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Abstract

Skin hydration is a key indicator of skin health and stratum corneum (SC) integrity, yet its
relationship with multi-dimensional physiological parameters remains incompletely under-
stood. This study aimed to investigate the association between facial skin hydration and
key physiological parameters and explored the lipidomic differences between individuals
with high and low hydration levels. We enrolled 60 healthy Chinese women (aged 30–55),
divided into a low-hydration (LH, n = 11) group and a high-hydration (HH, n = 19) group
based on Corneometer measurements. An integrated methodology was employed, includ-
ing confocal Raman spectroscopy, multiphoton laser tomography, biophysical instruments,
and untargeted lipidomics. Our results demonstrated a positive correlation between skin
hydration and SC thickness, ceramides, and lactate levels. However, no significant cor-
relation was identified in relation to wrinkles, color, or elasticity. The lipidomic analysis
revealed eighty-three significantly upregulated lipids (VIP > 1.0, p < 0.05) in LH skin,
among which ten lipids, including nine ceramides, exhibited strong negative correlations
with hydration (|r| > 0.8, p < 0.05). These lipids were predominantly associated with
sphingolipid and triacylglycerol metabolic pathways. Together, our findings suggest that
low-hydration skin is characterized by systemic lipidomic dysregulation, rather than a
deficiency of individual lipids. These findings represent novel insights into the mechanisms
underlying skin hydration and identify potential therapeutic targets for addressing skin
dryness and aging.

Keywords: skin hydration; stratum corneum; lipidomics; ceramides; physiological parameters;
correlation analysis

1. Introduction
The skin is the largest organ of the human body. Its outermost layer, the stratum

corneum (SC), is responsible for maintaining barrier function and preventing excessive
transepidermal water loss (TEWL). Skin hydration is a core indicator of cutaneous health
and functional status and is regulated by various intrinsic and extrinsic factors [1]. Notably,
skin dryness not only compromises the epidermal barrier but is also closely associated with
the dermal aging process. Research indicates that dry skin promotes substance release by
epidermal keratinocytes. These can diffuse into the dermis, inducing the overexpression
of matrix metalloproteinase-1 and initiating collagen degradation. This finding provides
crucial mechanistic insight into the mechanism underlying the effects of skin dryness on the
dermal matrix [2]. Clinical studies further revealed that oily skin exhibits greater dermal
thickness and echogenicity compared to dry skin, suggesting superior dermal conditions [3].
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Collectively, these findings highlight an intrinsic link between skin hydration status and
dermal structural integrity.

Conventionally, biophysical techniques, such as SC hydration content and TEWL mea-
surements, have been employed to evaluate skin barrier integrity and hydration. However,
these macroscopic parameters reflect the integrated contributions of diverse physiological
and biochemical components at the microscopic level, including intercellular lipids (e.g.,
ceramides and cholesterol), natural moisturizing factors (NMFs), and skin metabolites (e.g.,
urea) [1]. Therefore, exploring the relationship between these key physiological parameters
and skin hydration is essential for a deeper understanding of the mechanisms underlying
skin moisturization and anti-aging.

Recent advances in non-invasive in vivo detection technologies have revolutionized
the analysis of the skin’s microstructure and chemical composition. Confocal Raman
spectroscopy (CRS) enables the non-invasive, quantitative acquisition of molecular infor-
mation on various chemical constituents at specific skin depths. This approach provides a
powerful tool for the in vivo investigation of SC thickness, NMFs, ceramides, and other
components [4,5]. Studies utilizing CRS have established that SC thickness exhibits sig-
nificant anatomical variation in healthy subjects [6]. More importantly, CRS has been
instrumental in quantitatively demonstrating the depletion of key NMF components in
various dry skin conditions [7,8], highlighting the technology’s crucial role in quantifying
clinically relevant compositional changes. Additionally, multiphoton laser tomography
(MPT) can non-invasively assess dermal structural alterations by detecting autofluores-
cence and second harmonic generation signals. Specifically, the derived Skin Aging Index
(SAAID) serves as a reliable indicator for the quantification of photoaging [9]. However,
no studies have conducted an integrated analysis correlating SC biochemistry, dermal
structural aging, and macroscopic physiological functions. Such a multi-dimensional
and systematic research framework could provide a comprehensive understanding of the
regulatory mechanisms governing skin hydration.

In addition to the aforementioned parameters, the lipid metabolism plays a pivotal
role in maintaining skin barrier function and water homeostasis. Deficiencies in key
lipids, such as ceramides, are closely linked to xerotic skin conditions, including atopic
dermatitis (AD) [10] and Dorfman–Chanarin syndrome [11]. Nevertheless, most studies
have only investigated a limited number of known lipid classes. The advent of omics
technologies, particularly untargeted lipidomics, enables the systematic profiling of the
complete lipidome of biological samples, thereby facilitating the discovery of potential lipid
biomarkers associated with specific physiological or pathological states [12]. Untargeted
lipidomics has already demonstrated its utility in skin research. For instance, it has been
employed to reveal the distinct lipid profiles of sensitive–dry, sensitive–oily, and healthy
skin, highlighting the role of lipids in skin homeostasis [13]. Researchers have further
utilized this approach to observe alterations in the lipid composition induced by erlotinib
treatments [14]. Moreover, in therapeutic studies involving topical plant oil application,
lipidomics has been used to characterize improvements in epidermal lipid profiles [15].
However, current untargeted lipidomics applications in dermatology have predominantly
focused on pathological skin states [16]. To our knowledge, research employing untargeted
lipidomics to directly compare the global lipid profiles of individuals with high versus low
skin hydration levels, and to investigate the association between lipid metabolic networks
and skin hydration status, remains scarce.

