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Abstract
Background
Sphingomyelin synthase (SMS) is the only enzyme that synthesizes sphingomyelin from ceramide. The role of sphingomyelin synthase in epidermis is being understood, but there is no report on its role in the dermis. Quantitative and qualitative evaluation of collagen in SMS2-deficient mice reveals the role of SMS2 in collagen production.

Methods
SMS2-deficient mice were used for in this study. The dermis thickness was measured by Elastica van Gieson staining, the collagen fiber was observed by Scanning Electron Microscopy, the collagen content by ELISA, the ceramide and sphingomyelin content by Thin Layer Chromatography, the collagen-generating and metabolizing gene expression level by RT-PCR, and MMP13 protein level was measured by western blotting.

Results
Thinner dermis in these mice compared to wild-type mice. A reduced number of collagen fibers were observed, and decreased levels of type I collagen and sphingolipids. Gene expression levels of collagen production-related genes in the dermis were found to be unaltered. The expression of several genes related to collagen degradation was found to be affected. The expression level of TNFα and MMP13 and MMP13 protein levels were increased relative to those of wild-type mice, while the expression level of TIMP1 was decreased.

Conclusions
These results indicate that SMS is involved not only in maintaining the sphingolipid content of the epidermal barrier but also in maintaining collagen homeostasis. Further elucidation of the role of SMS2 in the skin may lead to SMS2 comprising a new target for the treatment of skin diseases and the development of functional cosmetics.
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Introduction
The skin is composed of the epidermis and dermis. To maintain the structure of the skin, the extracellular matrix in the dermis plays an important role. In particular, the quality and quantity of collagen in the dermis are important for maintaining healthy skin (Uitto et al., 1989). Collagen is known to decrease with age (Shuster et al., 1975), and reduction and degeneration of collagen in the skin are related to wrinkle formation (Ganceviciene et al., 2012). Collagen in the dermis is biosynthesized in fibroblasts (Park et al., 2009). COL1A1 comprises the alpha chain of collagen, COL2A1 comprises the beta chain, and two alpha chains and one beta chain are cross-linked by lysyl oxidase to form the triple-helical structure of this protein (Sharma-Bhandari et al., 2015).
When exposed to ultraviolet rays, the level of reactive oxygen species increases in the skin (Masaki, 2010; Amano, 2016). In addition, it has been reported that matrix metalloproteinase I (MMP-1) levels are reduced by UVB irradiation and aging (Lago & Puzzi, 2019). Thus, external stimulation may also affect the quantity of collagen in the skin by increasing or decreasing the activity of specific enzymes.
The epidermis functions as a stratum corneum barrier (van Smeden et al., 2014; Elias et al., 1981). This barrier is critical as it prevents the evaporation of water from the body and it prevents foreign bodies from entering. The stratum corneum barrier is also key because of its interstitial lipid content, and many researchers report that a high ratio of ceramide is particularly important (Elias et al., 1981). Ceramide is synthesized in the body by condensing serine and palmitoyl CoA (Holleran et al., 1990). Ceramide (Cer) is accumulated in the upper stratum granulosum layer as sphingomyelin (SM) or glucosylceramide by sphingomyelin synthase or glucosylceramide synthase, respectively (Yamaoka et al., 2004; Futerman & Pagano, 1991). Thereafter, ceramide is released into the stratum corneum by sphingomyelinase or beta-glucocerebrosidase (Breiden & Sandhoff, 2014).
Sphingomyelin synthase (SMS) has three isozymes, SMS1, SMS2, and SMS-related protein (SMSr), which catalyze the synthesis of sphingomyelin from ceramide (Huitema et al., 2004). SMS2-deficient mice show significantly decreased ceramide NS and AS content in the stratum corneum and decreased epidermal SM (Nomoto et al., 2018). In addition, transepidermal water loss is significantly increased. Thus, overall, the barrier function of the skin is reduced in these mice (Nomoto et al., 2018).
