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Purpose: This study aims to assess the efficacy of a novel N-acyl-phytosphingosine prepared from marula oil derived fatty acids
(MO-CER NPs) in repairing impaired skin barrier function.

Patients and Methods: MO-CER NPs were synthesized from N-acyl-phytosphingosine using marula oil as a fatty acid source. Their
effects on skin barrier improvement were compared with those of conventional C18-CER NP. A 28-day clinical trial involving 32
subjects was conducted to evaluate the efficacy of a topical cream containing 0.05% MO-CER NPs on barrier-compromised skin.
Results: Treatment with MO-CER NPs alleviated UVB-induced barrier damage as effectively as C18-CER NP, evidenced by
increased expression of filaggrin and loricrin and reduced count of sunburn cells. Notably, MO-CER NPs showed superior anti-
inflammatory activity. Furthermore, MO-CER NPs upregulated key genes involved in ceramide biosynthesis, keratinocyte prolifera-
tion, and differentiation. The clinical trial confirmed that topical application of 0.05% MO-CER NPs significantly improved barrier
function by reducing transepidermal water loss and erythema, while increasing skin thickness and density.

Conclusion: MO-CER NPs demonstrated superior efficacy over conventional C18-CER NP in ameliorating skin barrier dysfunction
and inflammation, highlighting its potential for improving barrier-compromised skin conditions.
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Introduction
The stratum corneum, the outermost layer of the skin, acts as a crucial interface between the human body and the external
environment.' It maintains epidermal homeostasis through an organized intercellular lipid matrix.' Among these lipids,
ceramides, a major subgroup of sphingolipids, constitute approximately 50% of intercellular lipids and mediate multiple
critical physiological functions.” Structurally, ceramides localize to the extracellular spaces of the stratum corneum and
upper epidermis, forming a protective barrier that prevents transepidermal water loss (TEWL) and protects against
microbial invasion, chemical irritants, and mechanical stress.> Ceramides also function as key signaling molecules that
regulate epidermal cell proliferation, differentiation, apoptosis, and skin immune responses.*

Dysregulation of ceramides levels and composition is strongly associated with various dermatological disorders.’
In atopic dermatitis, dysregulated ceramide subtypes manifests as elevated concentrations of o-hydroxyacyl-
sphingosine (CER AS) and N-acyl-sphingosine (CER NS), accompanied by reduced Ilevels of N-acyl-
phytosphingosine (CER NP).> These changes correlate with the altered expression of enzymes involved in CER and
fatty acid synthesis, such as ceramide synthase (CerS3 and CerS4), stearoyl-CoA desaturase 1, and elongase 1.>°
Psoriasis is a chronic inflammatory skin disease characterized by erythematous and scaling plaques. It is accompanied
by decreased levels of CER NP, elevated CER NS and reduced acyl fatty acid chain length.> These changes can be
attributed to the abnormal expression of serine palmitoyl transferase (SPT) and CerS enzymes (CerS1-6).” ' Although

https://doi.org/10.2147/CCID.S586054 Clinical, Cosmetic and Investigational Dermatology 2026:19 586054 |
Received: 14 December 2025 © 2026 Liu et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.php
Accepted: 13 February 2026 AT 2nd incorporate the Creative Commons Attribution — Non Commercial (unported, v4.0) License (http://creativecommons.org/licenses/by-nc/4.0/). By accessing the work

Published: 5 March 2026 you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).


http://orcid.org/0000-0003-2742-1326
http://orcid.org/0000-0003-3994-6234
http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/4.0/
https://www.dovepress.com/terms.php
https://www.dovepress.com

Liu et al

healthy skin preserves barrier homeostasis through the synthesis of specific ceramide subtypes, this innate repair
mechanism is undermined by environmental variations and the aging process.® For instance, tape-stripping analysis of
volar forearms from 99 volunteers revealed that both saturated and unsaturated ceramide levels were lower in autumn

' correlating with increased TEWL.'? Additionally, research focusing on

and winter than in spring and summer,
menopause has demonstrated a significant reduction in total ceramide levels in the skin of post-menopausal women
relative to their pre-menopausal counterparts.'?

