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Background: Donkey oil, an edible oil rich in unsaturated fatty acids and vitamin E, has the potential to become a multifunctional ingredient for skincare. However, its molecular mechanisms in maintaining skin health remain unknown.

Methods: In this study, 64 volunteers with either healthy or inflammatory skin were divided into two groups and applied donkey oil for 28 days. Then, we measured the targeted metabolites including 65 kinds of organic acids, 94 kinds of amino acids, and 48 kinds of free fatty acids and their derivates in the skin by comparative metabolomics analysis of two groups to assess changes before and after application.

Results: We found differential levels of seven (three upregulated and four downregulated) organic acids in the healthy skin group, six (two upregulated and four downregulated) organic acids in the inflammatory skin group, and one shared organic acid (4-hydroxyphenylacetic acid) in response to donkey oil application after 28 days. Regarding amino acids and their derivatives and free fatty acids, 10 (1 upregulated and 9 downregulated) amino acids and derivatives were found in the healthy skin group, while 7 (2 upregulated and 5 downregulated) were found in the inflammatory skin group. Additionally, three shared amino acids and their derivatives (5-hydroxytryptamine, tryptophan, and 5-aminovaleric acid) were found. For free fatty acids, 10 (8 upregulated and 2 downregulated) were regulated in the healthy skin group, and 7 (1 upregulated and 6 downregulated) were regulated in the inflammatory skin group. Furthermore, six shared free fatty acids were regulated by donkey oil.

Conclusion: By metabolite functional annotation, donkey oil may influence the levels of several metabolites, including 4-hydroxyphenylacetic acid, 5-hydroxytryptamine, tryptophan, 5-aminovaleric acid, decanoic acid, octanoic acid, cis-11,14,17-eicosatrienoic acid, myristic acid, tridecanoic acid, and pentadecanoic acid. These metabolites are mainly enriched in aromatic amino acid metabolism and fatty acid biosynthesis metabolism to facilitate the maintenance of skin homeostasis.
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1 Introduction

Donkey oil is an edible oil that holds importance in the fields of medicine and healthcare (1). It has been incorporated into ketogenic diets, which may help prevent tumor progression (2). Compared to conventional animal fats such as lard, beef tallow, and mutton tallow, donkey oil contains significantly higher levels of unsaturated fatty acids (UFAs) and essential fatty acids, including oleic acid (32.30%), linoleic acid (12.90%), and palmitic acid (26.33%) (3). In contrast, the fatty acid composition of fats from sheep, cattle, and horses is predominantly saturated. Importantly, bioactive fatty acids have been reported to play a critical role in inflammation (4). Notably, n-3 and n-6 polyunsaturated fatty acids (PUFAs) are closely related to the proliferation and differentiation of skin cells during the skin healing process (5). They could promote the processes of neovascularization, extracellular remodeling, migration, and cellular differentiation (6). Given this context, the UFA-rich profile of donkey oil exhibits its potential as an effective agent in skincare. In addition to fatty acids, donkey oil contains significantly higher levels of vitamin E (8.59 mg/100 g fat) compared to beef tallow and sheep fat (1). Vitamin E plays a crucial role in reducing lipid peroxidation and preventing skin photoaging (7). Collectively, these characteristics of donkey oil suggest its potential multifunctional benefits in skincare.

As the largest organ of the human body, the skin plays an essential role in defending against external damage, resisting microbial invasion, maintaining homeostasis, and preventing the loss of body fluids, electrolytes, and nutrients (8–10). Metabolic activities on the skin’s surface generate various metabolites, originating from sweat, sebum, and the degradation of outer skin proteins. The metabolites may also result from interactions between the host and the microorganisms that colonize the skin. Skin metabolites mainly include amino acids and their derivatives, peptides and proteins, carbohydrates, lipids, vitamins, pheromones, metal and non-metal ions, and xenobiotics (11). These metabolites are essential for maintaining skin health and homeostasis. Natural moisturizing factors (NMFs), such as L-serine, glutamic acid, L-alanine, lactic acid, and pyrrolidone-5-carboxylic acid, primarily consist of organic acids, amino acids, and fatty acids (12, 13). Furthermore, fatty acids possess antioxidant and antimicrobial properties, with metabolites like short-chain fatty acids (SCFAs) playing a significant role in modulating the skin barrier and immune function. For instance, propionic acid produced by Cutibacterium acnes promotes lipid synthesis and enhances UVB-induced melanin deposition (14).

In response to the growing trend toward minimalism and precision in the skincare industry, numerous horse oil and sheep oil skincare products have become available on the market. Donkey oil, rich in bioactive substances, shows potential as a multifunctional ingredient for maintaining healthy skin. In this study, we recruited both healthy-skinned volunteers and individuals with inflammatory skin conditions to apply donkey oil for 28 days. Through targeted comparative metabolomics, changes in the levels and pathway enrichment of three key skin surface metabolites—organic acids, amino acids, and fatty acids—were analyzed after applying donkey oil. By comparing the metabolic profiles of both groups after the application of donkey oil, we aimed to illustrate the potential mechanisms through which donkey oil keeps the skin in a stable condition and to provide a scientific basis for its use in the field of skincare.



2 Materials and methods


2.1 Chemicals

High-performance liquid chromatography (HPLC)-grade acetonitrile (ACN), methanol (MeOH), methyl tert-butyl ether (MTBE), and n-hexane were purchased from Merck (Darmstadt, Germany). MilliQ water (Millipore, Bradford, MA, USA) was used in all experiments. Ammonium acetate, formic acid, sodium chloride, and phosphate were bought from Sigma–Aldrich (St. Louis, MO, USA). All of the standards were also purchased from Sigma–Aldrich (St. Louis, MO, USA). The stock solutions of the standards were prepared at a concentration of 1 mg/mL in MeOH or MTBE, depending on the specific target metabolites. All stock solutions were stored at −20 °C. Before analysis, the stock solutions were diluted with MeOH or MTBE to create the working solutions.



