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Abstract

:

The amount and distribution of ceramide, an intercellular lipid, in the fingernails of three Japanese women in their twenties were examined by high-performance liquid chromatography and antibody staining. In addition, the structural changes of fingernail cross sections were examined after fingernails were immersed in an acetone-based nail polish remover solution. The acetone-treated fingernails had a lower water content and higher water evaporation than the inner forearm skin and healthy fingernails, suggesting that they had compromised moisturizing and barrier functions and were more susceptible to roughness and damage. These results also suggest that, compared to healthy fingernails, rough fingernails are more prone to breakage and damage. Furthermore, it was found that the amount of ceramide decreased when fingernails were immersed in nail polish remover solution. The distribution showed ceramide to be present in the ventral and dorsal regions of the free edge of the fingernail plate. After immersion in nail polish remover, the three-layered structure of the free edge of the plate was intact, but the dorsal distal edge of the plate peeled off. Gaps were observed inside the free edge of the plate, which should have been layered. These results show that the frequent use of nail polish remover may worsen condition of fingernails.
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1. Introduction


The fingernail plate is formed from the fingernail matrix. The white area, called the lunula, is the developing fingernail that first appears on the surface of the fingernail matrix [1]. The fingernail is a modified keratin skin composed of dense hard keratin with a cystine content exceeding 10% [1]. The function of the fingernail is protecting the tips of fingers and toes, helping the bony tips of the fingers or toes to exert force when working or walking, and helping the fingertips to perform delicate tasks [2]. The nail matrix produces a nail plate consisting of an average of 196 cell layers [3] that are tightly bound and distributed in three anatomical layers: dorsal, intermediate, and ventral.



Nail matrix cells constantly replenish the nail matrix. Nail matrix cells are composed of stratified squamous epithelial cells bound together by a long rete ridge and sparse dermis. Mitosis occurs in the basal layer of the nail matrix, and the matrix is constantly being replaced. Nail matrix cells differentiate and constantly migrate upward, resulting in the abandonment of organelles and the condensation and flattening of cytoplasm. The pressure of this new buildup forces other cells (nail matrix) to move dorsally. Eventually, the cells lose their nuclei and become keratinized [1]. The division of nail matrix cells is continuous so that, unlike hair, which forms in cycles, nails form continuously. On the dorsal surface of the nail matrix, cells overlap to form a smooth surface, while on the ventral surface they are irregular and can interconnect with the nail bed.



Cholesterol is the major lipid component of the nail matrix. The stratum corneum has a lipid content of 10% and a moisture content of 20–40%, whereas the nailfold has a lipid content of 0.1–1% and a moisture content of 7–12% (depending on the relative humidity) [4].



Fingernails have a lower water content [5] and higher water evaporation [6] than other parts of the skin. This may be because intercellular lipids, such as sphingolipids, which play a role in skin barrier function, are less abundant on the fingernail plate surface than on other parts of the skin [5,7].



The free edge of the plate is the most fragile part of the fingernail. In healthy adults, the health of the fingernail is impaired when the surface of the fingernail plate is thinly peeled at the free edge or when the fingernail plate surface is easily peeled, brittle, or cracked due to the excessive use of nail polish remover. A fingernail’s elasticity and flexibility are related to its water content, and it has been reported that fingernails are less likely to break or split into two when the water content in the fingernail plate is 13% to 17% [8], suggesting that fingernails with adequate water content are not too rigid or flexible and are less likely to break or chip. However, if the water content of the fingernail matrix is reduced due to the stripping of the moisturizing components in the fingernail matrix (e.g., due to the excessive use of nail polish remover, frequent contact with detergents, or the dryness of the air), the fingernail becomes brittle. It has also been reported that the thickness of the fingernail plate is inversely related to the amount of water evaporation and that the amount of water evaporation is higher when the fingernails are thin [9], suggesting that fingernails with high water evaporation are more susceptible to cracking and chipping. Therefore, the state of fingernail health can be determined by measuring the water content, water evaporation, and intercellular lipid content of the fingernails.