Given the critical role of ceramides in skin health, topical supplementation has emerged as a promising therapeutic
approach.'*'> CER NP is the most abundant ceramide subgroup in the lipid matrix of the human stratum corneum.'® As
a core component of the epidermal lipid bilayer, CER NP is essential for maintaining the structural integrity and normal
barrier function of the stratum corneum.'” Numerous studies have demonstrated the potent capacity of CER NP in
repairing and restoring damaged skin barrier function, making it a particularly widely investigated and applied active
ingredient in cosmetic research and product development.'® 2% Nevertheless, the development of next-generation CER
NP-based therapeutics remains a central focus of dermatological research. Marula oil is a natural plant oil extracted from
the fruit kernels of Sclerocarya birrea (commonly referred to as the Marula tree), distributed across southern African
countries such as South Africa, Botswana, Zimbabwe, Mozambique, Zambia, and Namibia.?! As a plant-derived oil
widely used in cosmetics, marula oil has attracted growing attention due to its notable skin and hair benefits—including
hydration, non-irritancy, and occlusive effects—and is now extensively incorporated into cosmetic formulations?'
Furthermore, growing evidence suggests that marula oil is abundant in monounsaturated fatty acids (predominantly
oleic acid) and antioxidants, and also exhibits anti-inflammatory, anti-aging, and antioxidant properties.>>* Despite its
fatty acid profile being similar to that of olive oil, it offers tenfold greater resistance to lipid oxidation.”>® Notably, the
fatty acid chain lengths of marula oil (C14-C22) closely match those of human skin ceramides, making it an ideal
precursor for synthesizing plant-derived CER NPs.?’

This study sought to synthesize a novel N-acyl-phytosphingosine prepared from marula oil derived fatty acids
(MO-CER NPs) and evaluate their efficiency in preserving skin barrier function in comparison to C18-CER NP. Using
in vitro models, we compared the barrier repair effects of MO-CER NPs with conventional C18-CER NP. Additionally,
a clinical trial was conducted to assess the efficacy of a MO-CER NPs-containing cream in improving skin barrier

function.

Materials and Methods
Preparation of MO-CER NPs

MO-CER NPs were synthesized according to an established protocol with minor modifications.*® Briefly, virgin organic
marula oil (Sethic Innovations Labo, Guangzhou, China) was subjected to alkaline hydrolysis using potassium hydroxide,
followed by acidification to pH 3. The fatty acids in marula oil were isolated through ethyl acetate extraction and
concentrated via vacuum evaporation. Subsequently, the fatty acids were reacted with N, N'-dicyclohexylcarbodiimide
and phytosphingosine (Shanghai Macklin Biochemical Technology Co., Ltd., Shanghai, China) under continuous stirring at
room temperature until completion of the reaction. The crude product was purified by sequential filtration, solvent washing,
and vacuum evaporation. Final characterization was conducted using high-performance liquid chromatography (HPLC)
under chromatographic conditions.*® For HPLC analysis, an ULTIMATE LP-C8 column (150 mm x 4.6 mm, 5 um particle
size, 300 A pore size) was employed, with the column temperature maintained at 40°C. The mobile phase consisted of water
and acetonitrile (20:80, v/v), delivered isocratically at a flow rate of 1.0 mL/min. The injection volume was 10 pL, and
detection was performed at a wavelength of 202 nm. The total runtime for each analysis was 20 min. The ceremide
standards used in this study, including N-oleoyl-phytosphingosine (t18:0-C18:1 NP), N-linoleoyl-phytosphingosine
(t18:0-C18:2 NP), N-palmitoyl-phytosphingosine (t18:0-C16:0 NP), and N-stearoyl-phytosphingosine (t18:0-C18:0 NP),
were provided by Chongqing Zhihe Bio-Pharmaceutical Co., Ltd. (Chongqing, China).
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Cell Viability Assay

HaCaT cells (1.2 x 10* cells/well), provided by Guangdong BioCell Biotechnology (Guangdong, China), were seeded in
96-well plates containing Dulbecco’s Modified Eagle’s Medium (Gibco, Waltham, MA) and incubated at 37 °C in a 5%
CO, incubator (Thermo Fisher, Waltham, MA) for 24 h prior to the assay. Cell viability was assessed using
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT; Sigma-Aldrich, St. Louis, MO) assay. Briefly,
HaCaT cells were treated with serially diluted MO-CE R NPs for 24 h, followed by the addition of 0.5 mg/mL MTT
solution and incubation at 37 °C for 4 h. After removing the supernatant, 150 pL dimethyl sulfoxide (Sigma-Aldrich) was
added to each well. Absorbance was measured at 490 nm using a microplate reader (BioTek Instruments, Winooski, VT).
Relative cell viability was determined by setting the viability of the untreated control to 100%.