2.2 Grouping of participants and collection of skin samples

Healthy volunteers (without preexisting dermatological conditions) and volunteers with inflammatory skin conditions (including acne, dermatitis, or eczema), aged 18–30 years with balanced gender distribution, were enrolled in the study. Volunteer groups are shown in Supplementary Table S1. Participants applied donkey oil to their facial regions (forehead and cheeks) twice daily (morning and evening) for 4 weeks, since the renewal cycle of skin cells is approximately 28 days (15, 16). Healthy samples were labeled as D0_H (pre-application) and D28_H (post-application). Inflammatory skin samples were labeled as D0_U (pre-application) and D28_U (post-application). Sampling was performed before application initiation [day 0 (D0)] and after 28 days of application [day 28 (D28)].

The skin samples were obtained using the classical swabbing method described as follows (17): the skin swab samples were collected using sterile nylon swabs pre-moistened with sterile saline. The swab was rubbed vertically across a 4 cm × 4 cm area on the forehead and cheeks 10 times with consistent pressure. The samples were collected before and after the application of donkey oil. The swab tips were placed into labeled sterile tubes and stored at −80 °C until analysis.

In this study, informed consent was obtained from all participating volunteers, and the study was conducted in accordance with the Declaration of Helsinki and was approved by the Institutional Review Board of the Chinese Academy of Inspection and Quarantine Greater Bay Area.



2.3 Pretreatment of skin samples and targeted metabolomics analysis based on UPLC-MS/MS or GC–MS/MS

The targeted metabolomics analysis consisted of several procedures, including the pretreatment and extraction of skin samples, metabolite detection, data preprocessing, quality control analysis, and target quantification. The extraction, identification, and quantification of the metabolites from the skin samples were carried out by Allwegene Technology Co., Ltd. (Beijing, China). The detailed procedure is provided in Supplementary files.



2.4 Statistical analysis

Unsupervised principal component analysis (PCA) was performed using the statistics function within R.1 The data were scaled to unit variance before unsupervised PCA. The results of the hierarchical cluster analysis (HCA) for samples and metabolites were presented as heatmaps with dendrograms. Significantly regulated metabolites between groups were determined by absolute Log2 fold change (Log2FC). Metabolites with a fold change of ≥2 or ≤0.5 between pre- and post-application samples were considered significantly altered. The identified metabolites were annotated using the Kyoto Encyclopedia of Genes and Genomes (KEGG) compound database.2 These annotated metabolites were then mapped to the KEGG pathway database.3 Pathways with significantly regulated metabolites were then mapped to and fed into metabolite set enrichment analysis (MSEA), and their significance was determined by p-values of hypergeometric tests (p ≤ 0.05).




3 Results


3.1 Overall metabolomics analysis of skin samples

Here, we applied targeted metabolomics to identify the changes in organic acids, amino acids and their derivatives, and free fatty acids in skin metabolites in response to donkey oil application. Overlay display analysis was performed using total ion flow plots of quality control (QC) samples to test the reproducibility of secondary metabolite extraction and detection. As shown in Supplementary Figures S1–S3, the total ion chromatogram (TIC) plots of the QC samples, the overlay analysis of samples, including organic acids (Supplementary Figure S1), amino acids and their derivatives (Supplementary Figure S2), and free fatty acids (Supplementary Figure S3), and multi-peak detection plots in positive and negative ion modes demonstrated a high level of reliability and reproducibility of the skin metabolites in response to donkey oil application.



3.2 Comparative metabolomics analysis of organic acids in two skin types after the application of donkey oil

Targeted metabolomics possesses the advantages of performing qualitative and quantitative analyses of selected metabolites in biological samples through highly sensitive and specific analytical methods. To precisely explore the potential role of donkey oil in modulating skin organic acid metabolism, a total of 65 organic acids listed in Supplementary Table S2 were detected through targeted metabolomics analysis. By screening for the organic acids with a fold change of ≥2 or ≤0.5 between the donkey oil untreated and treated samples (18), seven organic acids in the healthy skin group, six organic acids in the inflammatory skin group, and one shared organic acid were identified as differential in response to donkey oil application, as listed in Supplementary Table S3. The PCA of the healthy skin group showed that principal component 1 (PC1) and principal component 2 (PC2) explained 29.84 and 23.41% of the total variance, respectively (Figure 1A). The PCA of the inflammatory skin group showed that PC1 and PC2 explained 23.41 and 20.75% of the total variance, respectively (Figure 1B). In addition, the scatter plot of these two groups clearly distinguished the before and after donkey oil-treated samples (Figures 1A,B). Subsequently, as shown in Figure 1C, the volcano plots demonstrated that the differential seven organic acids in the healthy group in response to donkey oil application included three upregulated organic acids, namely as benzoic acid, 4-hydroxybenzoic acid, and 3,4-dihydroxyphenylacetic acid (red dot), and four downregulated organic acids, namely trans-aconitic acid, indole-3-acetic acid, hippuric acid, and 3-hydroxymethylglutaric acid (green dot). In the inflammatory skin group after donkey oil application (Figure 1D), the differential six organic acids included two upregulated organic acids, namely suberic acid and citraconic acid (red dot), and four downregulated organic acids, namely oleanolic acid, 3-methyladipic acid, 4-hydroxyphenylacetic acid, and anthranilic acid (green dot). Although various organic acids were identified in response to donkey oil application between the healthy and inflamed skin groups, the KEGG enrichment analysis indicated a concentration of metabolic pathways, such as tryptophan metabolism, phenylalanine metabolism, and tyrosine metabolism (Figures 1E,F). This suggests that donkey oil might modulate skin metabolism, particularly in the metabolism of aromatic amino acids, thereby promoting skin health.
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FIGURE 1
 Metabolomic profiling of organic acids in skin samples before and after donkey oil application. Principal component analysis (PCA) of organic acids in healthy (A) and inflamed (B) skin before and after donkey oil treatment. Volcano plots showing significantly altered metabolites in healthy (C) and inflamed (D) skin groups following donkey oil treatment (red and green dots indicate upregulated and downregulated metabolites, respectively; gray dots represent the metabolites showing no significant difference). KEGG pathway enrichment analysis of differentially expressed organic acids in healthy (E) and inflamed (F) skin.