In the present study, we investigated the role of SMS2 in the dermis of the skin with the use of a murine SMS2-knockout model. We hypothesized that a decrease in stratum corneum barrier function causes an inflammatory reaction in the skin and that a specific cell signal changes the collagen content of the dermis. The purpose of this study was, therefore, to quantitate the collagen, sphingomyelin, and ceramide content in the dermis of SMS2-deficient mice, and to analyze the mechanisms underlying the observed variations relative to wild-type mice through gene expression analysis, so as to further elucidate the function of SMS2 in the skin.
Materials and methods
Animals
SMS2-knockout (SMS2-KO) mice with a C57BL/6 background were generated by homologous recombination using targeted vectors. The mice were kept under a 12-h light/dark cycle in a conventional animal room maintained at 22 ± 2 °C and 55 ± 5% humidity. Seven- to 9-week-old male SMS2-KO and WT mice were used for all experiments. All procedures were approved by the Ethics Committee of Josai University, and all methods were implemented in accordance with Josai University’s relevant animal care and use guidelines and regulations (approval no. JU 18095).
Materials
A Mouse Type I Collagen Detection Kit, and pepsin and elastase from porcine pancreas were purchased from Chondrex, Inc. (Redmond, WA, USA). Anti-MMP13 antibody (ab39012) and anti-GAPDH antibody were purchased from Abcam, Inc. (Cambridge, Cambridgeshire, UK) and Cell Signaling Technology, Inc. (Danvers, MA, USA), respectively. Other reagents were purchased from Fujifilm Wako Pure Chemical Industries, Ltd. (Osaka, Japan) and used without further purification.
Preparation of tissue sections and measurement of dermal thickness
Skin samples were fixed in buffered formaldehyde, embedded in paraffin, sectioned (5 mm), and subjected to Elastica van Gieson staining for the differential staining of collagen fibers. Images were analyzed for dermal thickness using the BZ-X Analyzer (Keyence, Osaka, Japan). The dermal thickness was measured at 30 different locations per sample to calculate the average thickness.
Observation of collagen fibers by scanning electron microscopy
The full-thickness skin samples were fixed by immersion in 2.5% glutaraldehyde at 4 °C for 24 h. The fixed skin was immersed in 2N NaOH for 7 days, washed with distilled water, and then dehydrated with 70, 80, 90, and 100% ethanol. Samples were immersed in tert-butyl alcohol and frozen at − 20 °C. The freeze-dried skin was observed for collagen fibers using a scanning electron microscope X-ray analysis system, S-3000N (Hitachi High Technologies Corporation, Tokyo, Japan).
Collagen density was calculated using collagen from the whole image by ImageJ. Collagen density was compared to the average collagen density of WT mice. Collagen density was compared to the average collagen density of WT mice. Collagen fiber width was averaged from 30 different locations per sample from the image by ImageJ.
Determination of type I collagen by ELISA
The skin tissue samples were treated with pepsin and elastase to measure the type I collagen content. Type I collagen in the skin samples was quantified according to the manufacturer’s instructions, with the use of a microplate reader (SpectraMax M2e; Molecular Devices, Sunnyvale, CA, USA). From the obtained calibration curve, the obtained quantities of collagen were corrected based on the size of the area of observation and the dermal thickness, allowing calculation of the amount of collagen per unit volume.
Quantitative RT- PCR