2. Materials and Methods


2.1. Measurement of Water Content and Water Evaporation


The physiological state of fingernails was examined by measuring the water content and water evaporation in healthy and rough fingernails. Healthy and rough fingernails were identified from images. The water content was measured by a SKICON-200EX (Yayoi Co. Ltd., Tokyo, Japan), and the water evaporation was measured by a Tewameter (Courage + Khazaka Electronic GmbH, Cologne, Germany). We conducted this research following the ethical principles and ethical guidelines for medical research involving human subjects in accordance with the Declaration of Helsinki (revised October 2013). After receiving approval from the ethics committee (E16BS-039; 16 March 2017), we sufficiently explained the aim, details, and methods of this study to the subjects (ten Japanese women between the ages of 21 and 23) and then obtained their written consent to participate in the study.




2.2. Nail Polish Remover Immersion Treatment


A commercially available nail polish remover solution with acetone as its main ingredient (ingredients: acetone, water, butyl acetate, and PG) was used. The free edges of fingernail plates were cut with fingernail clippers, soaked in nail polish solution for 1 day at room temperature, rinsed with tap water, and dried in an incubator at 37 °C.




2.3. Assay of Ceramide in the Stratum Corneum of the Forearm by Thin-Layer Chromatography (TLC)


The stratum corneum of the inner forearm was sampled by applying adhesive tape strips five times, and the resulting stratum corneum was dispersed by adding 200 μL of dispersion solution (0.1 mol/L Tris-HCl buffer (pH 8.5) containing 5 mM EDTA and 2% sodium dodecyl sulfate (SDS)) to an Eppendorf tube and mixing it with 250 μL of lipid extraction solvent (2:1 chloroform/methanol). Then, the mixture was centrifuged, and the lower layer was collected for lipid extraction. After development with a hexane/diethyl ether/acetic acid solution (80:20:1) for lipid extraction on the TLC plate (TLC Silica gel 60 F254 20 Aluminum sheets, Merck & Co., Inc., Rahway, NJ, USA), a copper sulfate phosphate solution (copper sulfate (CuSO4) dissolved in 15% phosphoric acid (H3PO4) to make a 3% (weight/volume) solution) was sprayed, and the sample was heated to stain and image lipids. The spot corresponding to the Rf value of the free fatty acids on the TLC plate was scraped off with a knife and transferred to a microtube. Then, 1 mL of mixed solvent (chloroform/methanol = 2:1) was added, and the mixture was stirred. The supernatant was collected, the solvent was evaporated, and the residue was dissolved in acetonitrile (ACN) and analyzed by high-performance liquid chromatography (HPLC). Cholesterol, oleic acid, and TIC-001 (dihydrosphingolipid; Takasago International Corporation, Tokyo, Japan) were used as positive controls.




2.4. Measurement of Ceramide Content in the Stratum Corneum of the Forearm by HPLC


Adhesive tape strips were applied to the inner forearm stratum corneum five times, and the resulting stratum corneum sample was dispersed by adding 200 μL of dispersion solution (0.1 mol/L Tris-HCl buffer (pH 8.5) containing 5 mmol/L EDTA and 2% sodium dodecyl sulfate (SDS)) to an Eppendorf tube and mixing it with 250 μL of lipid extraction solvent (2:1 chloroform/methanol) and 2 μL of C17 sphingosine. Then, the mixture was centrifuged, and the lower layer was collected. The upper layer was used for the protein content measurement. Subsequent operations were performed as stated above with the fingernail plates.



The surfaces of the fingernail plates were scraped, and the sample (1.0 mg) was incubated with 1.2 mL of lipid extraction solvent (chloroform/methanol = 2:1) for 1 day. Then, 500 μL was dispensed, and 2 μL of 0.1 mmol/L C17 sphingosine (Sigma-Aldrich Co. LLC., St. Louis, MO, USA), an internal standard, was added. CaCl2 (5 mmol/L) and 25 μL of 25 mmol/L sodium acetate buffer (pH 5.5) containing 2% Triton X-100 and 4 μL of sphingolipid ceramide N-deacylase (SCDase; Takara Bio Inc., Shiga, Japan) were added and incubated for 2 h at 37 °C. The reaction was stopped by adding 200 μL of lipid extraction solvent (chloroform/methanol = 2:1), and then 15 μL of pure water was added. After centrifugation, the lower layer of the extraction was collected. The lower layer was evaporated, 120 μL of ethanol and 15 μL of an OPA solution were added, and the solution was incubated at 70 °C for 1 h [10]. The OPA solution was prepared by constantly stirring while adding 1 mg of ortho-phthalaldehyde to 10 μL of ethanol, 2 μL of 2-mercaptoethanol, and 0.99 mL of a 3% boric acid buffer (pH 10.5) and allowing the solution to incubate at 70 °C for 20 min. The upper layer was used to measure the amount of protein.