Treatment of 3D Reconstructed Human Epidermal Equivalents

A commercially available 3D reconstructed human epidermal equivalent, EpiKutis®, along with the corresponding
culture media, was supplied by Guangdong BioCell Biotechnology. These 3D epidermal models were first allowed to
recover for 24 h in 6-well plates. To investigate the repairing effects of MO-CER NPs on the epidermal barrier, the
equivalents were first irradiated with ultraviolet B (UVB; Philips, Amsterdam, Netherlands) at an intensity of 600 mJ/cm?
to induce damage to the skin barrier.”® After UVB irradiation, the equivalents were topically treated with either 0.05%
C18-CER NP (C18:0, Zhihe Bio-Pharmaceutical, Chongqing, China) or 0.05% MO-CER NPs for 24 h.

Immunofluorescence Staining

After treatment, the 3D epidermal equivalents were fixed in 4% paraformaldehyde for 24 h and embedded in paraffin.
The embedded tissues were sectioned at 4 pum. The sections were then deparaffinized and rehydrated before staining with
anti-filaggrin (1:500; Abcam, Cambridge, MA) or anti-loricrin (1:500; Abcam) antibodies and visualized with
a fluorophore-conjugated secondary antibody. The stained sections were subsequently imaged using an Olympus
BX43 microscope (Olympus Corporation, Tokyo, Japan), and the integral optical density of the filaggrin (FLG) -
positive and loricrin (LOR)-positive signals within the delineated regions was quantified using Image-Pro Plus.

Sunburn Cell Counting

Paraformaldehyde-fixed paraffin-embedded tissue sections were stained with hematoxylin and eosin (H&E) following
standard protocols. Histological assessment was carried out using an Olympus BX53 microscope (Olympus Corporation).
Images were captured, and characteristic sunburn cells were identified and counted in the predesignated regions of interest.

Measurement of Inflammatory Cytokines

Conditioned medium was harvested after treating the epidermal equivalents with 0.05% C18-CER NP, or 0.05% MO-
CER NPs, and stored at —80 °C for future use. Quantification of inflammatory cytokines were performed using
commercial enzyme-linked immunosorbent assay (ELISA) kits for interleukin-la (IL-1a; Abcam), interleukin-6 (IL-6;
Abcam), tumor necrosis factor-a. (TNF-a; Novus Biologicals, Littleton, CO), and prostaglandin E2 (PGE2; Enzo Life
Sciences, Farmingdale, NY) according to the manufacturer’s instructions.

Quantitative Real-Time PCR

HaCaT cells were seeded in 6-well plates at a density of 3x10° cells per well and cultured until they reached 50-60%
confluency. Except for the blank control group, the cells were treated for 24 h with 2 mL of culture medium containing 0.01%
C18-CER NP, or 0.01% MO-CER NPs. After one wash with phosphate-buffered saline (PBS), 2 mL of PBS was added to the
cells, which were then irradiated with UVB at a dose of 30 mJ/cm.*® Following the removal of PBS, the growth medium
containing the corresponding compounds (0.01% C18-CER NP, or 0.01% MO-CER NPs) was replenished, and the cells were
further incubated at 37 °C under 5% CO, for 24 h. At the end of the treatment, total RNA was extracted from the cells using an
RNAiso Plus Kit and reverse-transcribed to cDNA. Quantitative real-time PCR (qPCR) was performed using a CFX96 Touch
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Real-Time PCR Detection System (Bio-Rad, Hercules, CA). The primers used in this study are listed in Table 1. The relative
expression of each gene was quantified using the 2 **“* method with ACTB as the internal control.

Clinical Study
A double-blinded, single-center, pre-post controlled clinical trial (NCT07066150) was conducted at the Société Générale
de Surveillance SA (SGS) test center in Qingdao, Shandong Province, China, from February 11 to March 21, 2025. The
study was performed in accordance with the Declaration of Helsinki and approved by the Xi’an Beauty Clinical Ethics
Committee (Ethical Review No. (01), 2025/02; 3 February 2025), which is an independent third-party ethical review
institution. Written informed consent was obtained from all participants before initiating any trial-related procedures.
Healthy adult Chinese women aged 18-60 years with sensitive skin as screened for a positive lactic acid sting test
were recruited according to the inclusion and exclusion criteria. Additional inclusion criteria were as follows: 1) TEWL

Table | List of Primers Used in the Current Study

Gene Name | Primer Pairs

KRTI Forward: 5-GGCAGACATGGGGATAGTGTGA-3’