In terms of the functional annotation of the screened organic acids, our results indicated that benzoic acid was found to be upregulated, while its downstream metabolite, hippuric acid, was found to be simultaneously downregulated in the healthy skin group after donkey oil application. Benzoic acid is known as an aromatic carboxylic acid due to its antimicrobial properties and has been widely used in the therapy of acne (19); however, hippuric acid has been reported to accumulate at higher levels in individuals with various skin disorders compared to healthy controls, and excessive hippuric acid may contribute to oxidative stress (20). Therefore, we deduced that donkey oil might promote skin homeostasis by enhancing benzoic acid abundance and decreasing hippuric acid accumulation in the face. Indole-3-acetic acid is a known tryptophan-derived compound as an agonist of aryl hydrocarbon receptor (AhR), which is a regulator of skin barrier homeostasis (21). Previous research reported that indole-3-aldehyde, when applied to a mouse model of atopic dermatitis (AD)-like dermatitis, was effective in reducing inflammation via AhR (22). Therefore, the decrease in indole-3-acetic acid via tryptophan-dependent mechanisms after the application of donkey oil, as shown in the healthy group, might prevent skin inflammation.

In the inflammatory group, citraconic acid, a byproduct of citric acid metabolism, was significantly elevated after donkey oil application. Citraconic acid has been reported to exert anti-inflammatory effects (23). This upregulation of citraconic acid by donkey oil likely reflected the enhanced metabolic flux within the tricarboxylic acid (TCA) cycle, boosting cellular energy production to meet the increased metabolic demands of skin repair. Similarly, suberic acid, a medium-chain dicarboxylic acid (24), was upregulated after donkey oil application. As a metabolite linked to fatty acid oxidation and detoxification processes, upregulated levels of suberic acid by donkey oil might indicate its activated defense against anti-inflammation.

Interestingly, 4-hydroxyphenylacetic acid was the only shared organic acid in response to donkey oil in both the healthy and inflamed skin groups. However, 4-hydroxyphenylacetic acid was upregulated in the healthy skin group but downregulated in the inflammatory skin group after donkey oil application (Figures 1C,D and Supplementary Table S3). The log2FC value of 4-hydroxyphenylacetic acid in the healthy skin group after donkey oil application was infinite, indicating that its level was undetectable before the application. The log2FC value was −2.81 in the inflammatory skin group after donkey oil application (Supplementary Table S3, Supplementary Figure S4). These markedly opposing trends suggested that 4-hydroxyphenylacetic acid exhibited dose-dependent responses under different skin conditions, highlighting that skin health was regulated by systemic alterations in the skin metabolic network and confirming the advantage and potential of target metabolomics in depicting the complex of metabolites in skin homeostasis maintenance.



3.3 Comparative metabolomics analysis of amino acids in two skin types after the application of donkey oil

A total of 94 amino acids were detected through targeted analysis (Supplementary Table S4). We screened for amino acids with a fold change of ≥2 or ≤0.5 between the untreated and treated donkey oil samples. This analysis identified 10 differential amino acids in the healthy skin group and 7 differential amino acids in the inflammatory skin group, as well as 3 shared amino acids and their derivatives in response to donkey oil application, as listed in Supplementary Table S5. The PCA of the healthy skin group showed that PC1 and PC2 explained 66.88 and 14.80% of the total variance, respectively (Figure 2A). The PCA of the inflammatory skin group showed that PC1 and PC2 explained 48.22 and 21.77% of the total variance, respectively (Figure 2B). In addition, the scatter plot of these two groups clearly distinguished the before and after donkey oil-treated samples (Figures 2A,B). The volcano plots in Figure 2C demonstrated that the differential 10 amino acids and their derivatives in the healthy group in response to donkey oil application included 1 upregulated amino acid and its derivatives, such as 5-hydroxytryptamine (red dot), and 9 downregulated amino acids and their derivates, namely N-acetylaspartate, (5-L-glutamyl)-L-alanine, L-valine, beta-alanine, L-asparagine anhydrous, L-alanine, L-glutamine, L-tryptophan, and 5-aminovaleric acid (green dot). However, in the inflammatory skin group after donkey oil application (Figure 2D), the differential seven amino acids and their derivatives included two upregulated amino acid and its derivatives, such as argininosuccinic acid, 6-aminocaproic acid (red dot), and five downregulated amino acids and its derivatives, namely L-tryptophan, 5-hydroxytryptamine, 5-aminovaleric acid, 2-aminobutyric acid, and anserine (green dot).
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FIGURE 2
 Integrated analysis of differential amino acids in healthy and inflamed skin before and after 28 days of donkey oil application. Principal component analysis (PCA) of amino acid profiles in the healthy group (A) and inflammation group (B); Volcano plots showing significantly altered amino acids in the healthy group (C) and inflammation group (D) (red and green dots indicate upregulated and downregulated metabolites; gray dots represent the metabolites showing no significant difference); KEGG pathway enrichment analysis of differential amino acids in the healthy group (E) and inflammation group (F).


5-Hydroxytryptamine, tryptophan, and 5-aminovaleric acid were identified as the three shared amino acids and their derivatives in both healthy and inflamed skin groups after donkey oil application. Among these, tryptophan and 5-aminovaleric acid were all downregulated by donkey oil application in the healthy and inflamed skin groups. However, similar to the tendency of 4-hydroxyphenylacetic acid, 5-hydroxytryptamine was upregulated in the healthy group but downregulated in the inflammatory skin group after donkey oil application (Figures 2C,D, Supplementary Table S5, Supplementary Figure S5). 5-Hydroxytryptamine is both a neurotransmitter and an immune modulator and an important mediator of bidirectional interactions between the vasoactive amines and the skin (25). 5-Hydroxytryptamine induces fibrosis, although the mechanistic basis and growth factors regulating fibrosis and proliferation in the microenvironment are unclear (26). The upregulation of 5-hydroxytryptamine in the healthy skin group suggests that donkey oil could enhance neurotransmission, thereby helping to maintain healthy skin function and promote 5-hydroxytryptamine production. However, in the inflamed skin group, the significant downregulation of 5-hydroxytryptamine might effectively inhibit the fibrosis of the skin surface where there exists noticeable acne, dermatitis, and eczema, avoiding the inflamed spots from getting rough.