Consequently, this study employs an integrated technological strategy to systemati-
cally investigate the relationship between skin hydration and multi-dimensional physio-
logical parameters, as well as the underlying lipidomic basis. The present study combines
CRS, MPT, and various biophysical measurement techniques to non-invasively assess SC
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thickness, key biochemical components (NMFs, ceramides, cholesterol, urea, and lactate),
the SAAID, and macroscopic parameters (hydration, TEWL, elasticity, and color). A corre-
lation analysis is utilized to determine the associations between these factors and the skin
hydration. Furthermore, this study pioneers the application of untargeted lipidomics to
identify differential lipids between high- and low-hydration groups. Moreover, an enrich-
ment analysis was performed to identify key lipid metabolic pathways associated with the
skin’s hydration status. This research provides a multi-dimensional and systematic per-
spective on the regulatory mechanisms of skin hydration and deepens our understanding
of the molecular basis linking dry skin to dermal aging. The findings offer a theoretical
foundation for developing innovative interventions targeting skin dryness and aging.

2. Materials and Methods
2.1. Participants

Sixty healthy female participants (mean ± SD age of 41.75 ± 6.81 years, range of 30–55)
were enrolled in this study after providing written informed consent. Group assignments
were based on modified Corneometer® cut-off values from the literature [13,17]. Partici-
pants with a Corneometer value of less than 40 a.u. were assigned to the low-hydration
(LH) group (n = 11), and those with a value exceeding 70 a.u. were allocated to the high-
hydration (HH) group (n = 19). Consequently, 30 participants with intermediate hydration
values (40–70 a.u.) were excluded from the comparative analysis. The inclusion criteria
were as follows: (1) female participants aged 30–55 years and (2) participants in good health
at the time of assessment. The exclusion criteria were as follows: (1) participants who
were pregnant, breastfeeding, or planning to become pregnant; (2) participants suffering
from severe systemic diseases; and (3) participants with dermatological diseases in the test
area or those receiving pharmacological treatment. This project adhered to the guidelines
outlined in the Declaration of Helsinki, and the study protocol was approved by the Ethics
Committee of the Cosmetic Technology Center of the Chinese Academy of Inspection
and Quarantine. All collected data were strictly protected using the following measures:
(i) participant identifiers were removed during data recording (anonymization); (ii) elec-
tronic data were stored on password-encrypted servers with regular backup protocols;
(iii) physical records were kept in locked cabinets with restricted access; and (iv) data access
was limited to principal investigators directly involved in this study. This research was
conducted in Beijing between October 2024 and November 2024. Before conducting the skin
assessments, participants were acclimatized for at least 30 min in a controlled environment,
with a temperature of 22 ± 1 ◦C and a humidity of 50 ± 5%.

2.2. Measurement of Physiological Skin Parameters

Each participant underwent a series of tests, including assessments of skin complexion,
elasticity, and moisture content on one randomized cheek alongside rapid optical imaging
of the skin conducted on a randomized corner of the eye.

Skin color metrics were recorded using a CM2500d chromameter (CR-400, Konica
Minolta, Tokyo, Japan) and a Mexameter (MX18, Courage and Khazaka, Köln, Germany),
providing indices such as L* (indicating color brightness), a* (represents red and green
shades), b* (represents blue and yellow shades), the individual typology angle (ITA◦), the
melanin index (MI), and the erythema index (EI). Three consecutive measurements were
performed at each test site using the chromameter, while five replicates were obtained with
the Mexameter; the mean values were calculated for statistical analysis.

Skin elasticity was evaluated using a Cutometer (Cutometer MPA 580; Courage and
Khazaka, Köln, Germany), including Q0 (maximum recovery area), Q1 (gross elasticity), Q2
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(net elasticity), and Q3 (biological elasticity) parameters. Three repetitions were performed
at each test area, and average values were used for the analysis.

The hydration level of the skin was measured with a Corneometer (Corneometer
CM 825; Courage and Khazaka, Köln, Germany). This capacitance-based assessment,
reported in arbitrary units (a.u.), was performed in quintuplicate at each measurement
site, with the mean value representing the “skin hydration” level referenced throughout
the manuscript.

Skin roughness was assessed using a rapid optical imaging system (FOITS, Der-
maTOP V3, Courage and Khazaka, Köln, Germany), including Rz (average maximum
roughness) and Ra as analytical parameters (arithmetic mean roughness). Five replicate
images were captured per site, with an automated analysis providing mean values for
surface roughness parameters.

2.3. Assessment of Skin Composition and the Dermal Aging Index

The assessment of the skin composition, including the specific measurement of SC
hydration, was performed using CRS (gen2-SCA, RiverD, Rotterdam, The Netherlands).
For CRS, we employed a 671 nm laser to acquire spectra in the 2500–4000 cm−1 range,
from which the skin moisture content–depth profile was derived, and the SC thickness was
calculated. This allows for the quantification of the hydration level specifically within the
SC. Simultaneously, a 785 nm laser was used to obtain spectra in the 400–1850 cm−1 range,
generating fingerprint spectra of cutaneous endogenous substances, including NMFs,
cholesterol, ceramides, urea, lactic acid, etc. These results were analyzed to quantify these
endogenous substances at different skin depths.