Total RNA was extracted from the samples with RNAiso Pius reagent according to the manufacturer’s protocol, and then reverse-transcribed with the PrimeScript RT Reagent Kit. PCR reactions were performed with Power TB Green Premix Ex Taq and the amplification conditions were as follows: 95 °C for 30 s for 1 cycle, 40 cycles of 95 °C for 5 s and 60 °C for 30 s, followed by 1 cycle of 95 °C for 15 s, 60 °C for 1 min, and 95 °C for 15 s. The following primer sets were used: Gapdh forward 5′-CCATGGAGAAGGCTGGGG-3′, Gapdh reverse 3′-CAACAGCGGTGCAGGTAAGTG-5′, Tgf-β1 forward 5′-GCAGCACGTGGAGCT GTA-3′, Tgf-β1 reverse 3′-CAGCCGGTTGCTGAGGTA-5′, Fli1 forward 5′-ACTTGG CCAAATGGACGGGACTAT-3′, Fli1 reverse 3′-CCCGTAGTCAGGACTCCCG-′, Smad3 forward 5′-CAACATGAAGAAGGATGAAGT-3′, Smad3 reverse 3′-AACACT GGAGGTAGAACTG-5′, Col1a1 forward 5′-GCCAAGAAGACATCCCTGAAG-′, Col1a1 reverse 3′-TGTGGCAGATACAGATCAAGC-5′, Tnf-α Forward 5′-CCCACGTCG TAGCAAACCAC-3′, Tnf-α reverse 3′-GCAGCCTTGTCCCTTGAAGA-5′, Timp1 forward 5′-GGCATCTGGCATCCTCTTG-3′, Timp1 reverse 3′-GGTGGTCTCGTTGAT TTCTGG-5′, Mmp13 forward 5′-GCCAGAACTTCCCAACCA T-3′, Mmp13 reverse 3′-TCAGAGCCCAGAATTTTCTCC-5′, respectively. The quantity of each transcript was analyzed with the StepOnePlus Real-Time PCR System (Applied Biosystems, Foster City, CA, USA) and data were normalized to that of the internal control, glyceraldehyde-3-phosphate dehydrogenase (Gapdh), according to the ∆∆Ct method (Livak & Schmittgen, 2001).
Western blotting
Skin samples were homogenized with PT 1200 E (Kinematia AG, Lucerne, Switzerland) in radioimmunoassay buffer (50 mM Tris-HCl pH 8.0, 150 mM NaCl, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate, 1% Nonidet P-40) containing a protease inhibitor cocktail. Skin extracts were prepared by centrifugation at 18,000×g at 4 °C for 15 min, and the supernatants were kept for further experiments. Sample protein concentrations were determined with the BCA (bicinchoninic acid) protein assay. Western blotting membranes were blocked for 1 h at room temperature in 5% skimmed milk. The membranes were then incubated overnight (approximately 16 h) at 4 °C with primary antibodies comprising anti-MMP-13 (1:3000) and anti-GAPDH (1:3000). After incubation, the membranes were then incubated at room temperature with the secondary antibody, consisting of HRP-conjugated donkey anti-rabbit IgG (1:4000). The immunoreactive bands were visualized using ECL Prime Western Blotting Detection Reagent. The signals were detected with the Molecular Imager ChemiDoc XRS System (Bio-Rad Laboratories), band density was analyzed using Image Lab software (Bio-Rad Laboratories), and each sample was normalized against the GAPDH signal for equal protein loading control in each experiment.
Lipid extraction and quantification of sphingolipids in the dermis
Full-thickness skin sections were collected from each mouse and the subcutaneous fat was removed. Full-thickness skin was separated into the epidermis and dermis with EDTA. After the dermis was collected with a 6-mm biopsy trepan, it was lyophilized and then weighed. Total lipids in the dermis were extracted with a chloroform:methanol solution (2:1, v/v). These extracted samples were spotted onto HPTLC Silica Gel 60 (Merck, Frankfurt, Darmstadt, Germany). The developing solvents for sphingomyelin and ceramides comprised chloroform:methanol:acetic acid:water at 50:30:8:4 (v/v) and chloroform:methanol:acetic acid at 190:90:1 (v/v), respectively. The bands were visualized by spraying 10% copper sulfate and 8% phosphoric acid onto the HPTLC plate and heating the plate at 180 °C for 10 min. HPTLC plates were imaged with a Molecular Imager ChemiDoc XRS System, and SM and Cer were quantified from the band densities. SM and Cer quantities were all corrected for dermal weight.
Statistical analysis
Analyses were performed with SAS software version 9.2 (SAS Institute, Cary, NC, USA). All data are presented as the mean ± standard deviation (SD). Indicated p values were derived from the Student’s t test, and p < 0.05 was considered statistically significant.
Results
Thickness of SMS2-deficient mouse dermis
The skin of SMS2-deficient and WT mice was subjected to Elastica van Gieson staining, which is specific for collagen, thereby allowing measurement of the dermal thickness (Fig. 1a). The dermal thickness of SMS2KO mice was 146.9 ± 27.7 μm, which was significantly less (p < 0.05) than that of WT mice (175.3 ± 24.7 μm) (Fig. 1b).[image: ../images/41702_2021_64_Fig1_HTML.png]
Fig. 1Elastica van Gieson staining of SMS2-deficient mice skin to determine the dermal thickness. a Images of stained WT and SMS2-deficient mouse skin. Scale bar = 50 μm. b Quantification of the dermal thickness in the two mouse groups. Data are expressed as the mean ± SD, and statistical analysis was performed with the Student’s t test (*p < 0.05)