L-Tryptophan (Trp) is an essential amino acid, involved in several major metabolic pathways, including protein synthesis and conversion into kynurenine (Kyn). Kyn is subsequently transformed into various biologically active metabolites, including tryptamine, 5-hydroxytryptamine, kynurenic acid, picolinic acid, and NAD+, through quinolinic acid or anthranilic acid intermediaries, which play important roles in skin homeostasis maintenance (22, 27). Therefore, donkey oil prompted the conversion of Trp to supply more nutrients for more active skin cell regeneration, whether in the healthy skin or the inflamed skin group. Compared to these two well-depicted substances, the role of 5-aminovaleric acid in skincare remains unclear and requires further exploration.

Although the KEGG pathways related to amino acid metabolites after donkey oil application were more diversified and dispersed between the healthy and inflamed skin in comparison with those KEGG pathways of organic acids, the KEGG analysis also showed the enriched common pathways of aromatic amino acid metabolism (Figures 2E,F).



3.4 Comparative metabolomics analysis of free fatty acids in two skin types after application of donkey oil

A total of 48 free fatty acids were detected through targeted analysis in this section (Supplementary Table S6). By screening for free fatty acids with a fold change of ≥2 or ≤0.5 between the donkey oil-treated and untreated samples, we identified differential 10 and 7 amino acids in the healthy and inflammatory skin groups, respectively, and 6 shared free fatty acids and their derivatives in response to donkey oil application, as listed in Supplementary Table S7. The PCA of the healthy skin group showed that PC1 and PC2 explained 64.94 and 13.47% of the total variance, respectively (Figure 3A). The PCA of the inflammatory skin group showed that PC1 and PC2 explained 53.96 and 22.25% of the total variance, respectively (Figure 3B). In addition, the scatter plot of these two groups clearly distinguished the before and after of donkey oil application (Figures 3A,B). The volcano plots in Figure 3C demonstrated that the differential 10 free fatty acids in the healthy skin group in response to donkey oil application included 8 upregulated fatty acids, namely cis-11,14,17-eicosatrienoic acid, tridecanoic acid, myristic acid, pentadecanoic acid, hexanoic acid, cis-9-octadecenoic acid, linoleic acid and trans-9-octadecenoic acid (red dot), and two downregulated fatty acids, namely decanoic acid and octanoic acid (green dot). However, in the inflammatory skin group after donkey oil application (Figure 3D), the differential seven fatty acids included one upregulated fatty acid, namely cis-11,14,17-eicosatrienoic acid (red dot), and six downregulated amino acids, namely decanoic acid, octanoic acid, lauric acid, myristic acid, tridecanoic acid, and pentadecanoic acid (green dot). Among these, six shared fatty acids, namely decanoic acid, octanoic acid, cis-11,14,17-eicosatrienoic acid, myristic acid, tridecanoic acid, and pentadecanoic acid, were found in response to donkey oil application, whether in the healthy or the inflamed skin group.
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FIGURE 3
 Integrated analysis of differential free fatty acids in healthy and inflamed skin before and after 28 days of donkey oil application. Principal component analysis (PCA) of fatty acid profiles in the healthy group (A) and inflammation group (B); Volcano plots showing significantly altered fatty acids in the healthy group (C) and inflammation group (D) (red, and green dots indicate upregulated, downregulated metabolites; gray dots represent the metabolites showing no significant difference); KEGG pathway enrichment analysis of differential free fatty acids in the healthy group (E) and inflammation group (F).


To the aspect of the six shared fatty acids functional annotation, our results showed decanoic acid and octanoic acid were downregulated, while cis-11,14,17-eicosatrienoic acid was upregulated by donkey oil in both healthy and inflamed groups. Myristic acid, tridecanoic acid, and pentadecanoic acid were upregulated in the healthy group but downregulated in the inflamed group (Figures 3C,D, Supplementary Table S7). Since decanoic acid and octanoic acid may not be inherent metabolites of sebaceous gland cells and are likely derived from microbial metabolism on the skin surface (28), the decreased trends of them suggested that donkey oil might affect the skin surface microbiota and suppress the secretion of decanoic and octanoic acids. Cis-11,14,17-eicosatrienoic acid has been reported to play key roles in antiaging and protecting the skin barrier (29, 30). After applying donkey oil, its levels in both skin types were enhanced, which might be due to its role in protecting the skin barrier. In addition, although myristic acid and pentadecanoic acid have been reported to show anti-inflammatory features (31) and contribute to maintaining microbial homeostasis (32), the log2FC values of myristic acid and pentadecanoic acid were 1.19 and 1.17 in the healthy group and −1.20 and −1.33 in the inflammatory group, respectively (Supplementary Table S7, Supplementary Figure S6). This significantly opposite trend suggested that myristic acid and pentadecanoic acid exhibited dose-dependent responses under various skin conditions. Compared to these two substances, the role of tridecanoic acid in skincare remains unclear and requires further exploration.

Although distinct fatty acids were identified in the healthy and inflamed skin groups following donkey oil treatment, the KEGG enrichment analysis showed that the metabolic changes in both groups converged on pathways like Fatty acid biosynthesis, Biosynthesis of cofactors, and metabolic pathways (Figures 3E,F). This suggests that the donkey oil might modulate the skin metabolism through Fatty acid synthesis to enhance skin health.




4 Discussion

In this study, skin samples were collected from volunteers with healthy skin and those with inflammatory skin conditions, both before and after the application of donkey oil. Targeted metabolomics was employed to conduct a comprehensive analysis of the skin samples, allowing us to identify the differential organic acids, amino acids, and free fatty acids associated with various skin conditions in response to the application of donkey oil for 28 days. The metabolic pathways involved were predicted by KEGG analysis based on the dynamic changes in metabolites. This analysis provides valuable insights into how donkey oil may exert its protective effects on the skin through the regulation of organic acids, amino acids, and free fatty acids.