Reverse: 5'-GCTGCAAGTTGGAGATCTGCTT-3’

KRTI10 Forward: 5-TACAGTCCCAACTGGCCTTG-3'

Reverse: 5'-GCACACAGTAGCGACCTTCT-3'

IVL Forward: 5'-AGGCCAGGTCCAAGACATTCA-3'

Reverse: 5'-CTGGTGCTCTACAGGAAGCAATAC-3'

TGMI Forward: 5'-CACCCTCACCAATGTCGTCT-3'

Reverse: 5'-GCTGTCCAAGCTGGCAATG-3'

CERS3 Forward: 5'-CGCAGACCTGTAACACCCT-3'

Reverse: 5'-AGGCAAGATCAGCGTGCAAT-3'

SPTI Forward: 5'-CTAGGAGAGCATGGCCGAGG-3'

Reverse: 5'-GGCCGGAAAGTCGCTGAT-3'

PPARA Forward: 5'-CCTGCAAGAAATGGGAAACATCC-3'

Reverse: 5'-CGAAGCTGGTGAAAGCGTGT-3’

PPARGCIA Forward: 5'-CTTCTCCAAAGCTGAAGTCCTCT-3’

Reverse: 5-CTTGGTGGAGTTATTGCCTTGTG-3’

SPHKI Forward: 5'-ACACAAGGTGGGATTACCTGAC-3'

Reverse: 5'-TCAGTGTCATAGGAGGGCTTC-3'

SIPR2 Forward: 5-GCTCTGCCTTCATCACGCTCT-3'

Reverse: 5-AGCTCTTGTCGCTGCCATACA-3’

ACTB Forward: 5-CTGTTCCAGCCCTCCTTCAT-3'

Reverse: 5'-CCTGATGTCAATGTCGCACTTC-3'

Abbreviations: KRT1, keratinl; KRTI0, keratinl; IVL, involucrin; TGMI, transgluta-
minase |; CERS3, ceramide synthase 3; SPTI, serine palmitoyltransferase |; PPARA,
peroxisome proliferator-activated receptor A; PPARGCIA, peroxisome proliferator-
activated receptor gamma coactivator |A; SPHKI, sphingosine kinase I; SIPR2,
sphingosine |-phosphate receptor 2.
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in one cheek area > 15 g/h/m?; 2) Stratum corneum moisture content in at least one cheek area < 50 C.U.; 3) visual
erythema score of 3—6 in one cheek area, evaluated using a 0-9 scale with 0.5-point increments based on the SGS
standard atlas. Subjects who 1) refused to sign the informed consent form; 2) refused to comply with the study protocol
requirements; 3) participated in any other ongoing clinical trials; 4) used cosmetics or medications on the day of
assessment/testing; 5) were pregnant or breastfeeding; 6) undertook medication/therapy during the study period; 7) had
infectious skin diseases or atopic dermatitis; 8) had moles, telangiectasia (spider veins), or other skin abnormalities in the
assessment/test area; 9) underwent systemic steroid therapy or phototherapy within 1 month prior to the evaluation/test;
10) used topical medications or specialized skincare products (eg, those claiming high moisturizing, repair, or soothing
effects) on the test area within 2 weeks prior to evaluation/testing; 11) had lesions, visible marks, or abnormalities in the
assessment/test area that may impede accurate measurements; 12) had a history of hypersensitivity or allergic reactions to
cosmetics, medications, or general light exposure; or 13) had other conditions deemed ineligible for evaluation/testing by
the principal investigator were excluded from the study. The participants were instructed to apply a cream containing
0.05% MO-CER NPs to their faces twice daily for 28 consecutive days. In addition to the beginning (D0) and end (D28)
of the study, the participants were asked to visit the test center after applying the cream for 7 days (D7). During each
visit, TEWL, skin hydration, a* value, skin erythema, skin thickness, and skin density were assessed.

Statistical Analysis

For in vitro experiments, statistical analyses were conducted using one-way ANOVA followed by Dunnett’s post hoc test
or the Kruskal-Wallis test when the required assumptions were not met. For the clinical data, the differences were
statistically analyzed using a two-tailed paired-sample #-test or non-parametric Wilcoxon signed-rank test, when appro-
priate. Differences were considered statistically significant at a threshold of P < 0.05.

