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Abstract

:

With a relatively large surface area (2 m2) and 15% of total body mass, the skin forms the largest organ of the human body. The main functions of the skin include regulation of body temperature by insulation or sweating, regulation of the nervous system, regulation of water content, and protection against external injury. To perform these critical functions, the skin encodes genes for transporters responsible for the cellular trafficking of essential nutrients and metabolites to maintain cellular hemostasis. However, the knowledge on the expression, regulation, and function of these transporters is very limited and needs more work to elucidate how these transporters play a role both in disease progression and in healing. Furthermore, SLC and ABC transporters are understudied, and even less studied in skin. There are sparse reports on relation between transporters in skin and sweat metabolites. This mini review focuses on the current state of SLC and ABC transporters in the skin and their relation to sweat metabolites and skin diseases.
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1. Introduction


Skin is the largest organ of the body. It is usually soft, flexible and contains multiple layers, i.e., the stratum corneum, epidermis, dermis, and subcutaneous tissue and a myriad of cells with different functions (Figure 1). The skin comprises of two barriers that protect the body from environmental factors: One physical (stratum corneum) and one biochemical (epidermis and dermis). Nerves, glands, hair follicles, ducts, and blood vessels are embedded beneath the surface of the skin.



The skin has a well-established role in regulating body temperature by preventing excessive water loss through the stratum corneum [1] and by excreting water in the form of sweat. Sweat is produced by sweat glands in the dermis and reaches the epithelial surface of the skin through tiny ducts. Sweat glands are involved in perspiration and act as an excretory organ not only to efflux water and dilute electrolyte solution but also drugs and their metabolites [2]. There are three different types of sweat glands: Eccrine, apocrine, and apoeccrine. Eccrine sweat glands are extensively distributed across most of the body’s surface area and mainly secrete water and electrolytes. They directly open onto the skin surface by a duct and are responsible for large amounts of sweat production. Apocrine glands usually develop in association with hair follicles and open into them and secrete oily substances containing lipids, proteins, sugars, and ammonia through hair canals and are found only in skin containing hair such as the axilla, face, mammary, and genital areas [3,4]. Rather than responding to temperature, apocrine glands often respond to emotional stimulus, including anxiety, pain, and fear, and under these circumstances, sweating is often observed in the armpits, palms, and soles of the feet [3,4]. Apocrine glands are distributed in the same areas as apocrine glands but secrete watery fluids similar to eccrine glands [2]. Apoeccrine sweat glands are not widely reported. Like apocrine glands, they are limited to a specific area of the skin, i.e., only in the axillary area. Like eccrine glands, they secrete water and electrolytes directly onto the skin [5,6]. These glands may be useful in determining the secondary functions of sweat as evaporation is ineffective in the axillary region [6,7].



Sweat is normally a transparent body fluid with low tonicity and a slightly acidic nature with mean pH 6.3 [8]. Additionally, sweat metabolites are used as biomarkers for a variety of diseases [9]. Water is the main component of sweat ∼99% [8]. Moreover, sweat comprises a mixture of many chemicals in varying concentrations, including metal and nonmetal ions (e.g., Na+, K+, Ca2+, Mg2+, Fe2+, Zn2+, Cl−, and vitamins) as well as metabolites such as glucose, pyruvate, lactate, ammonia, urea, bicarbonate, amino acids, ethanol, cytokines, xenobiotics, betaine, and cortisol. The amount of Na+ and Cl− is the highest, ranging approximately from 10 mmol/L up to 90 mmol/L. Other compounds are present at a lower millimolar concentration (lactate, ethanol, urea, ammonia, bicarbonate, and K+), micromolar concentrations (Ca2+, Mg2+, Fe2+, Zn2+, Cu2+, ascorbic acid, glucose, and individual amino acids) or even smaller scale, nanomolar and picomolar concentrations (thiamine, cortisol, and cytokines) [7]. The efflux of electrolytes, such as Na+, K.+, Cl−, occurs through Na+–K+-ATPase, K+ and Cl- channels on the basolateral and apical membrane [10]. There is evidence that some membrane transport proteins are also responsible for both uptake and secretion of sweat metabolites, especially when it comes to metal ions [11].