The present study has several strengths: the inclusion of individuals with healthy skin and inflamed skin; reliable qualitative and quantitative methods for the analysis of metabolites using targeted metabolomics; and comprehensive measurement of organic acids, amino acids and their derivatives, and fatty acids. Our findings demonstrated the significant value of donkey oil in skin homeostasis maintenance by modulating distinct metabolites under healthy and inflamed skin conditions. KEGG pathway analysis enriched the changes of metabolites from these three categories mainly to the aromatic amino acid metabolism pathway, which involves tryptophan, phenylalanine, and tyrosine metabolism, as well as fatty acid metabolism. One limitation of our study is that the sample size was 32 volunteers and the number of samples was relatively small, meaning the large diversity of skin conditions with respect to gender, age, geographical location, habit, etc., could not be represented and partially led to the low predictive accuracy for some potential metabolites. Therefore, we sub-grouped these 32 volunteers into 4 groups to maximize the repeatability, and the PCA analysis of these three kinds of metabolites all showed distinguished variance in each group before and after donkey oil treatment, confirming the reliability of this study (Figures 2–4). Moreover, our previous results have indicated that donkey oil possessed organic acids such as lactic acid, salicylic acid, L-malic acid 4-aminobutyric acid, pyroglutamic acid, sebacic acid, and taurine and fatty acids such as palmitic acid, γ-linolenic acid, linoleic acid, cis-9-octadecenoic acid, stearic acid, arachidonic acid, and amino acid and its derivates 2-aminoethanesulfonic acid, L-serine, L-tryptophan, L-phenylalanine, and L-tyrosine (33). However, the 10 metabolites responding to donkey oil in our present study, namely 4-hydroxyphenylacetic acid, 5-hydroxytryptamine, 5-aminovaleric acid, tryptophan, cis-11,14,17-eicosatrienoic acid, decanoic acid, octanoic acid, myristic acid, tridecanoic acid, and pentadecanoic acid, seemed to be unresponsive to the donkey oil during the sampling process because tryptophan, decanoic acid, and octanoic acid, which are present in donkey oil, were all downregulated, thus excluding interference from donkey oil in the targeted metabolomics analysis (Supplementary Tables S3, S5, and S7) and further confirming the reliability of this study.

Changes to the shared metabolites in different skin types may better reflect the regulatory mechanisms by which donkey oil modulates skin homeostasis. The consistent trends of change indicated a unidirectional regulatory effect by donkey oil. In contrast, opposite trends indicated that the functions of these particular metabolites on skin might be dose-dependent or influenced by the broader metabolic network. Specifically, the only shared organic acid, 4-hydroxyphenylacetic acid, exhibited a group-specific response to donkey oil application: it was significantly upregulated in the healthy skin group but downregulated in the inflamed skin group (Figures 1C,D). As a microbial metabolite of tyrosine (34), it has been reported to attenuate inflammatory damage and inhibit mitogen-activated protein kinase (MAPK) signaling, thereby suppressing inflammatory cytokine production (35, 36). Thus, its elevation in the healthy group might reflect enhanced microbial metabolic activity and redox homeostasis, whereas its reduction in the inflamed group indicated impaired microbial resilience under inflammatory stress. Among the shared amino acids, 5-hydroxytryptamine (one of the downstream metabolites of tryptophan) and tryptophan drew particular attention. Notably, the distinct trends of 5-hydroxytryptamine across different skin types not only highlighted its potential role in healthy skin but also reflected the relative complexity of metabolic regulation in inflamed skin. The downregulation of tryptophan in both skin types further supported previous reports suggesting that skin homeostasis requires relatively low levels of amino acids (37). Although 5-hydroxytryptamine was reported to exert its biological functions largely through regulation by the gut microbiota (38), our findings implied a close association between tryptophan metabolism and skin metabolism. Among the shared free fatty acids, similar to 4-hydroxyphenylacetic acid, myristic acid, tridecanoic acid, and pentadecanoic acid were significantly upregulated in the healthy skin group but downregulated in the inflamed skin group (Figures 3C,D), supporting the condition-dependent metabolic responses of skin.

The intrinsic properties and metabolic origins of different metabolites may suggest their potential enrichment in specific metabolic pathways. For instance, benzoic acid is derived from phenolic acid (39), 4-hydroxyphenylacetic acid is the metabolite of tyrosine (34), and 5-hydroxytryptamine and indole-3-acetic acid are both the downstream metabolites of tryptophan (40). These characteristics suggested a likely enrichment of pathways involved in aromatic amino acid metabolism, which was supported by KEGG enrichment analyses (Figures 1E, 2E), highlighting the interrelation between organic acids and amino acids. In addition, fatty acid biosynthesis pathways were significantly enriched regardless of skin conditions (Figures 3E,F). This finding further showed that donkey oil played a key role in modulating fatty acid metabolism on the skin surface.

In summary, our results suggest that donkey oil maintains skin homeostasis primarily by modulating both host skin cell and skin microbiota metabolism, especially through the regulation of aromatic amino acid metabolism and fatty acid biosynthesis and potentially neurochemical signaling. Our findings supported the potential of donkey oil as a multifunctional agent in skin health. In the future, the combined analysis of the skin microbiome and metabolome will reveal deeper mechanisms by which donkey oil modulates skin homeostasis.



Data availability statement

The original contributions presented in the study are included in the article/Supplementary material, further inquiries can be directed to the corresponding authors.



Ethics statement

The studies involving humans were approved by the Institutional Review Board of the Chinese Academy of Inspection and Quarantine Greater Bay Area. The studies were conducted in accordance with the local legislation and institutional requirements. Written informed consent for participation in this study was provided by the participants’ legal guardians/next of kin.



Author contributions

ML: Writing – original draft, Writing – review & editing. JS: Writing – original draft, Formal Analysis. GL: Formal analysis, Writing – original draft. ZC: Writing – original draft, Methodology. TW: Data curation, Writing – review & editing. HT: Conceptualization, Supervision, Writing – review & editing. CW: Supervision, Writing – review & editing.