Results
MO-CER NPs Exhibit Superior Potential in Enhancing Ceramide Synthesis and

Keratinocyte Functions
In the present study, MO-CER NPs were composed of ceramides with variations in the length and saturation of the acyl
chains which were inherited from marula oil. HPLC analysis showed that the main components of MO-CER NPs were
N-oleoyl-phytosphingosine (t18:0-C18:1 NP, 69.27%), N-linoleoyl-phytosphingosine (t18:0-C18:2 NP, 8.81%),
N-palmitoyl-phytosphingosine (t18:0-C16:0 NP, 8.12%), and N-stearoyl-phytosphingosine (t18:0-C18:0 NP, 4.61%)
(Supplementary Figure S1, Table 2). Minor components, including N-linolenoyl-phytosphingosine (t18:0-C18:3 NP),
N-lauroyl-phytosphingosine (t18:0-C12:0 NP), and N-myristoyl-phytosphingosine (t18:0-C14:0 NP), collectively
accounted for 9.19% of the total CER NPs (Supplementary Figure S1, Table 2).

The MTT assay was performed to assess the cytotoxicity of the MO-CER NPs in HaCaT cells. No significant
cytotoxicity was observed at concentrations up to 0.01% (w/w), with cell viability exceeding 90% after

24 h (Supplementary Figure S2). We first assessed the role of MO-CER NPs in inducing ceramide synthesis by
measuring the mRNA expression levels of CERS3 and SPT! in UVB-irradiated HaCaT cells. UVB exposure markedly
downregulated CERS3 and SPTI levels by 61.51% (Figure 1A) and 35.57% (Figure 1B), correspondingly, relative to
untreated controls. Both MO-CER NPs and C18-CER NP significantly attenuated this effect (Figure 1). Notably, MO-

Table 2 Characterization of Marula oil and MO-CER NPs

Sample Content According to Chain Length and Saturation (%)
C16:0 Cl8:0 Cl8:l Cl18:2 Others

Marula oil 10-13 5-8 70-80 3-7 <3

MO-CER NPs | 8.12 4.6l 69.27 8.8l 9.19
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Figure | MO-CER NPs induced a more robust expression of genes related to ceramide biosynthesis compared to CI8-CER NP. Relative expression of mRNA for (A)
CERS3, (B) SPT/ in HaCaT cells was quantified with qPCR. Data was presented as mean + SD (n = 3, **P < 0.01).

CER NPs induced a further increase, elevating CERS3 and SPT! by 17.6% (Figure 1A) and 22.11% (Figure 1B),
respectively, compared to C18-CER NP in UVB-damaged cells.

Given the positive role of C18-CER NP in promoting keratinocyte differentiation and proliferation, we compared the
effects of MO-CER NPs by quantifying the expression of key markers, including KRT1, KRT10, IVL, and TGM1. Both
CER NPs significantly counteracted UVB-induced suppression of KRT1, KRT10, and TGM1 in HaCaT cells (Figure 2A,
B and D). Strikingly, MO-CER NPs uniquely restored /VL expression in UVB-treated HaCaT cells (Figure 2C).
Compared to C18-CER NP, MO-CER NPs further elevated the levels of KRTI0, IVL, and TGMI by 26.5%
(Figure 2B), 117.37% (Figure 2C), and 68.96% (Figure 2D), respectively.

MO-CER NPs Demonstrate Comparable Efficacy to CI8-CER NPs in Ameliorating
UVB-induced Skin Barrier Dysfunction

Based on previous skin toxicity evaluations in 3D epidermal models,*' a 0.05% concentration of MO-CER NPs was
selected for subsequent studies using 3D reconstructed human epidermal equivalents. In UVB-irradiated epidermal
equivalents, both MO-CER NPs and C18-CER NP significantly enhanced skin barrier restoration compared with the
damaged controls. Treatment with C18-CER and MO-CER NPs increased FLG expression by 294.95% (Figure 3A and B)
and 320.58% (Figure 3A and B), and LOR by 214.4% (Figure 3A and C) and 223.48% (Figure 3A and C), correspondingly.
Both CER NPs markedly reduced sunburn cell counts by 78.95% (Figure 3D and E) and 71.05% (Figure 3D and E), with no
significant difference between them. Collectively, these findings indicate that both CER NPs potently ameliorate UVB-
induced barrier damage by upregulating key barrier proteins and reducing epidermal injury.

