and this increase was
noticeably attenuated by the administration of Mo NPs dispersion (Figure 6a). PCR was also used to detect the

expression of FLG in skin lesions. In the MC903 group, the expression of FLG was significantly decreased compared
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with the control group (Figure 6a). Meanwhile, the expression of FLG in mice treated with Mo NPs dispersion was
significantly increased compared with that in MC903-induced mice.

The above results indicated that the topical application of Mo NPs dispersion notably suppressed the gene expression
of pro-inflammatory factors IL-4, IL-13, IL-33, and TSLP, as well as chemokines MDC, TARC, and RANTES, but
increased the expression of FLG in the skin of AD-like mice that promoted the repair of the compromised skin barrier
and reduced TEWL.

Mo NPs Promoted the Expression of Nrf2/HO-1 by Inhibiting the NF-xB Signaling

Pathway

Nrf2, and HO-1 protein levels and NF-kB P65 phosphorylation levels in mice dermal tissue were quantified by Western
blotting (Figure 6b). Compared to the control group, there was a significant increase of p-P65 levels in the skin lesions of
MC903-induced mice, indicating excessive phosphorylation of P65 and activation of the NF-kB signaling pathway. The
protein expression of Nrf2 and HO-1 was noticeably suppressed. Consistent with these in vitro results, a topical application
of Mo NPs dispersion could inhibit the phosphorylation of P65 and promote the expression of Nrf2 and HO-1 in the skin
lesions of MC903-induced mice. These results suggested that Mo NPs dispersion could inhibit excessive P65 phosphoryla-
tion, suppress the overactivation of the NF-kB signaling pathway, promote the expression of Nrf2 and HO-1, reduce the
secretion of COX2 and iNOS, and inhibit oxidative stress reactions in skin lesions of AD-like mice, thereby ameliorating
the skin lesions.

Discussion

Currently, the treatment for AD involves topical application of corticosteroids and calcineurin inhibitors.*' In recent
years, biological agents and janus kinase inhibitors have provided additional options for AD treatment. However, the
high cost and potential long-term side effects have made it difficult for some patients to choose these medications.**
Therefore, there is an urgent need to develop more effective and convenient drugs for treating AD.

Oxidative stress plays a significant role in the onset of AD, and Mo NPs, as an essential trace element in the human body,
exhibit excellent antioxidant properties. As a result, we planned to use a prepared Mo NPs dispersion for topical treatment
of AD. Our results indicated that topical application of Mo NPs dispersion had a positive therapeutic effect on MC903-
induced skin lesions in mice. Diffuse erythema, thickened patches, significant desquamation, and crusting were observed on
the dorsal skin of mice treated with MC903 alone. Topical application of Mo NPs dispersion significantly alleviated the
MC903-induced symptoms in mice, reducing the severity and affected area of erythema, macules, edema, and desquamation.
Dermatitis scores also showed a noticeable decrease. Simultaneously, itching was significantly relieved and TEWL was
notably reduced in AD mice. Histological examination with H&E staining revealed that topical application of Mo NPs
dispersion significantly reduced epidermal thickening and improved the pathological features of hyperkeratosis and sphenoid
layer hypertrophy. We also found that topical application of Mo NPs dispersion could promote the expression of the FLG
gene. FLG is a crucial protein related to skin barrier function, and in the skin lesions of AD patients, there is often a decrease
in FLG expression that is a major factor in the compromised skin barrier of AD patients.* Therefore, we speculate that
promoting FLG expression is one of the mechanisms by which topical Mo NPs dispersion repairs skin barrier function. Mo
NPs dispersion also inhibited the expression of TSLP, inflammatory factors (IL-4, IL-13, IL-33) and chemokines (MDC,
TARC, RANTES). TSLP, Th2 cytokines and chemokines play crucial roles in the pathogenesis of AD. Mo NPs inhibit skin
inflammation by suppressing the excessive expression of these factors. Mo NPs could further inhibit the expression of key
oxidative stress factors, namely COX2 and iNOS, in skin lesions of AD mouse. Both cell culture and animal experiments
have confirmed the excellent antioxidant effect of Mo NPs. Further studies confirmed that Mo NPs could inhibit the
excessive phosphorylation of the NF-kB pathway in keratinocytes and in the skin lesions of MC903-induced mice, thereby
suppressing the overactivation of the NF-kB pathway. Excessive activation of the NF-kB pathway promotes the secretion of
various pro-inflammatory factors.** Conversely, Mo NPs could promote the activation of the Nrf2/HO-1 signaling pathway.
Nrf2 and HO-1 are crucial proteins involved in antioxidant defense. The Nrf2/HO-1 signaling pathway plays an important
role in maintaining redox homeostasis by activating the expression of genes encoding antioxidant-related proteins*® that in
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turn inhibits the generation of ROS.*® Nrf2 plays a pivotal role in regulating antioxidant proteins, including HO-1.*® HO-1
attenuates the development of AD-like lesions in mice.*” Nrf2 and NF-kB signaling pathways interact through multiple
mechanisms. Excessive activation of the NF-kB pathway inhibits Nrf2, thereby suppressing the expression of downstream
genes with cellular protective functions.**** The NF-kB pathway can also promote the expression of inflammatory factors,
including COX2 and TNF-a.** Additionally, Nrf2 and HO-1 can inhibit the activation of the NF-kB pathway.** Based on the
above research results, we have summarized the possible mechanisms of using Mo NPs for the topical treatment of atopic
dermatitis with a schematic diagram (Figure 7). We speculate that Mo NPs inhibit excessive activation of the NF-«B
pathway, promote the expression of Nrf2 and HO-1 proteins, and suppress the expression of COX2 and iNOS, thereby
suppressing oxidative stress. The inhibition of oxidative stress can reduce the secretion and expression of TSLP, inflamma-
tory factors, and chemokines. These, in turn, can reduce further damage to the epidermis and dermis, thereby repairing the
impaired skin barrier. The restored skin barrier can reduce TEWL, alleviate skin inflammation, and oxidative stress, creating
a positive cycle that improves AD skin lesions.