Funding

The author(s) declare that financial support was received for the research and/or publication of this article. This research was financially supported by the Taishan Industrial Leading Talent Project of Shandong Province: “Innovation and Demonstration of Key Technologies and Special Germplasm Cultivation for Donkeys Used as Raw Material for E-jiao” (tscx202408114).



Acknowledgments

Sincere thanks are given to Dong’e Ejiao Co., Ltd., Shandong Key Laboratory of Gelatine Medicines Research and Development, National Engineering Technology Research Center for Gelatin-based Traditional Chinese Medicine for their support. The authors are also thankful to all the volunteers who sincerely cooperated during the study.



Conflict of interest

ML, JS, GL, and ZC were employed by the Dong-E E-Jiao Co. Ltd.

The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Generative AI statement

The authors declare that no Gen AI was used in the creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this article has been generated by Frontiers with the support of artificial intelligence and reasonable efforts have been made to ensure accuracy, including review by the authors wherever possible. If you identify any issues, please contact us.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmed.2025.1684399/full#supplementary-material



Footnotes

1   www.r-project.org

2   http://www.kegg.jp/kegg/compound/

3   http://www.kegg.jp/kegg/pathway.html


References
	 1. Xu,F, Zhang,L, Cao,Y, Yang,L, Zhang,H, Li,Y , et al. Chemical and physical characterization of donkey abdominal fat in comparison with cow, pig and sheep fats. J Am Oil Chem Soc. (2013) 90:1371–6. doi: 10.1007/s11746-013-2287-z
	 2. Zhang,H, Xie,L, Zhang,N, Qi,X, Lu,T, Xing,J , et al. Donkey oil-based ketogenic diet prevents tumor progression by regulating intratumor inflammation, metastasis and angiogenesis in CT26 tumor-bearing mice. Genes. (2023) 14:1024. doi: 10.3390/genes14051024 
	 3. Li,L, Wei,Z, Zhang,J, Long,Y, Shi,J, Jiao,Z , et al. Comparison of fatty acid component between donkey bones, donkey skin and E-jiao. Mod Food Sci Technol. (2020) 36:82–7. doi: 10.13982/j.mfst.1673-9078.2020.4.011
	 4. Ishak,WMW, Katas,H, Yuen,NP, Abdullah,MA, and Zulfakar,MH. Topical application of omega-3-, omega-6-, and omega-9-rich oil emulsions for cutaneous wound healing in rats. Drug Deliv Transl Res. (2019) 9:418–33. doi: 10.1007/s13346-018-0522-8 
	 5. Kiecolt-Glaser,JK, Glaser,R, and Christian,LM. Omega-3 fatty acids and stress-induced immune dysregulation: implications for wound healing. Mil Med. (2014) 179:129–33. doi: 10.7205/MILMED-D-14-00167 
	 6. Moalla Rekik,D, Ben Khedir,S, Ksouda Moalla,K, Kammoun,NG, Rebai,T, and Sahnoun,Z. Evaluation of wound healing properties of grape seed, sesame, and fenugreek oils. Evid based Complement Altern Med. (2016) 2016:7965689. doi: 10.1155/2016/7965689 
	 7. Webster,SB. Skin diseases in clinical practice, 2nd Arch Dermatol (1999), 135:[unknown].
	 8. Zhang,M, Wang,D, Ji,N, Lee,S, Wang,G, Zheng,Y , et al. Bioinspired design of sericin/chitosan/ag @MOF/GO hydrogels for efficiently combating resistant bacteria, rapid hemostasis, and wound healing. Polymers. (2021) 13:2812. doi: 10.3390/polym13162812 
	 9. Deng,P, Yao,L, Chen,J, Tang,Z, and Zhou,J. Chitosan-based hydrogels with injectable, self-healing and antibacterial properties for wound healing. Carbohydr Polym. (2022) 276:118718. doi: 10.1016/j.carbpol.2021.118718 
	 10. Wu,J, Chen,A, Zhou,Y, Zheng,S, Yang,Y, An,Y , et al. Novel h (2)s-releasing hydrogel for wound repair via in situ polarization of m2 macrophages. Biomaterials. (2019) 222:119398. doi: 10.1016/j.biomaterials.2019.119398 
	 11. Chen,H, Zhao,Q, Zhong,Q, Duan,C, Krutmann,J, Wang,J , et al. Skin microbiome, metabolome and skin phenome, from the perspectives of skin as an ecosystem. Phenomics. (2022) 2:363–82. doi: 10.1007/s43657-022-00073-y 
	 12. Caspers,PJ, Lucassen,GW, Carter,EA, Bruining,HA, and Puppels,GJ. In vivo confocal Raman microspectroscopy of the skin: noninvasive determination of molecular concentration profiles. J Invest Dermatol. (2001) 116:434–42. doi: 10.1046/j.1523-1747.2001.01258.x 
	 13. Burke,RC, Lee,TH, and Buettner-Janusch,V. Free amino acids and water soluble peptides in stratum corneum and skin surface film in human beings. Yale J Biol Med. (1966) 38:355–73.
	 14. Park,H, Arellano,K, Lee,Y, Yeo,S, Ji,Y, Ko,J , et al. Pilot study on the forehead skin microbiome and short chain fatty acids depending on the SC functional index in Korean cohorts. Microorganisms. (2021) 9:2216. doi: 10.3390/microorganisms9112216 
	 15. Bouslimani,A, da Silva,R, Kosciolek,T, Janssen,S, Callewaert,C, Amir,A , et al. The impact of skin care products on skin chemistry and microbiome dynamics. BMC Biol. (2019) 17:47. doi: 10.1186/s12915-019-0660-6 
	 16. shrafi,M, Xu,Y, Muhamadali,H, White,I, Wilkinson,M, Hollywood,K , et al. A microbiome and metabolomic signature of phases of cutaneous healing identified by profiling sequential acute wounds of human skin: an exploratory study. PLoS One. (2020) 15:e0229545. doi: 10.1371/journal.pone.0229545
	 17. Grice,EA, Kong,HH, Renaud,G, Young,AC, Bouffard,GG, Blakesley,RW , et al. A diversity profile of the human skin microbiota. Genome Res. (2008) 18:1043–50. doi: 10.1101/gr.075549.107 