Observation of collagen fibers in the SMS2-deficient mouse dermis by scanning electron microscopy (SEM)
Using SEM, the collagen fibers density in the SMS2-deficient mouse dermis was found to be reduced compared to that of WT mice (Fig. 2a–c). The diameter of the collagen fiber width was not different between SMS2-deficient mice and WT mice (Fig. 2a, b, d).[image: ../images/41702_2021_64_Fig2_HTML.png]
Fig. 2Skin collagen fiber images prepared using scanning electron microscopy of WT (a) and SMS2-deficient (b) mice skin samples. Scale bar = 10 μm. Collagen fiber density (c). Collage fiber width (d). Data are expressed as the mean ± SD, and statistical analysis was performed with the Student’s t test (*p < 0.05)


Quantitation of type I collagen in the SMS2-deficient mouse dermis by ELISA
Based on ELISA analysis, the type I collagen content in the dermis of SMS2-deficient mice was 6.5 ± 1.9 μg/mm3, which was significantly lower (p < 0.05) than that of WT mice (9.2 ± 1.5 μg/mm3) (Fig. 3).[image: ../images/41702_2021_64_Fig3_HTML.png]
Fig. 3Type I collagen content in the skin of SMS2-deficient and WT mice as determined by ELISA. Data are expressed as the mean ± SD, and statistical analysis was performed with the Student’s t test (*p < 0.05)


Sphingolipid (sphingomyelin and ceramide) content in the SMS2KO-deficient mouse dermis
HPTLC was used to analyze the sphingolipid content of the dermis. The SM content of the SMS2KO-deficient mouse dermis was 2.9 ± 0.7 μg/mg dermis, which was significantly lower (p < 0.01) than that of WT mice (4.8 ± 0.6 μg/mg dermis) (Fig. 4a). The Cer [NS] content of the SMS2-deficient mouse dermis was 2.1 ± 0.6 μg/mg dermis, which was significantly lower (p < 0.05) than that of WT mice (3.1 ± 0.6 μg/mg dermis) (Fig. 4b). In contrast, the Cer [NP] content of the SMS2-deficient mouse dermis was similar to that of WT mice (Fig. 4c). The Cer [AS] and Cer [AP] contents were not detected by HPTLC (data not shown).[image: ../images/41702_2021_64_Fig4_HTML.png]
Fig. 4Sphingolipid (sphingomyelin and ceramide) content in the dermis of SMS2-deficient and WT mice. a Sphingomyelin, b ceramide [NS], and c ceramide [NP]. Data are expressed as the mean ± SD, and statistical analysis was performed with the Student’s t test (*p < 0.05, **p < 0.01)


Expression of genes related to collagen production and metabolism in SMS2-deficient mouse skin
The expression of genes related to collagen production (Tgf-β1, Fli1, Smad3, and Col1a1) was quantified by RT-PCR in the SMS2KO mouse skin (Fig. 5a–d). No changes in gene expression were observed compared with the WT mice. On the other hand, the expression of the Tnf-α, Timp1, and Mmp13 genes involved in collagen metabolism was altered by a 2.1-fold increase, 0.4-fold decrease, and 3.4-fold increase compared to that of the WT mice, respectively (Fig. 5e–g), with the first two values being statistically significant (p < 0.05).[image: ../images/41702_2021_64_Fig5_HTML.png]
Fig. 5mRNA expression level of genes related to skin collagen synthesis and degradation in SMS2-deficient and WT mice. a Tgf-β1, b Fli1, c Smad3, d Col1a1, e Tnf-α, f Timp1, and g Mmp13. Data are expressed as the mean ± SD, and statistical analysis was performed with the Student’s t test (*p < 0.05)


MMP13 protein expression level in SMS2-deficient mouse skin
Total protein was extracted from the skin of WT and SMS2-deficient mice and the protein expression of MMP13 in the skin was quantified by western blotting (Fig. 6). MMP13 protein expression level in the SMS2-deficient mouse skin was significantly increased (p < 0.05) by 6.9-fold compared to that in the WT mouse skin.[image: ../images/41702_2021_64_Fig6_HTML.png]
Fig. 6Expression level of the MMP13 protein in SMS2-deficient and WT mice in samples of full-thickness skin as measured by western blot. Data are expressed as the mean ± SD, and statistical analysis was performed with the Student’s t test (*p < 0.05)