MO-CER NPs Show a Greater Inhibition of the UVB-Induced Inflammatory Response
Ceramides serve not only as essential structural elements of the epidermal barrier but also as potent bioactive mediators that
regulate immune homeostasis.’*> To assess the anti-inflammatory effects of MO-CER and C18-CER NP, we quantified
cytokine levels via ELISA in UVB-irradiated 3D epidermal equivalents treated with these CERs. Following 24 h of treatment,
MO-CER NPs, in contrast to C18-CER NP, significantly downregulated the levels of IL-1a, PGE2, and TNF-a by 21.34%
(Figure 4A), 9.65% (Figure 4B) and 15.25% (Figure 4C), correspondingly, compared with UVB-irradiated controls.
Additionally, the IL-6 levels in the culture medium of epidermal equivalents treated with MO-CER NPs and C18-CER NP
were decreased by 25.51% (Figure 4D) and 19.09% (Figure 4D), respectively, relative to the UVB group.
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Figure 2 MO-CER NPs enhanced the mRNA expression of keratinocyte proliferation and differentiation markers relative to C18-CER NP. Relative expression of mRNA for
(A) KRTI, (B) KRTI0, (C) IVL, and (D) TGMI in HaCaT cells was quantified with qPCR. Data was presented as mean * SD (n = 3, **P < 0.0l and *P < 0.05).

MO-CER NPs Enhance the Transcription of PPARa, PGC-1la, SIP and SIPR2

Because the peroxisome proliferator activated receptor o (PPARa)/PPARa coactivator 1a (PGC-1a) and sphingosine
1-phosphate (S1P)/sphingosine 1-phosphate receptor 2 (S1PR2) signaling pathways contribute to keratinocyte differ-
entiation, proliferation, and cutaneous immune responses,”=* we also evaluated the differential capacity of C18-CER NP
versus MO-CER NPs to activate these pathways in UVB-irradiated HaCaT cells. UVB significantly downregulated
peroxisome proliferator-activated receptor A (PPARA, Figure 5A, 25.5%), peroxisome proliferator-activated receptor
gamma coactivator 1A (PPARGCIA,Figure 5B, 43.56%), sphingosine kinase 1 (SPHK1, Figure 5C, 47.43%), and S/PR2
(Figure 5D, 46.64%) compared to the untreated controls. Both CER NPs restored the mRNA levels of these four genes
relative to those in UVB-treated cells (Figure 5). Compared with the UVB-treated group, C18-CER NP increased the
expression of PPARA, PPARGCIA, SPHKI, and SIPR2 by 10.68% (Figure 5A), 107.97% (Figure 5B), 48.57%
(Figure 5C), and 78.19% (Figure 5D), respectively, whereas MO-CER NPs induced greater elevations, with increases
of 39.01% (Figure 5A), 133.69% (Figure 5B), 78.99% (Figure 5C), and 148.41% (Figure 5D), correspondingly.
Critically, MO-CER NPs enhanced activation compared with C18-CER NP, increasing PPARA (Figure 5A, 265.28%),
PPARGCIA (Figure 5B, 23.82%), SPHKI (Figure 5C, 62.61%), and S/PR2 (Figure 5D, 89.81%) expression beyond
C18-CER NP-mediated restoration.
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Figure 3 MO-CER NPs and CI8-CER NP enhanced skin barrier repair and reduced sunburn cells in UVB-irradiated 3D epidermal models. (A) Representative images of
FLG and LOR in the EpiKutis® 3D epidermal equivalents stained by immunofluorescence. Scale bar, 100 um. (B and C) Quantification of FLG and LOR for each group. Data
was presented as mean + SD (n = 3, **P < 0.01). (D) Representative images of sunburn cells in the EpiKutis® 3D epidermal equivalents stained by H&E. The arrow points to
the sunburned cell. Scale bar, 50 pm. (E) Quantification of sunburn cells for each group. Data was presented as mean + SD (n = 3, **P < 0.01).
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Figure 4 MO-CER NPs exhibited superior efficacy in inhibiting inflammatory cytokine secretion over C18-CER NP. The concentration of (A) IL-1a, (B) PGE2, (C) TNF-q,
(D) IL-6 in the culture medium from 3D epidermal equivalents was quantified using ELISA. Data was presented as mean + SD (n = 3, **P < 0.0l and *P < 0.05).

MO-CER NPs Ameliorate Skin Barrier Function in Human Subjects with Sensitive Skin
Building on the established barrier-restorative efficacy of 0.05% MO-CER NPs in 3D human epidermis models, we clinically
assessed their safety and bioactivity in participants with sensitive skin. The participants were confirmed to have sensitive skin
through lactic acid stinging testing with topical 0.05% MO-CER NPs cream applied twice daily. The formulation demon-
strated excellent tolerability, with no treatment-emergent local or systemic adverse events during the study.