Membrane transport proteins play an important role in the translocation of different endogenous and exogenous components (compounds, nutrients, metals, etc.) across plasma membranes [11]. Membrane transporters are widely distributed throughout the body, particularly in the epithelia of major organs, such as the liver, intestine, kidney, and other organs with barrier functions, such as the brain, skin, testes, and placenta [11,12,13,14,15,16]. Membrane transport proteins in humans are largely composed of two families: ATP-binding cassette (ABC) and solute carrier (SLC) transporters. ABC transporters are active transporters and utilize the energy of ATP binding (Figure 2) and hydrolysis to facilitate in- or efflux of their substrates across membranes [17,18,19] while on the other hand, SLC transporters (Figure 3) utilize ion electrochemical gradients, such as sodium or proton gradients for the uphill transport of the substrates [20].



As of now, 49 ABC transporters subtypes have been identified in humans, which are divided into 7 subfamilies ABCA, ABCB, ABCC, ABCD, ABCE, ABCF, and ABCG [19,21]. These transport a broad spectrum of endogenous substrates, including lipids (ABCA1 and ABCG family) [21,22,23,24], cholesterol (ABCG1) [25], iron (ABCB6–10) [26], organic anions (ABCC2), peptides (ABCB2 and 3), and bile salts (ABCB11) [27], as well as exogenous compounds, such as drugs across intra- and extracellular membranes [28]. In contrast, there are approximately 400 SLC transmembrane transporters that are divided into six groups. 66 distinct subfamilies (SLC1 to SLC66) have been identified [20,29].



Like ABC family members, they transport various compounds ranging from the cellular uptake of nutrients to the absorption of xenobiotics [30]. Their function in the translocation of substrates can be described using four models: Cotransporter or symporter (SLC1 and SLC5), antiporters (SLC4 and SLC26), facilitated (SLC2) (Figure 4), and a few of them are ‘orphan transporter’ for which substrates and functions need to be identified [31]. In humans, ABC transporters mostly perform efflux functions by eliminating xenobiotics out of the body [32], while the SLC transport systems can be influxers, effluxers, or antiporters. A few SLC transporters have the ability for bidirectional transport [33] as well.



The present review will focus on the role of ABC and SLC transport proteins present in the skin and their correlation to sweat metabolites. A list of sweat metabolites was obtained from the human metabolome database (https://hmdb.ca/downloads accessed on 15 March 2021) [34]. Interestingly, very little evidence is available on the expression of different ABC and SLC transporters in the skin [35,36,37,38], and a thorough investigation is urgently needed to gain deeper insights into the role of SLC and ABC transporters in the skin and their relation to metabolites in sweat.




2. The Role of Proteomics in the Identification of Skin SLC and ABC Transporters


To investigate the role of transporters and other components of human skin, scientists have, for many years, used gene expression analysis. With the development of mass spectrometry (MS) analysis, we can now use MS-based proteomics approaches as a tool for quantification and identification of proteins in humans [39,40]. The advances in this technology have also allowed higher sensitivity when characterizing and analyzing large proteomes [41,42]. Knowledge about skin composition, especially the role of many transporters found in the skin, is limited. Recent studies have used proteomic investigation to try to capture the complexity of the skin [41]. The layered composition comprising of the inner and outer epidermis has been studied using in-depth MS-based proteomics utilizing both data-dependent acquisition and data-independent acquisition approaches. Using proteomics to investigate skin cell type diversity, including keratinocytes, fibroblasts, melanocytes, endothelial, and immune cells, revealed quantification of a total of 10,701 proteins and these findings have provided essential information for the unique systems and functions of each cell type within the skin complex [41].



Mass spectrometry-based proteomics uses label-free and label-based approaches. Label-free methods allow the identification of the abundance of many proteins, such as enzymes found in the human skin, and this knowledge is pivotal in our understanding of skin physiology and function. Most recently, for the first time, a label-free quantification of enzymes in human skin has been reported [43]. The study used this approach to compare proteins found in human skin and those in 3D models mimicking human skin. Here, ABC transporters ABCA8 and ABCB11 and eight SLC transporters (SLC12A2, SLC25A3, SLC25A5, SLC25A6, SLC29A1, SLC44A1, SLC44A2, SLC4A1) have been quantified in human skin along with xenobiotic-metabolizing enzymes (XME). ABC and other skin transporters regulate local drug concentrations in different tissues. Therefore, detection and quantification of their expression levels are important. Proteomics sample preparation can be challenging and especially when working with skin since this tissue contains a high lipid content and proteins with a high degree of crosslinking. It is even more challenging to quantify ABC transporters because they are large and low in abundance, which is close to the detection limit of liquid-chromatography tandem mass spectrometry (LC-MS/MS). ABC transporters found in the skin also share high homology (e.g., ABCB1, ABCB4, ABCB11, ABCA1, and ABCA2), and therefore, when analyzing these proteins, adjustments in the data analysis are necessary. For example, when publishing data sets, it is relevant to report the total intensities of unique peptides across all samples [38] along with the intensities of the shared peptides assigned according to the general ratio of the uniquely observed peptide intensities. Such analysis has been recently reported in a study where 32 ABC transporters across five tissues have been quantified [38].