A near-infrared (710–920 nm) femtosecond laser was utilized for MPT (MPTflex 10,
Jenlab, Berlin, Germany), generating two-photon excited autofluorescence (AF) signals
from endogenous fluorophores (e.g., NAD(P)H, flavins, porphyrins, elastin, and melanin)
and second harmonic generation (SHG) signals from collagen. These signals were used to
calculate the dermal aging index (SAAID).

2.4. The Lipidomic Analysis of the SC
2.4.1. Lipid Collection and Preparation

Lipids were collected and adjusted for the conditions described by Sadowski et al. [18].
Briefly, the facial skin was cleansed and disinfected with 75% alcohol. Sampling was
conducted using D-Squame® tape disks (D100, 22 mm diameter, CuDerm Corporation,
Dallas, TX, USA) and a D500 D-Squame Pressure instrument (CuDerm Corporation, Dallas,
TX, USA) to apply a standardized pressure of 225 g/cm2 for 10 s at specific cheek sites. To
obtain sufficient SC material, sampling was repeated sequentially at the same site for a
total of five layers. Each tape strip was individually placed in a cryogenic tube to avoid
adhesion, clearly labeled with the layer number, and immediately stored at −80 ◦C until
lipid extraction.

The lipid extraction was performed following the protocol described by Fan et al. [12].
Briefly, SC samples were subjected to repeated freeze–thaw cycles in water, followed by
lipid extraction with a methyl tert-butyl ether/methanol (5:1, v/v) solution containing inter-
nal standards. After centrifugation, the supernatant was collected, dried under a vacuum,
and reconstituted in dichloromethane/methanol (1:1, v/v) for UPLC-MS/MS analysis.

2.4.2. UPLC-MS/MS Analysis

The lipidomic analysis was conducted based on the method developed by Xiahou et al. [19].
Chromatographic separation was achieved on a Waters ACQUITY UPLC HSST3 column
(2.1 × 100 mm, 1.8 µm, Waters Corp., Milford, MA, USA) using a Thermo Vanquish
UPLC system. Subsequently, a Thermo Q Exactive HFX mass spectrometer (Thermo Fisher
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Scientific, Bremen, Germany) was operated in both positive and negative ionization modes
to acquire full MS and MS/MS data.

2.4.3. Data Processing

The raw mass spectrometry data were converted into mzXML format using Prote-
oWizard. Thereafter, eXtensible Computational Mass Spectrometry (XCMS, version 3.2)
software was utilized for retention time correction, peak detection, extraction, integration,
and data alignment. Lipid identification was performed using XCMS, a custom R pro-
gram, and the Lipidblast database. Subsequently, the data were normalized using internal
standards. Processed peak area data were imported into SIMCA-P14.1 software (Sartorius
Stedim Data Analytics AB, Umea, Sweden) for multivariate statistical analysis, including
Orthogonal projections to latent structures–discriminant analysis (OPLS-DA). Lipids with
a Student’s t-test p-value < 0.05, as well as variable importance in the projection (VIP)
score > 1 from the first component of the OPLS-DA model, were considered statistically
significant differential biomarkers for group discrimination. A lipid ontology enrichment
analysis (LION/web) [20,21] was used to identify the major lipid metabolism pathways
enriched among the different groups.

2.5. Statistical Analysis

All statistical analyses were conducted using R (version 3.6.2). The normality of the
data distribution was assessed using the Shapiro–Wilk test. Data conforming to a normal
distribution were analyzed by Pearson’s correlation test, whereas Spearman’s correlation
test was used for non-normally distributed data. A p-value less than 0.05 was considered
statistically significant.

2.6. Declaration of Generative AI Use

During the draft preparation of this work, the authors used Yuanbao AI (version 2.47.0)
for initial language translation assistance from Chinese to English. All translated content
was subsequently thoroughly reviewed, revised, and finalized by the authors, who take
full responsibility for the final version.

3. Results
3.1. Correlation Analysis of Skin Hydration and Physiological Parameters

This study evaluated 21 biophysical skin parameters related to wrinkles, melanin,
elasticity, color, the SC composition, and dermal aging on the cheeks and crow’s feet of
60 female subjects. To identify parameters associated with skin hydration, Spearman’s
correlation coefficients were calculated. Of the twenty-one parameters, four demonstrated
significant correlations with skin hydration, including the SC thickness, SC hydration,
ceramide content, and lactate content (Figure 1). Specifically, SC thickness and ceramide
and lactate levels exhibited moderate correlations, whereas SC hydration demonstrated a
weak correlation with overall skin hydration.

3.2. Differences in Skin Physiological Indicators of LH and HH Groups

The Mann–Whitney U test revealed no significant difference in age between the LH
and HH groups (Table 1). The comparative analysis of the 21 skin physiological parameters
indicated that significant differences between the LH and HH groups were specific to skin
hydration and key SC properties (Table 1). Specifically, the HH group exhibited significantly
higher values than the LH group for skin hydration (73.861 ± 3.9725 vs. 32.911 ± 4.4613),
SC thickness (14.629 ± 2.2134 vs. 12.434 ± 2.2479), ceramide contents (1632.7 ± 485.88 vs.
1247.1 ± 280.33), and lactate contents (514.52 ± 258.25 vs. 316.4 ± 103.9) (all p < 0.05). In
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contrast, no significant difference was identified in the SC hydration content between the
groups, despite a trend toward a higher value in the HH group.