Instrumental measurements revealed significant improvements in TEWL and skin hydration at days 7 and 28 compared
to day O (Figure 6A and B). Specifically, TEWL decreased by 3.72% (vs DO, Figure 6A) and 2.81% (vs D7, Figure 6A)
at day 28, whereas skin water content increased by 10.19% (vs DO, Figure 6B) and 13.84% (vs D7, Figure 6B) at the same
time points. Concomitant with enhanced moisturization, the a* values and red area showed consistent reductions, with a*
values significantly decreased by 6.37% (Figure 6C and D) at day 7 and 6.92% (Figure 6C and D) at day 28 compared to DO.
Similarly, the red area decreased by 8.64% (Figure 6C and E) and 9.68% (Figure 6C and E) at days 7 and 28, respectively.
Importantly, skin thickness and density significantly increased by 2.59% (Figure 6F and G), and 10.97% (Figure 6F and H),
respectively, on day 7 compared to day 0. By day 28, skin thickness and density had significantly increased by 1.46%
(Figure 6F and G) and 3.57% (Figure 6F and H), respectively, compared to day 7.
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Figure 5 MO-CER NPs led to enhanced transcription of PPARa/PGC-la and SIP/SIPR2 signaling pathways compared to C18-CER NP. Relative expression of mRNA for
(A\) PPARA, (B) PPARGCIA, (C) SPHKI, and (D) SIPR2 in HaCaT cells was quantified with qPCR. Data was presented as mean = SD (n = 3, **P < 0.0] and *P < 0.05).

Discussion

This study demonstrated that MO-CER NPs exert superior efficacy compared to conventional C18-CER NP in enhancing skin
barrier function and mitigating inflammatory responses. Specifically, MO-CER NPs outperformed C18-CER NP in promoting
keratinocyte differentiation and proliferation, increasing ceramide biosynthesis, and enhancing the transcription of the
PPAR0/PGC-10 and S1P/S1PR2 signaling pathways. Clinical findings further validated these advantages, showing significant
improvements in the barrier function in participants with sensitive skin. Collectively, these results highlight MO-CER NPs as
promising choice for repairing dermatological conditions characterized by barrier dysfunction.

Stratum corneum, characterized by its “brick-and-mortar” structure, relies heavily on the integrity of its intercellular
lipid lamellae, where ceramides are the predominant component.*>¢ Disruptions in this architecture, as observed in
atopic dermatitis, psoriasis, and photoaging, are strongly associated with reduced ceramide levels and altered subtype
composition.*” FLG organizes keratin filaments, contributes to natural moisturizing factors upon degradation, and
reinforces the physical barrier,”” whereas LOR, a major component of the cornified envelope, imparts mechanical
resilience and desiccation resistance to the stratum corneum.*® Our findings confirmed that both MO-CER NPs and C18-
CER NP ameliorated UVB-induced barrier damage by upregulating FLG and LOR, two pivotal proteins in stratum
corneum homeostasis. Notably, MO-CER NPs induced a more robust restoration of FLG and LOR expression than C18-
CER NP in UV-irradiated 3D epidermal models. This superiority translated to functional improvements in clinical
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Figure 6 Application of a cream containing MO-CER NPs improved skin conditions in subjects with sensitive skin. (A) TEWL was measured by Tewameter®™ Hex at DO, D7,
and D28. (B) Skin hydration was measured by Corneometer®CM825 at DO, D7, and D28. (C) Representative images of erythema area were captured by VISIA®-CR 5.0 at DO,
D7, and D28. (D and E) Quantitative determinations of a* values and red area at DO, D7, and D28. (F) Representative images of skin thickness and density were captured by
DermaLab®Combo at DO, D7, and D28. (G and H) Quantitative determinations of skin thickness and density at DO, D7, and D28. Data was presented as mean % SD (n = 32).
#HEP < 0,0001 compared to DO (baseline); *#P < 0.001 and *##P < 0.0001 compared to D7.

Abbreviation: TEWL, trans-epidermal water loss.

settings, such as reduced TEWL and increased skin hydration, which is consistent with enhanced barrier integrity.
Additionally, the observed increases in skin thickness and density following MO-CER NPs application align with
previous reports that ceramide-containing formulations not only replenish lipids but also re-establish the structural
coherence of the lipid matrix,'=*~° further supporting their role in rebuilding the stratum corneum architecture.