Some of the sample preparation techniques include incubation in lysis buffer, homogenization, filtration, digestion, and sometimes enrichment [38,43]. Sample preparation plays an important role in the detection of these membrane proteins. Conventional methods such as 2D-gel electrophoresis did not result in significant protein yield [44]. Recently, different strategies have evolved, such as powdering the frozen tissues (from liquid nitrogen), and subsequent protein extraction has led to 10-fold increase in the number of identified proteins. Another strategy was an improvement to the existing tape stripping strategy in tandem with the state-of-the-art SP3 (single-pot solid phase enhanced sample preparation) approach [45,46]. This has led to an increase in the number of identified peptides. Different labs have different procedures, and the current state is that several methods should be used in tandem for lysing cells, extraction of proteins (more thorough screening of detergents is needed to extract and enrich membrane proteins), and purification of the tryptic digest.




3. Correlation between Sweat Metabolome and Skin SLC and ABC Transporters


We made a list of transport proteins characterized in the skin and tried to identify their substrates present in the sweat metabolites. Several ABC transporters are expressed in the skin [36], although none of them has been implicated with the transport of sweat metabolites in human skin, to the best of our knowledge. To confirm the same, we have utilized an advanced data mining tool KNIME. KNIME stands for Konstanz information MinEr, which is freely downloadable via www.knime.org, with compatibility over different operating systems, including Linux, MacOS, and Windows. KNIME operates in the form of workflows consisting of different nodes. Nodes are a part of workflow that, when bolted together, can allow computational operations ranging from something as simple as transposing a table, to performing advanced machine learning algorithms at the click of a button. To create workflows, nodes can simply be dragged and dropped into the workflow environment. More than 10,000 nodes are available in the node repository. With little knowledge of programming, one can create custom nodes in standard scripting languages such as MATLAB, R, Python, PERL, and JAVA [47,48].



To understand if sweat metabolites are in any way related to skin SLC and ABC transporters, we have utilized a premade workflow “Term co-occurrence heatmap” (https://www.knime.com/term-coocurrence-heatmap-example accessed on 15 March 2021, Figure 5), modified using KNIME version 4.3.1.



The workflow uses the protein names of the compiled SLC and ABC genes listed in Table 1 as search terms on PubMed, and up to 100 abstracts of resulting articles are downloaded and saved in a temporary directory. The metabolites are then used as dictionary terms, to discover if the metabolites are mentioned in the abstracts. If metabolites and proteins are related, then those documents are tagged, and untagged documents are filtered. The tagged documents are traced back to the transporters used as a search term, and the co-occurrences can thus be determined. Finally, heatmaps illustrating co-occurrences between transporters and metabolites were prepared using R. To remove false positives, we have added a filter where we filtered the entries with less than five co-occurrences. The remaining entries were scaled between 0 (white; metabolite cooccurred with the transporter less than five times) and 1 (black; metabolite that cooccurred with a transporter most). All the gray scales were the fractions between 0–1.



This workflow gave output in the form of heatmaps (Figure 6 ABC transporter) and (Figure 7 SLC transporter).



Skin encodes for many ABC transporters, but very little evidence of co-relation between sweat metabolites and ABC transporters was observed. MDR1, also known as P-gp (ABCB1), MRP’s, SUR2 (ABCC9) [36,49,50,51], are expressed in the skin and are known to efflux a wide variety of drugs [32], but not much information on their real substrates is available.