Figure 1. Correlations between various facial skin parameters and skin hydration. (a) Heatmap
illustrating the correlation matrix of different skin parameters. Data with p < 0.05 are marked
with an asterisk (*). On the heat map, red indicates a strong positive correlation, blue represents
a strong negative correlation, and white indicates no correlation. (b–e) Scatter plots depicting the
correlation between skin hydration and SC thickness (b), SC hydration (c), ceramide content (d),
and lactate content (e). EI (erythema index), MI (melanin index), a* (represents red and green
shades), b* (represents blue and yellow shades), ITA◦ (individual typology angle), L* (indicates color
brightness), Q0 (maximum recovery area), Q1 (gross elasticity), Q2 (net elasticity), Q3 (biological
elasticity), Rz (average maximum roughness), and Ra (arithmetic mean roughness).

Table 1. Differences in physiological indicators of LH and HH.

Variable LH Group HH Group p *

Age (years) 40.54 ± 6.09 42.21 ± 6.63 0.5007
Skin Hydration (a.u.) 32.911 ± 4.4613 73.861 ± 3.9725 <0.0001

SC Thickness (µm) 12.434 ± 2.2479 14.626 ± 2.2134 <0.05
SC Hydration (%) 591.67 ± 109.08 668.99 ± 84.536 0.0852

NMF Content (a.u.) 6.1557 ± 3.4311 8.683 ± 4.563 0.0517
Ceramide Content (a.u.) 1247.1 ± 280.33 1632.7 ± 485.88 <0.05

Cholesterol Content (a.u.) 0.5890 ± 0.2073 0.7979 ± 0.3296 0.1123
Urea Content (a.u.) 127.87 ± 65.864 139.32 ± 60.724 0.1417

Lactic Acid Content (a.u.) 316.4 ± 103.9 514.52 ± 258.25 <0.05
* p-value for the Mann–Whitney U test (Wilcoxon rank sum test).

3.3. Comparison of LH and HH Groups in SC Lipids
3.3.1. The Identification of Differential Lipids in the LH and HH Groups

Untargeted lipidomics was employed to conduct a comprehensive lipidomic analysis
of the facial SC of Chinese women in the LH and HH groups. OPLS-DA, a multivariate
statistical method with supervised pattern recognition, effectively eliminates variations
unrelated to the study groups, thereby facilitating the screening of differential lipids.
Lipidomics data are characterized by high dimensionality (a large number of detected
lipids) and a small sample size. These variables include both differential lipids related to
the group classification and a substantial number of non-differential variables that may be
intercorrelated. Therefore, applying the OPLS-DA statistical method enables the filtration of
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orthogonal variations unrelated to the grouping variable. Notably, the non-orthogonal and
orthogonal components are analyzed separately, thereby yielding more reliable information
on inter-group differences in lipids and their correlation with the experimental groups.
As shown in Figure 2a, the OPLS-DA score plot indicated a clear separation between the
lipid profiles of the two groups (R2Y = 0.781, Q2 = 0.617). Subsequently, a 200-response
permutation test was performed to assess potential overfitting of the OPLS-DA model. As
displayed in Figure 2b, the intercept of the Q2 regression line with the Y-axis was below
zero, and all permuted Q2 values on the left were lower than the original Q2 value on the
right, indicating that the constructed model was valid. Differential lipids between the LH
and HH groups were identified using a VIP score > 1 from the first principal component of
the OPLS-DA model and a p-value < 0.05 as the screening criteria. A total of 83 differential
lipids met these criteria, as detailed in Supplementary Table S1. The results were visualized
using a volcano plot, presented in Figure 2c.

(a) (b) (c) 

Figure 2. Differential SC lipids between the LH and HH groups. (a) OPLS-DA score plot. The
abscissa represents the predictive principal component score values, indicating the differences
between the groups. The ordinate represents the orthogonal component score values, indicating the
variation within the groups. Each scatter point represents an individual sample, with its shape and
color denoting the different experimental groups. A greater horizontal distance between samples
indicates a larger inter-group difference, while a closer vertical distance suggests better intra-group
reproducibility. (b) The permutation test plot. The abscissa represents the permutation retention
(the correlation of the permuted Y-variable with the original Y-variable). The ordinate represents the
values of R2Y and Q2. The blue dots indicate the R2Y values obtained from the permutation test, and
the red squares indicate the Q2 values. The two dashed lines represent the regression lines for R2Y
and Q2, respectively. The original model is considered valid as all permuted Q2 values (red squares)
on the left are lower than the original Q2 value on the right, and the intercept of the Q2 regression
line with the Y-axis is below zero. (c) A volcano plot of the differential lipids. Each point represents a
lipid. Lipids satisfying the criteria of a VIP score > 1 and a p-value < 0.05 were considered statistically
significant differential lipids between the two groups.