The enzyme SCDase, which acts on ceramide to produce sphingoids and fatty acids, and an OPA derivative were used to fluorescently label the amino groups of the sphingoids to identify ceramide-derived sphingoids by HPLC [11,12]. Three types of sphingoids, D-sphingosine (Tokyo Chemical Industry Co., Ltd., Tokyo, Japan), D-erythro-dihydrosphingosine (Sigma-Aldrich Co. LLC.), and phytosphingosine (Tokyo Chemical Industry Co., Ltd.) were used at 0.2 μg/mL (Figure 1). Hydroxysphingosine could not be calculated because there was no standard available.



	
HPLC conditions:



	
Column used: CAPCELLPAK C18 (UG120; 5 μm, 4.6 mm I.D. × 250 mm, Osaka Soda Co., Ltd., Osaka, Japan);



	
Flow rate: 1 mL/min;



	
0~20 min: 80% methanol, 20% 0.1% acetic acid;



	
20~25 min: 100% methanol;



	
25~45 min: 80% methanol, 20% 0.1% acetic acid;



	
Detection wavelengths: excitation 335 nm, emission 440 nm.







2.5. Protein Assay


BSA (2 mg/mL stock solution) was diluted with PBS to 0.2, 0.1, 0.05, 0.025, 0.0125, 0.00625, and 0.003125 mg/mL. The reaction solution was prepared by mixing BCA Protein Assay Reagent A and Protein Assay Reagent B from the Pierce™ BCA Protein Assay Kit (Thermo Fisher Scientific Inc., Waltham, MA, USA) at 50:1. Ten microliters each of BSA and the upper layer of fingernail and forearm skin samples were placed in a 96-well plate. After incubation at 37 °C for 2 h, the absorbance at 562 nm was measured.




2.6. Observation of the Free Edge of the Fingernail Plate cross Section and Nuclear Staining/Immunostaining


The isolated free edge of the fingernail plate was embedded in optimal cutting temperature (OCT) compound (Sakura Finetek Japan Co., Ltd., Tokyo, Japan), and 10 μm thick frozen sections were prepared using a cryostat (Leica Biosystems Nussloch GmbH, Wetzlar, Germany) and stained with toluidine blue and DAPI (Dojindo Chemical Research Institute, Kumamoto, Japan). Antibody staining was performed for observation. An anti-ceramide mouse IgM antibody (Glycobiotech GmbH, Hamburg, Germany) and an anti-glucosylceramide rabbit antibody (Glycobiotech GmbH) were used as primary antibodies, and an F(ab’)2-goat anti-mouse IgG/IgM (H + L) secondary antibody with an Alexa Fluor® 488 conjugate (Thermo Fisher Scientific Inc.) and an F(ab’)2-goat anti-rabbit IgG (H + L) cross-adsorbed secondary antibody with Alexa Fluor® 546 (Thermo Fisher Scientific Inc.) were used as secondary antibodies.




2.7. Statistical Analysis


The data obtained from each experiment are expressed as means ± standard deviations for n = 3 to 5. Microsoft Excel (Microsoft, Redmond, WA, USA) was used for statistical analyses, and significant differences are indicated by *: p < 0.05, **: p < 0.01, and ***: p < 0.001.





3. Results


3.1. Measurement of Water Content and Water Evaporation


Figure 2a shows images of healthy and rough fingernails. As shown in Figure 2b, the rough fingernails had a lower water content and higher water evaporation than the healthy fingernails. In addition, the rough fingernails had a lower water content and higher water evaporation than the inner forearm skin (Figure 2c). After the stratum corneum lipids of the inner forearm were separated by TLC (Figure 2d) and treated with SCDase, sphingosine was found to be the main ceramide in the sample, as measured by HPLC (Figure 2d). In the fingernail plate, however, sphingosine was not found since there was little ceramide in the fingernail plate and dyeing during TLC was unsuccessful. Sphingosine-type ceramides and phytosphingosine-type ceramides were less abundant in the surface samples of healthy fingernail plates than in the samples acquired from the inner forearm stratum corneum (Figure 2e). However, there was no difference in the dihydrosphingosine-type ceramides in the healthy fingernail plate and in the inner forearm stratum corneum samples (Figure 2e).