	 18. Qian,G, Li,X, Zhang,H, Zhang,H, Zhou,J, Ma,X , et al. Metabolomics analysis reveals the accumulation patterns of flavonoids and phenolic acids in quinoa (Chenopodium quinoa Willd.) grains of different colors. Food Chem X. (2023) 17:100594. doi: 10.1016/j.fochx.2023.100594 
	 19. Matwiejczuk,N, Galicka,A, and Brzóska,MM. Review of the safety of application of cosmetic products containing parabens. J Appl Toxicol. (2020) 40:176–210. doi: 10.1002/jat.3917 
	 20. Ni,Q, Xia,L, Huang,Y, Yuan,X, Gu,W, Chen,Y , et al. Gut microbiota dysbiosis orchestrates vitiligo-related oxidative stress through the metabolite hippuric acid. Microbiome. (2025) 13:112. doi: 10.1186/s40168-025-02102-0 
	 21. Elias,AE, McBain,AJ, Aldehalan,FA, Taylor,G, and O'Neill,CA. Activation of the aryl hydrocarbon receptor via indole derivatives is a common feature in skin bacterial isolates. J Appl Microbiol. (2024) 135:273. doi: 10.1093/jambio/lxae273
	 22. Yu,J, Luo,Y, Zhu,Z, Zhou,Y, Sun,L, Gao,J , et al. A tryptophan metabolite of the skin microbiota attenuates inflammation in patients with atopic dermatitis through the aryl hydrocarbon receptor. J Allergy Clin Immunol. (2019) 143:2108–2119.e12. doi: 10.1016/j.jaci.2018.11.036 
	 23. Chen,F, Elgaher,WAM, Winterhoff,M, Büssow,K, Waqas,FH, Graner,E , et al. Citraconate inhibits ACOD1 (IRG1) catalysis, reduces interferon responses and oxidative stress, and modulates inflammation and cell metabolism. Nat Metab. (2022) 4:534–46. doi: 10.1038/s42255-022-00577-x 
	 24. Liao,Z, Yeoh,YK, Parumasivam,T, Koh,WY, Alrosan,M, Alu'datt,MH , et al. Medium-chain dicarboxylic acids: chemistry, pharmacological properties, and applications in modern pharmaceutical and cosmetics industries. RSC Adv. (2024) 14:17008–21. doi: 10.1039/d4ra02598a 
	 25. Huang,J, Gong,Q, Huang,C, and Li,G. Relationships between serotoninergic system and skin fibrotic. Antiinflamm Antiallergy Agents Med Chem. (2014) 13:9–16. doi: 10.2174/18715230113129990018 
	 26. Rodriguez-Barucg,Q, Garcia,AA, Garcia-Merino,B, Akinmola,T, Okotie-Eboh,T, Francis,T , et al. Environmental fluoxetine promotes skin cell proliferation and wound healing. Environ Pollut. (2024) 362:124952. doi: 10.1016/j.envpol.2024.124952 
	 27. Hasterok,S, Jankovskaja,S, Miletic Dahlström,R, Prgomet,Z, Ohlsson,L, Björklund,S , et al. Exploring the surface: sampling of potential skin Cancer biomarkers kynurenine and tryptophan, studied on 3D melanocyte and melanoma models. Biomolecules. (2024) 14:815. doi: 10.3390/biom14070815 
	 28. Jia,Y, Gan,Y, He,C, Chen,Z, and Zhou,C. The mechanism of skin lipids influencing skin status. J Dermatol Sci. (2018) 89:112–9. doi: 10.1016/j.jdermsci.2017.11.006 
	 29. Kim,EJ, Kim,MK, Jin,XJ, Oh,JH, Kim,JE, and Chung,JH. Skin aging and photoaging alter fatty acids composition, including 11,14,17-eicosatrienoic acid, in the epidermis of human skin. J Korean Med Sci. (2010) 25:980–3. doi: 10.3346/jkms.2010.25.6.980 
	 30. Jin,XJ, Kim,EJ, Oh,IK, Kim,YK, Park,CH, and Chung,JH. Prevention of UV-induced skin damages by 11,14,17-eicosatrienoic acid in hairless mice in vivo. J Korean Med Sci. (2010) 25:930–7. doi: 10.3346/jkms.2010.25.6.930 
	 31. Alonso-Castro,AJ, Serrano-Vega,R, Pérez Gutiérrez,S, Isiordia-Espinoza,MA, and Solorio-Alvarado,CR. Myristic acid reduces skin inflammation and nociception. J Food Biochem. (2022) 46:e14013. doi: 10.1111/jfbc.14013 
	 32. Venn-Watson,S, and Schork,NJ. Pentadecanoic acid (C15:0), an essential fatty acid, shares clinically relevant cell-based activities with leading longevity-enhancing compounds. Nutrients. (2023) 15:4607. doi: 10.3390/nu15214607 
	 33. Shi,C, Xie,X, Fan,Y, Zhou,G, Zhang,X, Su,N , et al. Analysis of the composition of donkey fat and the quality indicators of its oil. China Oils and Fats. (2020) 45:7. doi: 10.12166/j.zgyz.1003-7969/2020.07.028
	 34. Armand,L, Andriamihaja,M, Gellenoncourt,S, Bitane,V, Lan,A, and Blachier,F. In vitro impact of amino acid-derived bacterial metabolites on colonocyte mitochondrial activity, oxidative stress response and DNA integrity. Biochim Biophys Acta Gen Subj. (2019) 1863:1292–301. doi: 10.1016/j.bbagen.2019.04.018 
	 35. Liu,Z, Xi,R, Zhang,Z, Li,W, Liu,Y, Jin,F , et al. 4-hydroxyphenylacetic acid attenuated inflammation and edema via suppressing HIF-1α in seawater aspiration-induced lung injury in rats. Int J Mol Sci. (2014) 15:12861–84. doi: 10.3390/ijms150712861 
	 36. Zhao,H, Jiang,Z, Chang,X, Xue,H, Yahefu,W, and Zhang,X. 4-hydroxyphenylacetic acid prevents acute APAP-induced liverinjury by increasing phase II and antioxidant enzymes in mice. Front Pharmacol. (2018) 9:653. doi: 10.3389/fphar.2018.00653 
	 37. Cibrian,D, de la Fuente,H, and Sánchez-Madrid,F. Metabolic pathways that control skin homeostasis and inflammation. Trends Mol Med. (2020) 26:975–86. doi: 10.1016/j.molmed.2020.04.004 
	 38. Seo,SK, and Kwon,B. Immune regulation through tryptophan metabolism. Exp Mol Med. (2023) 55:1371–9. doi: 10.1038/s12276-023-01028-7 
	 39. Mhawish,R, and Komarnytsky,S. Small phenolic metabolites at the Nexus of nutrient transport and energy metabolism. Molecules. (2025) 30:1026. doi: 10.3390/molecules30051026 
	 40. Fiore,A, and Murray,PJ. Tryptophan and indole metabolism in immune regulation. Curr Opin Immunol. (2021) 70:7–14. doi: 10.1016/j.coi.2020.12.001 