For SLC transporters, we observed a stronger correlation with sweat metabolites. For example, SLC 36 transports glycine [52]. SLC7A1 and 2 are cationic amino acid transporters [53] and correlates well with arginine and ornithine. Similarly, SLC4 and 5 are glucose and bicarbonate transporters. They are multi-functional, allowing the passage for water channels and urea [54,55,56]. Glucose comprises one of the most well-known constituents of sweat. Glucose is the primary carbon source for the proliferative cells, four different SLC families have been detected to transport glucose, GLUT’s (SLC2A1–14), SGLT (SLC5), SWEET’s (SLC50), and SLC 60(A1–A2) of which GLUT’s have been observed to be expressed in the skin [57,58]. Lactate and pyruvates are also observed in sweat and these are generally transported by SLC16 family of transporters (MCT1–14) and several of them were observed to be expressed in skin [59]. Several amino acids were also observed in ‘faux sweat’ and skin encodes for many amino acid transporters such as SLC7 and SLC36 [60,61,62]. Urea transporters (efflux transporter) have been detected in sweat glands of skin [63], and its presence as a sweat metabolite possibly indicates the role of sweat glands in urea excretion. A detailed list of transporters is listed in Table 1.




4. The Implication of SLC and ABC Transporters in the Skin and Related Diseases


SLC and ABC transporters in the skin are understudied and relatively few reports are available on their relation to skin diseases. SLC36A1/PAT1 is responsible for the champagne dilution phenotype in horses characterized by dilution of hair color intensity in both red and black pigments. The color of the horse changes from chestnut to gold champagne, bay to amber champagne, and black to classic champagne [65]. Lactate is a metabolite found in sweat, which is a breakdown product of glucose. The transport of lactate is mediated by SLC16 (monocarboxylate transporters, MCT) expressed in the skin [66]. When studied with chicken choroid explants for wound healing, MCT3 has been reported to be lost, while increased expression of MCT4 was observed following a scratch [67]. Furthermore, a minor deposition of lactate in the cells and tissue under oxygenated condition is itself sufficient for wound healing with the full sequence of vasculogenesis and collagen deposition phase. Lactate enhances the set of activities for wound healing as endothelial cell mobility, increased collagen synthesis and its post-transitional modification and deposition and cell proliferation [68]. Furthermore, GLUT1 has been shown to be a promising drug target to treat psoriasis. Deletion of GLUT1 decreased hyperplasia in mice and topical application of GLUT1 inhibitor reduced inflammation in psoriatic organoids models. GLUT1 was reported to be required by keratinocytes for injury/inflammation associated proliferation [69]. Identification of urea transporters in the skin opens many possibilities to treat uremic patients by creating a “sweating kidney” as they have increased expression levels of SLC14A1–2 transporters in sweat glands. Contrary to these findings, urea transporters are involved in the uremic frost as well. Therefore, there is an increasing need to study these specific transporters in detail using suitable ex-vivo, in-vivo, and in-vitro models [70].



Similarly, ABCC6 is implicated with a rare genetic recessive disorder pseudoxanthoma elasticum resulting in mineralization of elastic tissues, including skin [71]. The real substrate for ABCC6 is still unknown and although localized in mitochondria-associated membrane [51,72]. Wounds are again another area related to the skin where minimal information is available in connection to skin SLC and ABC transporters. Post-injury, the 4-stage healing process (hemostasis, inflammation, proliferation, and remodeling) begins naturally and many biochemicals, such as growth factors, chemokines, cytokines, extracellular matrix and regulatory molecules, participate in the process [73,74]. Arginine plays an important role in wound healing, being a precursor to proline and ornithine, which are responsible for the synthesis of nitric oxide and collagen. Nitric oxide under oxygenated conditions creates the reactive oxygen species required for gene expression and cellular differentiation. Inhibition of nitric oxide resulted in decreased collagen synthesis and impaired wound healing [75]. ABCG2 expression is required for proper expansion and differentiation of epidermal stem cells (reside in a bulge of a hair follicle). ABCG’s knockouts resulted in elevated levels of reactive oxygen species and damage DNA leading to proliferation arrest [76].