Discussion
The purpose of this study was to elucidate the effects of SMS deficiency on the dermis in terms of both collagen production and metabolism, with the use of SMS2-deficient mice. First, based on Elastica van Gieson staining, the SMS2KO mice were observed to have a significantly thinner dermis than the WT mice (Fig. 1). It has been reported that the skin thins during aging as a result of decreasing levels of collagen (Shuster et al., 1975). Thus, we hypothesized that the reduced dermal thickness in the SMS2-deficient mice might have been due to a decrease in collagen content in the dermis. Indeed, observation of collagen fibers in the dermis by SEM showed fewer collagen fibers in the dermis of SMS2-deficient mice compared to that of WT mice (Fig. 2). However, there was no difference in the width of the collagen fibers between WT mice and SMS2-deficient mice. We further tested this finding by also measuring the collagen content of SMS2-deficient mice and WT mice by ELISA, which indicated that the content of type 1 collagen in the skin of the SMS2-deficient mice was significantly decreased compared to that of WT mice (Fig. 3). Therefore, it is likely that SMS2 deficiency reduces the collagen content of the skin.
SMS2-deficient mice are also reported to have decreased brain and epidermal SM levels (Nomoto et al., 2018; Zhang et al., 2011). We next quantified the SM and Cer content of the dermis of SMS2-deficient mice by HPTLC. The dermis of the SMS2-deficient mice was observed to contain significantly less SM and Cer [NS] compared to that of WT mice (Fig. 4). However, the mechanism underlying the effect of SMS2 deficiency on Cer levels in the dermis remains unknown.
Finally, we focused on the expression of genes involved in collagen production and metabolism in the skin to investigate the mechanism underlying collagen reduction in the SMS2-deficient mice. First, we determined whether SMS2-deficient mice have a reduced capacity for producing collagen in the skin. In general, the production of collagen is initiated by the translocation of Smad3 into the nucleus after it is phosphorylated through TGF-β stimulation (Blobe et al., 2000; Shi & Massagué, 2003). However, using RT-PCR, we found no difference in the transcript levels of Tgf-β1, Smad3, or Col1a1 between the WT and SMS2-deficient mice. It is also known that the friend leukemia integration 1 transcription factor (Fli1) is decreased in the skin of systemic sclerosis (SSc) patients and that the overexpression of Fli1 suppresses type I collagen production (Kubo et al., 2003). Therefore, we also measured the transcript levels of Fil1 in the SMS2-deficient mice. However, no differences in expression were found in comparison with the WT mice. Overall, these results suggested that the decrease we observed in type I collagen in the skin of the SMS2-deficient mice was not affected via changes in collagen production through TGF-β stimulation.
We next analyzed the expression level of collagen metabolism-related genes in the SMS2-deficient mice. AP-1 is known to be phosphorylated by TNF-α and then translocated into the nucleus, where it represses MMPs and degrades collagen (Wlaschek et al., 1997; Barr et al., 1999; Rosette & Karin, 1996; Angel et al., 2001; Quan et al., 2009). TIMP also regulates MMP activity (Brew & Nagase, 2010). Here, the transcript level of TNF-α in the skin of SMS2-deficient mice was found to be significantly higher than that of WT mice. In addition, the expression of Timp1 and Mmp13 in the skin of SMS2-deficient mice was significantly decreased and increased, respectively, compared to that of WT mice. TNF-α levels are reportedly increased in the keratinocytes of patients with atopic dermatitis (Jung et al., 2014). TNF-α is also involved in the development of psoriasis, and infliximab, a TNF-α antagonist, is used for the treatment of this skin disease (Sato et al., 2014; Menter et al., 2007). Thus, based on these data and our results, it is possible that TNF-α was increased in the dermis of the SMS2-deficient mice as a result of the decreased level of ceramide in the skin of these mice or through the deterioration of the barrier function of the skin. Furthermore, ceramide has been reported to promote TIMP1 production in keratinocytes (Buisson-Legendre et al., 2000). Therefore, in SMS2-deficient mice, the decreased ceramide content in the stratum corneum may have reduced the level of Timp1 gene expression in the dermis.
MMP13 is known as a major collagenase in rodents (Balbín et al., 2001; Vincenti et al., 1998), and it has been reported that UV irradiation increases the expression of MMP13 in mouse skin (Li et al., 2017). MMP13 is induced by the expression of the inflammatory cytokines, IL-1 and TNF-α (Mengshol et al., 2001; Mariani et al., 1998). Therefore, MMP13 may be induced by an increase in the expression level of Tnf-α and a concomitant decrease in the expression level of Timp1 in SMS2-deficient mice. To investigate this, we extracted the total protein from the mouse skin of the two experimental groups, and the protein expression level of MMP13 was quantified by western blotting. The protein expression level of MMP13 in the skin of the SMS2-deficient mice was found to be significantly increased compared to that of the WT mice. This strongly suggests that MMP13 is involved in the reduction in collagen content in the skin of SMS2-deficient mice. Thus, while collagen production in the skin of SMS2-deficient mice is similar to that of WT mice, changes in Tnf-α and Timp1 expression in the former result in the loss of homeostasis in the metabolism of collagen by markedly increasing the expression of Mmp13, thereby leading to increased degradation of type I collagen in these knockout mice and reduced overall collagen content in the dermis.
Conclusion
SMS deficiency has been reported to reduce epidermal barrier function. However, the role of SMS in the dermis remained unknown. In the present study, SMS2 deficiency in the mouse skin was not observed to affect collagen production. Rather, the results suggested that the homeostasis of collagen metabolism was affected through a marked increase in the degradation of collagen. Overall, the data revealed that the promotion of collagen degradation comprises one of the roles of SMS2 in the dermis. In the future, it is hoped that further elucidation of the role of SMS in the skin will offer a new target for the treatment of skin diseases and for the development of functional cosmetics.
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