3.3.2. Analysis of Differential Lipids

To investigate the potential association between the skin lipidome and skin hydration, a
Spearman correlation analysis was conducted on the 83 differential lipids. The results revealed
that all 83 lipids exhibited a negative correlation with the skin hydration level. Notably, ten lipids
demonstrated a strong negative correlation (|r| > 0.8, p < 1.0 × 10−7) (Figure 3a), suggesting
that these lipids may play a critical role in regulating skin hydration. These ten strongly
correlated lipids comprised Cer/AP(t14:0/25:1), Cer/NS(d18:1/16:0), Cer/AS(d18:1/16:0),
Cer/NS(d18:1/16:1), Cer/NS(d17:1/16:1), ACar(26:0), Cer/AP(t17:0/24:0), Cer/AS(d17:1/16:0),
Cer/AP(t19:0/24:0), and Cer/AS(d16:1/17:0). Nine of the top ten lipids were ceramides,
including various subtypes such as ceramide alpha-hydroxy fatty acid–phytospingosine
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(Cer-AP), ceramide alpha-hydroxy fatty acid–sphingosine (Cer-AS), and ceramide non-
hydroxy fatty acid–sphingosine (Cer-NS). In addition, Acar (26:0) was also identified.
These findings suggest that the dysregulation of ceramide metabolism may represent a core
molecular feature underlying skin water loss and impaired barrier function. In addition
to these ten lipids, the majority of the remaining lipids also exhibited moderate negative
correlations, further supporting a broad association between the overall dynamics of the
skin lipidome and the skin hydration status.

(a) (b) 

Figure 3. Correlation and expression patterns of differential lipids associated with skin hydration
status. (a) Pie chart illustrating the proportion of lipids exhibiting a significant and highly negative
correlation with skin hydration status. The midline annotation indicates the p-value from the
correlation test, while both the color and the filled proportion of each segment represent the correlation
coefficient (r). (b) A heatmap displaying the relative abundance of different lipid classes in the LH
and HH groups. The x-axis represents the sample groups, and the y-axis lists the differential lipids
associated with each group. The color intensity within each tile reflects the relative expression
level of the corresponding lipid. Cer-ADS (ceramide alpha-hydroxy fatty acid–dihydrosphingosine),
Cer-EODS (ceramide esterified omega-hydroxy fatty acid–dihydrosphingosine), Cer-NDS (ceramide
non-hydroxyfatty acid–dihydrosphingosine), DGTS (diacylglyceryl trimethylhomoserine), FA (free
fatty acid), HexCer-NS (hexosylceramide non-hydroxyfatty acid–sphingosine), SM (sphingomyelin),
and TAG (Triacylglycerol).

Based on the LipidBlast database (https://fiehnlab.ucdavis.edu/projects/LipidBlast,
accessed on 24 November 2025), the 83 differential lipids were categorized into 12 distinct
lipid classes (Supplementary Table S2). The difference in the distribution of these lipid
classes between the LH and HH groups was analyzed by integrating their relative mean
abundances. All 12 classes were found to be significantly more abundant in the LH
group compared to the HH group (Figure 3b). These elevated lipid classes included
various ceramide subclasses (e.g., Cer-NS, Cer-AS, Cer-ADS), as well as HexCer-NS, SM,
acyl carnitines (Acar), TAG, diacylglyceryltrimethylhomoserines (DGTS), and free fatty
acids (FA).

3.3.3. Enrichment Analysis of Differential Lipids

The enrichment analysis was performed using the LION/web ontology tool to investi-
gate the functional implications of the differential lipids. A high matching rate of 98.79%
was achieved between the input lipids and the ontology database. The analysis revealed
statistically significant enrichment in three lipid categories and one cellular component
(Figure 4). The significantly enriched lipid terms comprised triacylglycerols [GL0301],
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sphingolipids [SP], and N-acylsphingosines (ceramides) [SP0201]. Additionally, the plasma
membrane was identified as a significantly enriched cellular component. These results indi-
cate that the lipidomic alterations between the LH and HH groups are primarily associated
with the sphingolipid metabolism and plasma membrane structure and function.

Figure 4. Enrichment analysis of significantly differential lipids using LION/web.

4. Discussion
The present study systematically investigated the core relationships between facial skin

hydration status and skin physiological parameters, the SC biochemical composition, and
lipid metabolism in healthy women. This work specifically addresses a critical knowledge
gap in the field. Previous research on dry skin has largely focused on analyzing individual
components, such as NMFs, cholesterol, or ceramide classes, often lacking a holistic and
unbiased analysis of the entire lipid metabolic network to identify systemic drivers. Our
lipidomics analysis revealed that low-hydration skin is not merely attributed to lipid
deficiency, such as ceramides, but rather a significant dysregulation of the overall lipid
metabolic profile, including various sphingolipids (SPs), glycerolipids (GLs), and FAs.
This finding challenges the common misconception of dry skin as a state of a simple lipid
shortage and redefines it as a state of systemic lipid metabolic imbalance. These findings
provide a new perspective for understanding the molecular mechanisms of skin dryness
and for developing targeted, metabolism-based therapies.