5. Conclusions


The area of transporters and solute carriers, in general, is under-investigated as compared to other classes of membrane proteins and even less studied in the skin. Currently, the approaches utilized are either based on mRNA measurements (>80% of times) and direct proteins measurements (<20%) using mass spectrometry. There is an utmost need to utilize both methods together and correlate them to total skin and sweat metabolites to gain a better understanding of physiological processes occurring in the skin. This will not only enable the scientists to understand the pathophysiology of skin diseases better but also aid in developing suitable formulations for topical delivery of pharmaceuticals.
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Figure 1. Schematic representation of skin. Created in biorender.com (accessed on 29 March 2021). 
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Figure 2. Schematic representation of the secondary structure of ABC transporters. N terminus in orange, C terminus in blue, NBD stands for nucleotide-binding domain. Created with biorender.com (accessed on 29 March 2021). 
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Figure 3. Schematic representation of the secondary structure of SLC transporters. N terminus in orange, C terminus in blue. Created with biorender.com (accessed on 29 March 2021). 






Figure 3. Schematic representation of the secondary structure of SLC transporters. N terminus in orange, C terminus in blue. Created with biorender.com (accessed on 29 March 2021).



[image: Proteomes 09 00023 g003]







[image: Proteomes 09 00023 g004 550] 





Figure 4. Schematic representation of the three types of SLC transporters. Created with biorender.com (accessed on 29 March 2021). 
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Figure 5. KNIME workflow used to map the co-occurrences of sweat metabolites vs. skin SLC and ABC transporters. Customized from original. https://www.knime.com/term-coocurrence-heatmap-example (accessed on 15 March 2021). 






Figure 5. KNIME workflow used to map the co-occurrences of sweat metabolites vs. skin SLC and ABC transporters. Customized from original. https://www.knime.com/term-coocurrence-heatmap-example (accessed on 15 March 2021).
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Figure 6. Co-occurrences of sweat metabolites with ABC transporter proteins. 
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Figure 7. Co-occurrences of sweat metabolites with SLC transporter proteins. 
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Table 1. List of transporters present in skin, including whether they were identified by mRNA-based methods or MS-based proteomics (marked with *).
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S.No

	
Transporters (In Skin)

	
Detection

	
Refs




	
mRNA

	
Proteomics






	
1

	
SLC28A3

	
*

	

	
[37]




	

	
SLCO2B1,SLCO1B1,SLCO1B2,SLCO1C1,SLCO3A1,SLCO4A1,SLCO4C1

	
*

	

	
[37]




	

	
SLC16A1,SLC16A4

	
*

	

	
[37]




	

	
SLC19A1

	
*

	

	
[37]




	
2

	
ABCA5,ABCA2,ABCA6,ABCA9,ABCA10,ABCA12

	
*

	

	
[36]




	

	
ABCB3,ABCB2,ABCB4,ABCB6,ABCB7,ABCB8,ABCB10,ABCB11

	
*

	

	
[36]




	

	
ABCC1,ABCC2,ABCC3,ABCC4,ABCC5,ABCC7,ABCC9,ABCC10,ABCC11

	
*

	

	
[36]




	

	
ABCD1,ABCD2,ABCD3,ABCD4

	
*

	

	
[36]




	

	
ABCE1

	
*

	

	
[36]




	

	
ABCF1,ABCF2,ABCF3

	
*

	

	
[36]




	

	
ABCG1,ABCG4

	
*

	

	
[36]




	
3

	
ABCC1(DOMINANT)

	
*

	

	
[49]




	

	
ABCG2,ABCB1,ABCC2 (relatively less)

	
*

	

	
[49]




	
4

	
ABCC3 (most abundant)

	
*

	

	
[35]




	

	
ABCB1,ABCA7,ABCG2 (less abundant)

	
*

	

	
[35]




	

	
ABCA2,ABCC1 (moderately abundant)

	
*

	

	
[35]




	

	
SLC22A3(most abundant)

	
*

	

	
[35]




	

	
SLCO3A1,SLC16A7,SLCO2B1(moderately abundant)

	
*

	

	
[35]




	
5

	
ABCA6,ABCA8

	

	
*

	
[38]




	

	
ABCB2,ABCB3,ABCB6

	

	
*

	
[38]




	

	
ABCC12

	

	
*

	
[38]




	

	
ABCD3

	

	
*

	
[38]




	

	
ABCE1

	

	
*

	
[38]




	
6

	
SLC14 (1 and 2)

	
*

	

	
[63]




	
7

	
SLC47A1 and SLC47A2

	
*

	

	
[64]
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