Beyond its structural integrity, the skin barrier relies on an immunological layer to maintain homeostasis.*’
Keratinocytes, as key sentinels, secrete pro-inflammatory cytokines (eg, IL-1a, IL-6, and TNF-a) and lipid mediators
(eg, PGE2) in response to barrier disruption, amplifying inflammation and further impairing barrier function.***° Our
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results showed that MO-CER NPs exerted stronger inhibitory effects on these cytokines than CI18-CER NP. This
enhanced anti-inflammatory efficacy likely contributes to their superior barrier repair capacity, as reduced cytokine
levels would mitigate immune-mediated damage to keratinocytes and lipid lamellae.

The mechanistic basis for this difference may lie in NPs’ broader lipid profile of NPs: whereas C18-CER NP consist
of a single fatty acid chain (C18:0), MO-CER NPs contain diverse chain lengths (C14-C22) and unsaturated fatty acids
(eg, C18:1, 69.27%), which may interact more dynamically with immune signaling pathways. This aligns with recent
evidence that plant-derived ceramides with heterogeneous fatty acid compositions better regulate skin homeostasis than
single-chain synthetic ceramides.*'

Endogenous ceramide synthesis is indispensable for barrier repair because exogenous supplementation alone cannot
fully restore the dynamic balance of lipid subtypes.**** Key enzymes involved in ceramide biosynthesis, including
CERS3 and SPT1, were significantly upregulated by MO-CER NPs, with greater efficacy than that of C18-CER NP.
CERSS3 is critical for synthesizing very-long-chain ceramides essential for lamellar lipid organization,”'” whereas SPT1
initiates sphingolipid biosynthesis.” By enhancing the transcription of these enzymes, MO-CER NPs likely stimulate de
novo ceramide production, complement exogenous supplementation, and support long-term barrier homeostasis.

Epidermal barrier repair also requires coordinated keratinocyte differentiation and proliferation, which orchestrate lipid
biosynthesis and barrier protein expression.** MO-CER NPs upregulated genes encoding the keratinocyte markers KRT1
and KRT10 (proliferation), IVL (terminal differentiation), and TGM1 (cornified envelope formation). This suggests that
MO-CER NPs not only replenish lipids but also promote the cellular processes necessary to rebuild epidermal layers.

The superior efficacy of MO-CER NPs is likely mediated by the enhanced activation of two key signaling pathways:
PPARw/PGC-1a. and S1P/S1PR2. PPARo, a nuclear receptor, regulates lipid metabolism and anti-inflammatory
responses,”**> whereas its coactivator, PGC-lo, modulates energy metabolism and cellular stress resistance. The
increased transcription of this pathway by MO-CER NPs may explain their ability to upregulate ceramide biosynthesis
enzymes and suppress the secretion of inflammatory cytokines. The S1P/SIPR2 pathway, which is involved in
keratinocyte survival, migration, and immune modulation,******” was also strongly upregulated by MO-CER NPs. S1P
protects keratinocytes from UVB-induced apoptosis and promotes wound healing;*®*” thus, enhanced mRNA expression
of S1P/SIPR2 may contribute to the reduced sunburn cell counts and improved epidermal histoarchitecture observed in
the MO-CER NP-treated models. Together, these pathways integrate metabolic, proliferative, and immunomodulatory
effects, providing a mechanistic framework for NPs’ superior efficacy of MO-CER NPs.

Clinical validation in participants with sensitive skin confirmed the translational value of MO-CER NPs. Reductions
in TEWL and erythema (a* values, red area), and improvements in hydration, skin thickness, and density collectively
demonstrate that the barrier repair mechanisms observed in vitro translate to tangible benefits in humans. The excellent
tolerability of MO-CER NPs further supports their suitability for long-term use in sensitive or damaged skin. Although
MO-CER NPs exhibit promising skin barrier repair potential, their practical cosmetic application is restricted by
formulation compatibility with various cosmetic matrices, which requires further research.

Conclusion

MO-CER NPs may enhance skin barrier function through a coordinated mechanism involving key protein expression,
lipid synthesis, keratinocyte differentiation, and activation of PPARa/PGC-1a and S1P/S1PR2 signaling pathways. Their
superiority over C18-CER NP underscores the value of natural oil-derived ceramides with diverse fatty acid profiles,
offering a novel therapeutic strategy for barrier-compromised skin conditions.
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