Copyright
 © 2025 Li, Sun, Liu, Chen, Wu, Tie and Wang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fmed-12-1684399-g003.jpg
PC2 (13.47%)

ICR
z o ou
o omn &
Ton g
pe1 Gasen)

028,03

~Log;o(P-value)

‘octanoie acid|

~Logy(P-value)

Biosynthesis of cofactors
Lipoic acid metabolism{
Metabolic pathways

Linoleic acid metab

ism

Biosynthesis of
unsaturated fatty acids

[
.
.
L]
.
0z o o

& E i T
Log;(Fold Change)
F
P-value —_—
100 ty L] iy
ors ors
o Metabolic pathways ° =
025 0zs
000 Biosynthesis of cofactors o Wow
Count
e+ Lipoic acid metabolism.
o:
o: Biosynthesis of
@ ¢ unsaturated fatty acids
O T S —T
Rich Factor





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Integrative analysis by targeted metabolomics revealed the regulatory function of donkey oil on skin metabolites



		1 Introduction



		2 Materials and methods



		2.1 Chemicals



		2.2 Grouping of participants and collection of skin samples



		2.3 Pretreatment of skin samples and targeted metabolomics analysis based on UPLC-MS/MS or GC–MS/MS



		2.4 Statistical analysis









		3 Results



		3.1 Overall metabolomics analysis of skin samples



		3.2 Comparative metabolomics analysis of organic acids in two skin types after the application of donkey oil



		3.3 Comparative metabolomics analysis of amino acids in two skin types after the application of donkey oil



		3.4 Comparative metabolomics analysis of free fatty acids in two skin types after application of donkey oil









		4 Discussion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Generative AI statement



		Publisher’s note



		Supplementary material



		Footnotes



		References



















OPS/images/fmed-12-1684399-g001.jpg
2
L 028_HL
D28_H3 - D0_U2
= .
s ‘025 4 g oous 0w
g Do_Hée DZH2 Goup 2 el aroup
8 oo e s g v
8 " g )
a > LS
ool .
0013
10
10!
o 3 £ i i ) £
PC1(29.84%) PC1 (23.41%)
T T T T
% .(ndnle-i-nunc?cud | ! 1
. | H i i i |
hippuricacid | |« benzoic acid | H
H | ! |
| 3,4 dlhydra#yphenylacmc acid . ' |
1 i v i i 1
oslH hydmxymemylgmurlc acid i | H
i i H i i
H H H + 3-methyladipic acid | |
< - i [ |
§% trans-aconitic acid {hydrolyphenylaceticacid] o inobenzoic acid |
H £ g B
& |
T 0 i T i |
| | i
! 53 o | |
B oleanicacd | 1
7 tmignitican i |
: : i
H T

(ryptophan metabolism|

Amphetamine addiction
Cocaine addiction

Alcoholism

Dopaminergic synapse-

o2

s
Rich Factor

W
Logy(Fold Change)

Phenyi:

ine, (yrosine and |
ryptophan biosynthe

Tyrosine metabolism:
Biosynthesis of amino acids

2-Oxocarboxylic acid
‘metabolism
Metabolic pathways

o 3

[
Rich Factor






OPS/images/fmed-12-1684399-g002.jpg
“ 10} o
5 fes 7 028 ys 02811
g, o2 1t Gop K| oz 2, Group
3 oo, oomn § s o omu
§ S e S g ” s o
= o o
2 ] L XYY
£ § 3 £
PC1(6680%)
C v D
i
| 0
H
i
ors !
S-Aminovaleric Acid | H S
o3 L=Tn 1] s
< (5-L-Glutamyl)-L-Alanine <
H © L-Asparagine Anhydrous H |
b ! N 6-Amihocaproic Acid
.~ ! 2
3 |
0z /—Al.n’n aE - argininosuccini¢ acid *
L-Glutamine boupt i
: 1 e Down: 9.
L-Valine | Inigitcan:
i
0.00 - L

‘Mineral absorption

Alsnine, aspartate and g

.o

Sulfur relay system.

Biosynthesi of cofactors
Centeal carbon metabolism in cancer-
“Aminoscyl-(RNA biosynthesis
Glutamatergic synapse

Props
Proximal tbule bicarbonate reclamation .
African trypanosomiasis .
Phénylalanine, trosine and |
y

Central carbon m

2-Oxocarboxylic acid metabolism

‘Arginine and proline metabolism
Mineral absorption

Biosynthesis of cofactors
D-Amino acid metabolism
bolism in cancer
‘Aminoacyl-tRNA biosynthesis
Protein digestion and absorption
Biosynthesis of amino acids
‘Metabolic pathways

Rich Facr





OPS/images/cover.jpg
& frontiers | Frontiers in Medicine

Integrative analysis by targeted
metabolomics revealed the
regulatory function of donkey oil
on skin metabolites












OPS/images/crossmark.jpg
©

2

i

|






OPS/images/logo.jpg
¥ frontiers Frontiers in Medicine