3.2. Ceramide Measurement of Normal Fingernail Plates and Polish-Remover-Soaked Free Edges of Fingernail Plates by HPLC


Figure 3 shows the sphingoid concentration in the normal free edges of fingernail plates and nail polish remover soaked fingernail plates analyzed by HPLC after SCDase treatment. Three types of sphingoids, sphingosine, phytosphingosine, and dihydrosphingosine, were measured. Dihydrosphingosine-type ceramides were the most abundant ceramide in the normal free edges of fingernail plates. The presence of sphingosine-type ceramides and phytosphingosine-type ceramides was decreased in the nail polish remover soaked fingernail plates, showing a significant difference from the normal free edges of fingernail plates.




3.3. Observation of Cross Sections of the Normal Free Edges of Fingernail Plates and the Nail Polish Remover Soaked Free Edges of Fingernail Plates


Figure 4 shows cross sections of normal free edges of fingernail plates, and nail polish remover soaked free edges of fingernail plates were observed after staining with toluidine blue. There were evident differences in the thicknesses of the normal fingernails and the proportions of the dorsal, middle, and ventral fingernail regions among the three subjects; while the dorsal fingernail region of the fingernail of subject No. 2 was only slightly visible, it was layered in subjects No. 1 and No. 3. A three-layered structure was also observed in the free edges of the fingernail plates immersed in the nail polish remover solution. However, the dorsal free edges of the fingernail plates were peeled off, and gaps were observed on the inside, which, in healthy samples, should have a layered structure.




3.4. Anti-Ceramide Antibody Staining and Nuclear Staining of Cross Sections of Normal Free Edges of Fingernail Plates and Nail Polish Remover Soaked Free Edges of Fingernail Plates


The upper row of Figure 5a shows that ceramide was observed in the ventral portions of the normal free edges of the fingernail plates of subjects No. 1, No. 2, and No. 3. Subjects No. 1 and No. 3 showed ceramides in the dorsal free edges of the fingernail plates. The lower row in Figure 5a shows ceramides in the nail polish remover soaked free edges of the fingernail plates. The ceramide levels in the ventral free edges of the fingernail plates were reduced by immersion in the nail polish remover solution in all subjects. Subjects No. 1 and No. 3 showed small amounts of ceramides in the dorsal free edges of the fingernail plates treated by immersion in nail polish remover solution.



The upper row of Figure 5b shows that all three subjects had glucosylceramides in the ventral free edges of the fingernail plates. Subject No. 3 had glucosylceramide in the entire dorsal free edge of the fingernail plate, in addition to the ventral free edge of the fingernail plate. The lower row of Figure 5b shows that little glucosylceramide was observed in the nail polish remover soaked free edges of the fingernail plates. Only subject No. 3 showed a small amount of glucosylceramide on the dorsal surface of the free edge of the fingernail plate after immersion in nail polish remover solution.



These results indicate that the nail polish remover treatment decreased the ceramide and glucosylceramide levels in the free edges of fingernail plates.



Nuclear staining was also performed on the samples. The upper row in Figure 5c shows that nuclei were observed on the ventral free edges of the fingernail plates in all subjects. Fewer nuclei were observed at the free edges of the fingernail plates immersed in nail polish remover solution than at the free edges of the normal fingernail plates (lower row in Figure 5c).





4. Discussion


Scanning electron microscopy (SEM) has revealed that, regardless of age, fingernails have a three-layered structure consisting of dorsal, middle, and ventral regions and that the surface is lined with keratinocytes similar to the cuticle of a hair [1]. However, it has been reported that, with aging, the dorsal region becomes damaged, and the degree of cuticle-like substance detachment increases [13]. It was reported that there was no significant correlation between the nailfold thickness and the water evaporation from the nail plate [14]. However, Murdan et al. found an inverse linear relationship between transonychial water loss (TOWL) and nail thickness [15]. The factors that cause changes in fingernail morphology have been classified into two categories: internal and external [13]. Internal factors may include age, physical condition, and dietary status, while external factors may include the excessive use of nail polish remover and detergents and seasonal factors. Clearly, fingernails are very delicate parts of the body. The fingernail is much more fragile than the forearm skin because its barrier function is weaker and it is easily roughened. One factor that makes a large difference between the strength of fingernails and forearm skin is ceramide, an intercellular lipid in the stratum corneum.