4.1. Multi-Dimensional Physiological Correlations of Skin Hydration

The results of this study indicate a moderate positive correlation between facial skin
hydration status and SC thickness, ceramides, and lactate contents, which is consistent
with the theory of skin barrier function. A thicker SC, as a crucial structural component
of the physical skin barrier, is often associated with better barrier function and a higher
hydration capacity [6]. Ceramides are key components of the intercellular lipids in the SC,
effectively preventing TEWL by forming dense lamellar structures [22]. Sufficient ceramide
content can reduce TEWL and improve skin hydration [23]. For instance, in patients with
AD, a significantly reduced ceramide content is observed in both lesional and non-lesional
skin, accompanied by increased TEWL and decreased hydration [24]. Furthermore, an
interventional study in adults demonstrated that the application of an emollient containing
specific moisturizing components significantly enhanced skin hydration and increased
the levels of the ceramides NS and AS, further supporting their positive correlation [25].
Additionally, as a vital element of NMFs, lactate supports hydration by attracting moisture
and replacing water molecules in dehydrated conditions, helping to preserve the fluidity
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of SC lipids and proteins [26]. Decreased lactate levels in mild AD are associated with
exacerbated skin dryness [27], underscoring their role in hydration. Notably, the SC hydra-
tion status measured via CRS exhibited only a weak correlation with the skin hydration
measured using the capacitance method (Corneometer®) (r = 0.277, p < 0.05). Further anal-
ysis revealed a significant positive correlation between SC hydration and NMFs (r = 0.342,
p < 0.01), whereas the correlation between skin hydration and NMFs did not reach statisti-
cal significance (r = 0.238, p = 0.068). This discrepancy may be attributed to differences in
measurement principles. CRS non-invasively and specifically detects the distribution of
water and the NMFs content within the SC, directly reflecting the hydration mechanisms
of NMFs at their primary site of action. This result is consistent with existing research
that indicates that NMFs components (e.g., urea and urocanic acid) maintain SC hydration
via hydrogen-bonding networks and lipid regulation [28]. Although studies suggest that
lower NMFs levels are directly associated with a dry skin state [29] and that the topical
application of NMFs components can significantly increase skin hydration [30], the lack of
a significant correlation between the capacitance-measured hydration and NMFs in this
study might be because the measurement based on the skin surface dielectric constant is
susceptible to various interfering factors. This method may lack the specificity to accurately
capture NMFs-related hydration changes, potentially leading to an attenuated correlation.
Therefore, future studies should expand the sample size and cautiously interpret hydration
data from different sources within an integrated multi-technical framework.

Additionally, this study found no significant correlation between the hydration status
and the crow’s feet parameters (Ra, Rz), skin color indicators (L*, a*, b*, ITA◦), MI, EI, or elas-
ticity in facial skin. This finding is highly consistent with the study by Mayrovitz et al. [31],
which also reported no significant association between skin firmness (mechanical proper-
ties) and hydration status, as measured by tissue dielectric constants in the mandibular
angle region. Notably, Mayrovitz et al. [32] reported a significant negative correlation
between the skin water content and the melanin index on the volar forearms of women.
However, this study demonstrated no similar association on the face, suggesting that this
water–pigment relationship may be dependent on age, site, and ethnicity. A previous
study conducted in Puerto Rico and the United States investigated the skin characteristics
of women of different ethnicities. Regueira et al. provided key evidence supporting a
negative correlation between skin color (L* value) and stratum corneum water contents and
revealed significant ethnic differences in this relationship [33]. The discrepancies between
the results of the present study and those reported in the literature further emphasize that
the relationship between skin hydration status and physiological parameters is influenced
by multiple factors. Hence, this analysis requires a comprehensive approach considering
specific populations and sites.

4.2. The Dysregulation of the Lipid Metabolic Network: The Core Molecular Feature of
Low-Hydration Skin

This study systematically elucidated the characteristics of the SC lipid composition
on the facial skin of Chinese women with high and low hydration levels using untargeted
lipidomics technology. The results revealed 83 differentially abundant lipids between the
two groups. All these lipids exhibited an upregulated trend in the LH group and were
widely distributed across 12 functional categories, including various ceramide subtypes
(Cer-EODS, Cer-AP, Cer-NS, Cer-AS, Cer-ADS), SM, Acar, TAG, DGTS, and FA. These
findings are consistent with the report by Xie et al. [13], which indicated that levels of GL,
SP, and FA in the SC of sensitive dry skin were actually higher than in healthy skin. This
suggests that impaired skin barrier function or poor hydration status may be accompanied
by compensatory upregulation or abnormal accumulation of specific lipid species.
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From a mechanistic perspective, the observed overall upregulation of lipids in low-
hydration conditions may originate from two biological processes. On one hand, it could
represent a compensatory response of the skin to impaired barrier function. When the
skin barrier is damaged due to dry environments or pathological factors, keratinocytes
upregulate lipid synthesis pathways to increase the synthesis and delivery of the inter-
cellular lipid matrix, attempting to repair the damaged barrier and reduce TEWL [34].
Schreiner et al. [35] found that a deficiency of Cer-EOS and Cer-EOH in young, dry skin
was often accompanied by a compensatory increase in Cer-NS and Cer-AS. A similar
pattern of specific lipid changes has been observed in patients with senile pruritus (where
skin dryness is a common clinical feature) [36]. Patients with AD exhibit characteristic
changes, including decreased levels of long-chain ceramides accompanied by increased
levels of short-chain ceramides [37,38]. On the other hand, abnormal accumulation due
to impaired lipid processing or secretion is also a plausible explanation. This mechanism
has been reported in various diseases and may be related to dysfunctions in key steps
of the lipid metabolism. In conditions associated with skin barrier impairment, such as
in atopic dermatitis or psoriasis patients, and in surfactant-treated skin, the content of
ω-esterified ceramides and phytosphingosine-based ceramides decreases, while the content
of sphingosine-based ceramides (namely CER-NS and CER-AS) increases [34].