Our team has conducted extensive research and exploration on the use of Mo NPs in the treatment of skin
diseases.’™*!>! Recently, a study on the treatment of psoriasis with Mo NPs has been published.”' Compared to previous
studies, this research delves deeper into the mechanisms of Mo NPs in combating oxidative stress. It was discovered that
Mo NPs affects the interaction between the NF-kB signaling pathway and the Nrf2/HO-1 signaling pathways.
Additionally, it was confirmed that Mo NPs influences the expression of the skin barrier-related protein FLG.
Psoriasis is characterized by Thl-type inflammation, whereas AD is Th2-type inflammation. This study also found
that Mo NPs significantly inhibits Th2-type cytokines and chemokines. One limitation of our study is that the study
focused primarily on biochemical markers and histopathological changes. Future research could benefit from exploring
additional molecular mechanisms underlying the observed effects.
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Figure 7 Schematic showing Mo NPs used in the treatment of MC903-induced atopic dermatitis-like symptoms. Mo NPs inhibited oxidative stress reactions by inhibiting
NF-kB pathway and activating Nrf2 /HO-1 pathway. Mo NPs could also repair the skin barrier by promoting FLG expression.
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Conclusions

Topical application of Mo NPs has a significant therapeutic effect on AD skin lesions. Our results demonstrated
that the topical application of Mo NPs dispersion markedly reduced the severity of skin lesions, relieved itching,
repaired the skin barrier, suppressed the weight loss of AD mice, and ameliorated the pathological changes in AD
skin lesions. The primary mechanism may involve inhibiting the excessive activation of the NF-kB pathway,
promoting the expression of Nrf2 and HO-1 proteins, suppressing the expression of COX2 and iNOS, and
inhibiting oxidative stress reactions. Additionally, Mo NPs inhibited the expression of TSLP, inflammatory factors
(IL-4, IL-13, IL-33), chemokines (MDC, TARC, RANTES), and reduced skin inflammation. Lastly, they promoted
the expression of FLG, further repairing the skin barrier. Therefore, Mo NPs could address three pivotal
mechanisms in the pathogenesis of AD concurrently, and their topical application showed no discernible toxic
side effects. We speculate that Mo NPs have great potential as a topical treatment for AD, and further exploration
is needed to fully understand their mechanism of action in the treatment of AD.
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