Ceramide is a general term for compounds consisting of fatty acid amides bonded to the amino groups of sphingoid bases, and they are major intercellular lipids in the outermost layer of the skin. Ceramides form a network of hydrogen bonds with hydrogen molecules in the stratum corneum, construct a lamellar structure containing water molecules as structural units, and are involved in moisture retention and skin barrier functions. Intercellular lipids consist of 50% sphingolipids, 20% cholesterol esters, 10% cholesterol, and 20% fatty acids; 95% of sphingolipids are ceramides [16]. Mammalian sphingoid bases include dihydrosphingosine, sphingosine, phytosphingosine, and 6-hydroxysphingosine, while fatty acids include nonhydroxy fatty acids, α-hydroxy fatty acids, and ester ω-hydroxy fatty acids. As a result of different factorial combinations of these bases, a total of 12 classes of ceramides exist [17,18]. The HPLC fractionation of the major ceramide in the human forearm stratum corneum samples separated by TLC revealed a high percentage of the sphingosine-type ceramide, which was consistent with the report by Ponec et al. [19]. Although van Smeden et al. reported that the phytosphingosine-type ceramide is the major ceramide in the human forearm stratum corneum [20,21], a different extraction solvent, chloroform/MeOH/water (1:2:1/2; 1:1:0; and 2:1:0) may have resulted in the detection of more highly polar phytosphingosine-type ceramides. Here, the dihydrosphingosine-type ceramide was not abundant in the surface samples of the dorsal fingernail plate, but the dihydrosphingosine-type ceramide was abundant in the isolated free edges of the fingernail plates. This suggests that the dihydrosphingosine-type ceramide is more abundant in the ventral than in the dorsal region of the free edge of the fingernail plate. This is supported by reports that cultured keratinocytes have high levels of dihydrosphingosine-type ceramides [22].



According to the results of the ceramide content analyzed by HPLC and the results of anti-ceramide antibody staining, the experimental immersion treatment in the nail polish remover solution reduced the ceramide content in the dorsal and ventral portions of the fingernails, and the amount of ceramide detected by HPLC was also decreased. The glucosylceramide in the ventral fingernail portions was also decreased by immersion in the nail polish remover solution. We hypothesized that ceramide derived from sphingosine was the largest determinant of fingernail condition. The observation of cross sections of the free edges of the fingernail plates cut with a cryomicrotome suggested that soaking with nail polish remover causes delamination, resulting in brittle fingernails on the dorsal and ventral sides of the finger. Fingernail ceramide is important to maintain a normal nail barrier function because water evaporation from the fingernail surface is increased in rough nails and the sphingosine-type ceramide and the phytosphingosine-type ceramide are reduced by immersion in nail polish remover solution.



Antibody staining revealed the presence of nuclei and glucosylceramide in the ventral fingernail area, suggesting that ceramide is produced in the area closest to the fingernail matrix. The presence of nuclei in the ventral fingernail area suggested that ceramide may be related to the matrix cells in the fingernail matrix, where the fingernail is formed. Healthy fingernails have a three-layered structure (dorsal, middle, and ventral fingernail regions). The thickness of the fingernail and the ratio of the three layers vary from person to person. It is thought that acetone penetrates into the fingernail, disrupts ceramide alignment, and reduces the moisture between the layers, which causes the three layers to be disrupted and the fingernails to peel, making them more brittle. These results suggest that there is a relationship between fingernail condition and ceramide.



To achieve healthy fingernails that are less prone to roughness, it is important to improve the barrier function. The first step toward healthy fingernails is to refrain from wearing nail polish, but this can be difficult. Moreover, it is important to minimize the external and internal factors that cause fingernails to become rough. It is important to avoid applying organic solvents such as nail polish remover to the fingernails and to treat and care for the fingernails.