Among the lipids demonstrating a strong negative correlation with skin hydration,
Cer-AP, Cer-AS, and Cer-NS predominated. Cer -NS contains a sphingosine long-chain base
and a fatty acid chain with a trans double bond, which tends to form a “bent conformation.”
This reduces hydrogen bonding with water molecules and promotes lipid–lipid hydrogen
bond formation, leading to looser lipid packing and the significantly increased water
permeability of the membrane [39]. The specific structure of Cer-AP is crucial for the
formation of the short periodicity phase and the maintenance of the overall integrity
of the SC barrier [40]. A decrease in Cer-AP contents directly weakens the hydrogen
bonding strength within the lipid matrix, causing a shift in lipid packing from the tight
orthorhombic phase to the loose hexagonal phase, ultimately exacerbating an increase in
TEWL [41]. Multiple studies have reported increases in CER-NS and CER-AS in atopic
skin [42], indirectly supporting the negative correlation between CER-NS, CER-AS, and
skin hydration.

ω-O-acylceramides (such as Cer-EOS and Cer-EOH) are indispensable for the proper
function of the skin barrier. These ceramides contain ultra-long-chain ω-hydroxylated acyl
chains esterified with linoleic acid and are core components for maintaining the structural
stability of the intercellular lipid matrix in the SC [43]. Schreiner et al. [35] found that
a deficiency of EOS and EOH ceramide types in dry skin was often accompanied by a
lack of intercellular lipid lamellar structures in the SC, directly leading to abnormalities
in the lamellar architecture. In this study, we observed that EODS ceramides (esterified
ω-hydroxy ceramides) exhibited a moderate negative correlation with skin hydration status.
Its increased level may indicate underlying lipid metabolic disturbances or compensatory
barrier dysfunction, a phenomenon highly consistent with the barrier regulatory mecha-
nism of ω-O-acylceramides: under normal physiological conditions, these ceramides need
to act synergistically in specific proportions to promote the formation of the long periodicity
phase and tight orthorhombic chain packing [43]. Any imbalance in the proportions of
these subtypes can affect the formation of normal lamellar structures in the intercellular
lipids, leading to decreased lipid order and increased barrier permeability and ultimately
triggering skin dryness [44].

It is important to note that lipid changes in dry skin exhibit significant heterogene-
ity [45], which may stem from the interplay of multiple factors, primarily including the
anatomical site, the etiology of dryness, and detection methodologies. First, the anatomical
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site is a critical determinant of lipid variations. The pattern of comprehensive ceramide
upregulation in facial skin observed in this study contrasts sharply with the trend of de-
creased ceramide contents in leg skin reported by Ishikawa et al. [46]. Conversely, other
studies have reported a decrease in total ceramide levels in dry forearm skin, accompa-
nied by a reduction in subtypes such as CER-NH, CER-NP, CER-EOS, CER-EOH, and
CER-EOP, alongside an observed increase in CER-AS [47]. Research indicates that the total
ceramide content in the leg and arm region is significantly higher than in the cheek [46],
and such physiological differences may lead to distinct lipid response patterns to dryness
stimuli across different skin sites. Second, the etiology of dryness directly influences the
characteristics of lipid alterations. Surfactant-induced dry leg skin demonstrates increased
levels of Cer-NS, Cer-EOP, and Cer-EOH, while Cer-NP levels decrease [48]. In contrast,
erlotinib-induced dry skin exhibits a declining trend only in Cer-AP and AH [14]. This
etiology-specific lipid response pattern suggests that dryness triggered by different mecha-
nisms may impact lipid metabolism through distinct pathways. Additionally, detection
methodologies cannot be overlooked. Notably, age, gender, race, and season further con-
tribute to the complexity of the lipid composition [18]. In summary, dry skin does not
manifest as a simple reduction in lipids but rather exhibits highly specific lipid remod-
eling. This remodeling pattern is jointly regulated by multi-dimensional factors such as
the anatomical site, the etiology of dryness, and ethnic influences. Future research must
establish a more refined classification system that comprehensively considers these factors
to accurately interpret the lipid metabolic characteristics of dry skin.

The enrichment analysis of the 83 differential lipids using the LION/web tool sug-
gested that these lipids were primarily enriched in lipid categories such as triacylglycerol
[GL0301], sphingolipids [SP], and N-acylsphingosine (ceramide) [SP0201], as well as the
plasma membrane cellular component. Hence, the lipidomic differences between the LH
and HH groups are mainly reflected in the imbalance of the sphingolipid metabolism
and TAG, as well as alterations in the plasma membrane structure and function. From
a functional perspective, these enriched categories collectively point to the homeostatic
maintenance mechanisms of the SC barrier. During terminal differentiation, TAG secreted
by lamellar bodies can be hydrolyzed by local lipases, releasing free FA that serve as direct
precursors for synthesizing key barrier lipids such as ceramides and cholesterol [37]. Ce-
ramides, as the most abundant lipids in the SC intercellular lipid matrix, must combine
with cholesterol and free FA in precise proportions to form densely packed bilayer struc-
tures, thereby effectively restricting TEWL. This study demonstrates that multiple ceramide
subtypes (e.g., Cer-NS, Cer-AP, and Cer-AS) are broadly upregulated in the LH group, but
imbalances in their subtype ratios may disrupt the optimal lipid composition, potentially
driving a transition in the lamellar structure from a tightly packed orthorhombic to a looser
hexagonal lattice, thereby increasing membrane permeability. Furthermore, sphingolipids
and their metabolites (e.g., sphingosine-1-phosphate and S1P) are not only structural
membrane components but are also key signaling molecules that regulate keratinocyte pro-
liferation, differentiation, and apoptosis [49]. The plasma membrane, as a critical interface
for lipid metabolism and signal transduction, undergoes compositional lipid changes that
may affect the terminal differentiation process of keratinocytes and the orderly secretion of
barrier lipids [50]. In summary, the global perturbation of the lipid metabolic network under
LH conditions—particularly the dysregulation of ceramide subtype ratios and alterations
in plasma membrane function—likely synergistically disrupts the normal organization of
the SC lipid bilayers, leading to increased water loss and thereby contributing to the patho-
physiological process of low skin hydration. From a comprehensive lipidomics perspective,
this study further reveals that sphingolipid metabolic disturbances and the consequent
changes in the plasma membrane lipid composition may constitute an important molecular
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basis for the decline in skin’s water-holding capacity. These findings reveal new clues for a
deeper understanding of skin dryness mechanisms. More critically, they directly reveal
the greatest opportunity for future intervention. Our results demonstrate that the most
significant intervention opportunity is not the broad “supplementation of lipids” but the
precise “modulation of the imbalanced lipid metabolic network”—specifically, restoring
the specific proportions among key ceramide subtypes (e.g., Cer-EOS, Cer-NS, and Cer-AP)
and rectifying the overall disruption of lipid metabolism. This provides definitive molecu-
lar targets and a theoretical basis for developing novel therapies that can fundamentally
restore skin barrier homeostasis. Such metabolism-targeted therapies (e.g., bioactive agents
that regulate key enzymatic activities), as opposed to mere supplemental moisturizers,
represent the forward path.

4.3. Study Limitations

This study aimed to explore the stratum corneum components associated with skin
hydration in a healthy population and to identify lipid molecules linked to low hydration
levels. While our lipidomic profiling provides novel insights into the systemic metabolic
imbalance underlying dry skin, several limitations should be acknowledged. First, the
relatively small sample size (LH group n = 11, HH group n = 19) may affect the power
of statistical tests and limit the generalizability of the findings. Second, the absence of
TEWL measurements, a gold-standard functional assessment of the skin barrier, represents
a significant limitation. Although our study focused on the association between hydration
status and lipidomic profiles, the lack of TEWL data prevents us from directly linking the
observed lipid dysregulation to functional barrier impairment. This omission hinders a
comprehensive understanding of the functional consequences of the lipidomic alterations
in LH skin. Furthermore, although our lipidomics analysis revealed correlations between
the skin hydration status and lipid metabolism, these findings have not been confirmed by
in vitro functional experiments. Thus, the specific roles of the differential lipids in skin wa-
ter retention remain obscure, limiting our ability to establish a causal relationship between
the lipidomic features and skin hydration status. Finally, the use of multiple detection
techniques may introduce potential batch effects; although standardized procedures were
implemented, this could still affect the stability of the results. Therefore, future research
should expand the sample size, incorporate key functional measurements like TEWL to
correlate lipidomic changes with barrier function, and incorporate various experimental
methods, such as cell/tissue models or targeted interventions, for functional validation to
enhance the robustness, generalizability, and causal inference of the conclusions.

5. Conclusions
In conclusion, this study provides multi-dimensional evidence supporting the close

association between skin hydration and the SC thickness, ceramide content, and lactate
levels. We employed untargeted lipidomics, revealing a global dysregulation of lipid
metabolism centered on ceramide metabolism in low-hydration skin. These findings offer
a novel systems biology perspective on skin barrier function and hydration mechanisms.
Our work not only deepens the understanding of the physiological basis of skin dryness
but also provides a critical theoretical foundation and potential biomarkers for developing
innovative skincare strategies that target the lipid metabolic network to alleviate skin
dryness and delay aging.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/cosmetics13010004/s1, Table S1: The relative contents of differen-
tially expressed lipids among the five groups; Table S2: The lipid classification table.
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SC Stratum corneum
TEWL Transepidermal water loss
NMFs Natural moisturizing factors
CRS Confocal Raman spectroscopy
MPT Multiphoton laser tomography
SAAID Skin Aging Index
ITA◦ Individual typology angle
MI Melanin index
EI Erythema index
OPLS-DA Orthogonal projections to latent structures–discriminant analysis
VIP Variable importance in the projection
Acar Acylcarnitine
Cer-ADS Ceramide alpha-hydroxy fatty acid–dihydrosphingosine
Cer-AP Ceramide alpha-hydroxy fatty acid–phytospingosine
Cer-AS Ceramide alpha-hydroxy fatty acid–sphingosine
Cer-EODS Ceramide Esterified omega-hydroxy fatty acid–dihydrosphingosine
Cer-NDS Ceramide non-hydroxyfatty acid–dihydrosphingosine
Cer-NS Ceramide non-hydroxyfatty acid–sphingosine
DGTS Diacylglyceryl trimethylhomoserine
FA Free fatty acid
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HexCer-NS Hexosylceramide non-hydroxyfatty acid–sphingosine
SM Sphingomyelin
TAG Triacylglycerol
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