5. Conclusions


The ventral free edge of the fingernail plate area, which is separated from the fingernail bed, contains the nucleus, glucosylceramide, and ceramide, while the dorsal free edge of the fingernail contains ceramide. Experimental studies have shown that nail polish remover decreases the ceramide content of the fingernail, creating gaps in the layered interior. These findings show that the frequent use of nail polish remover may aggravate the condition of the fingernail.
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Figure 1. Four types of sphingoids are produced by the hydrolysis of ceramide by SCDase: sphingosine (4-sphingenine), dihydrosphingosine (sphinganine), phytosphingosine (4-hydroxysphinganine), and hydroxysphingosine (6-hydroxysphingosine). 
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Figure 2. Fingernail images, water content, and water evaporation. (a): Healthy and rough fingernail images. (b): Fingernail water content and water evaporation of healthy and rough fingernail plates. n = 5, means ± standard deviations, **: p < 0.01. (c): Comparison of water content and water evaporation of fingernail plates and inner forearm skin. n = 4, means ± standard deviations, **: p < 0.01, ***: p < 0.001. (d): The main ceramide in the stratum corneum of the inner forearm was separated by TLC and measured by HPLC after SCDase treatment. (e): Comparison of ceramide types on the surface of healthy fingernail plate and inner forearm stratum corneum samples. n = 3, means ± standard deviations, **: p < 0.01, ***: p < 0.001. 






Figure 2. Fingernail images, water content, and water evaporation. (a): Healthy and rough fingernail images. (b): Fingernail water content and water evaporation of healthy and rough fingernail plates. n = 5, means ± standard deviations, **: p < 0.01. (c): Comparison of water content and water evaporation of fingernail plates and inner forearm skin. n = 4, means ± standard deviations, **: p < 0.01, ***: p < 0.001. (d): The main ceramide in the stratum corneum of the inner forearm was separated by TLC and measured by HPLC after SCDase treatment. (e): Comparison of ceramide types on the surface of healthy fingernail plate and inner forearm stratum corneum samples. n = 3, means ± standard deviations, **: p < 0.01, ***: p < 0.001.
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Figure 3. Ceramide content of the normal free edges of fingernail plates and the nail polish remover soaked free edges of fingernail plates measured by HPLC. n = 3, means ± standard deviations, *: p < 0.05. 






Figure 3. Ceramide content of the normal free edges of fingernail plates and the nail polish remover soaked free edges of fingernail plates measured by HPLC. n = 3, means ± standard deviations, *: p < 0.05.



[image: Cosmetics 09 00125 g003]







[image: Cosmetics 09 00125 g004 550] 





Figure 4. Cross-sectional observations of the normal free edges of the fingernail plates (left: No. 1, middle: No. 2, right: No. 3) and the nail polish remover soaked free edges of fingernail plates (left: No. 1, middle: No. 2, right: No. 3). 






Figure 4. Cross-sectional observations of the normal free edges of the fingernail plates (left: No. 1, middle: No. 2, right: No. 3) and the nail polish remover soaked free edges of fingernail plates (left: No. 1, middle: No. 2, right: No. 3).
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Figure 5. Cross-sectional anti-ceramide antibody staining and nuclear staining of healthy and nail polish remover soaked free edges of fingernail plates. (a): Cross-sectional anti-ceramide antibody staining of normal free edges of fingernail plates and nail polish remover soaked free edges of fingernail plates (left: No. 1, middle: No. 2, right: No. 3). (b): Cross-sectional anti-glucosylceramide antibody staining of the normal free edges of fingernail plates and nail polish remover soaked free edges of fingernail plates (left: No. 1, middle: No. 2, right: No. 3). (c): Nuclear staining of normal free edges of fingernail plates and nail polish remover soaked free edges of fingernail plates (left: No. 1, middle: No. 2, right: No. 3). 






Figure 5. Cross-sectional anti-ceramide antibody staining and nuclear staining of healthy and nail polish remover soaked free edges of fingernail plates. (a): Cross-sectional anti-ceramide antibody staining of normal free edges of fingernail plates and nail polish remover soaked free edges of fingernail plates (left: No. 1, middle: No. 2, right: No. 3). (b): Cross-sectional anti-glucosylceramide antibody staining of the normal free edges of fingernail plates and nail polish remover soaked free edges of fingernail plates (left: No. 1, middle: No. 2, right: No. 3). (c): Nuclear staining of normal free edges of fingernail plates and nail polish remover soaked free edges of fingernail plates (left: No. 1, middle: No. 2, right: No. 3).
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