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Abstract 

Skin is the largest organ in the human body and is used as a defence against foreign 

chemicals “xenobiotics”. The human skin has the capacity to metabolise foreign 

chemicals “xenobiotics” that pass through the stratum corneum, but knowledge of the 

enzymes involved is incomplete. There is an important need for validated 3D skin models, 

which can be utilised in the safety assessment of chemicals. An important component of 

the validation of these Labskin model is characterising the levels of xenobiotic 

metabolising enzymes (XME), particularly those that have been reported as important in 

the skin, Phase I XME (e.g. cytochrome P450s and flavin containing monooxygenase 

FMOs) and Phase II XME (e.g. glutathione S-transferase) isoforms. RT-qPCR and 

proteomics approach such as LC-MS/MS, nano-LC-MS/MS and DESI-MSI techniques 

were used to describe the profile of XME present in human skin and in vitro Labskin 

model that has been developed for the purpose of safety assessment. Overall, the general 

aims of this study were to measure the levels of Phase I and Phase II XMEs in a 

commercial 3D living skin equivalent model “Labskin” to determine if it is possible to 

recover drug response by induced genes and proteins expression and provide a 3D skin 

model for future drug development. 

The results showed that about 84 genes expression by RT-qPCR and 327 function protein 

by LC-MS/MS and nano-LC-MS/MS of phase I and Phase II levels were measured in the 

3D Labskin model compared with native human skin. Though the expression of Phase I 

and Phase II level were low in the 3D Labskin model as supplied, significant induction of 

cytochrome P450-dependent monooxygenase (CYP1A1, CYP3A5, CYP1B1) and non-

CYPs (FMO1/3) were observed after treatment with β-naphthoflavone, all-trans retinoic 

acid and phenobarbital which yielded a upregulated of fold change in the induced 3D 

Labskin model compared with 3D labskin model control. Of the enzymes indicated as 

present, only CYP3A5 protein was confirmed to be expressed in the 3D skin model and 

human skin by Western blotting. These findings suggest that the XMEs of Labskin model 

appears to be representative of native human skin for metabolism studies of cutaneous 

exposures to xenobiotics. 

The biotransformation of benzydamine in in vitro skin model was investigated. DESI-MS 

on Synapt XS and MRT was applied to evaluate the metabolic activity of FMO1/3 and 
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CYP P450 gene/protein in 3D Labskin model using benzydamine substrate-based mass 

spectrometry imaging. DESI-MS detected benzydamine-N-oxide and nor-benzydamine 

to induced with β-naphthoflavone by FMO1/3 and P450 activity in the epidermal layer of 

Labskin.  
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1.1 European Legislation 

Animal testing using, rat and pig skin and excised human skin have been used as 

historical standards to confirm the effects of therapeutics and toxicants that occur in the 

skin as a result of drug and other chemical metabolism. On 27th February 2003, the 

European Union (EU) amending Council Directive 76/768/EEC "The Cosmetics 

Directive" was introduced as new legislation. The 7th amendment to this  directive  

imposed  a testing and marketing ban on cosmetic products tested on animals from 2004  

and cosmetic ingredients tested on animals from 2013.  A deadline of 11 March 2013 

depending on the availability of alternative non-animal tests was proposed (Pauwels & 

Rogiers, 2007). This legislation was a major impetus in the development of 3D skin 

models. Luu-The et al., (2009) emphasised  that understanding the 3D skin models as 

an alternative method is important to inform risk of foreign chemicals compounds, such 

as drugs, cosmetics and their ingredients (Madison, 2003; Wickett & Visscher, 2006). 

The work described in this thesis is concerned with the optimisation and validation of a 

human in vitro 3D living skin equivalent model for metabolism studies of topically 

applied xenobiotics. 

1.2. Skin – Structure and Function 

1.2.1 Native Human Skin 

Human skin is largest organ in the body with functions, such as protection, metabolism, 

excretion, sensation and immunity (Bonifant & Holloway, 2019). It has a surface area of 

about 1.5-2 m2 in adults and weighs about 15 % total body weight. Skin consists of three 

layers, subcutis, epidermis and the dermis each with distinct function. The subcutis is 

comprised (adipose and epithelial cell). The human skin contains blood vessels, vater-

pacini-mechanosensors, sweat glands, hair follicles and neurites of peripheral neurons 

that are connected to skin (Bonifant & Holloway, 2019). The dermis supplies the 

epidermis with mechanical support and nutrients. It is attached to subcutaneous layer 

(underlying hypodermis of adipose tissue and areolar connective tissue) (See Figure 1.1). 

The epidermis is an epithelium (outermost layer) of the skin (100-150 µm thick) where 

cells are established through mitosis at the basale layer (Bonifant & Holloway, 2019).  
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The main cells of epidermis include maerkel, keratinocytes, melanocytes and langerhans 

cells which are constantly generated in basal lamina as they migrate to the skin surface 

(Sandilands et al., 2009; Honari et al., 2017). About 95 % of the cells of the epidermis 

are keratinocytes. The epidermis is further divided into the following sublayers including 

(stratum corneum, stratum lucidum, stratum granulosum, stratum spinosum, stratum 

basale). All have a significant role in the anatomy and function as seen in Figure 1.2. 

Among epidermis and the dermis of human skin is a thin sheet called basement 

membrane. The function of this membrane is to attach the dermis and epidermis (Honari 

et al., 2017).  

 

 

 

 

 

 

 

Figure 1.1: Illustration the structure of the skin. A copy from Bonifant & Holloway (2019) 

The epidermis is made up of five layers as shown in Figure 1.2: 

▪ The stratum lucidum layer composes of keratinocytes that are clear, flat, dead cells 

that are densely packed with eleiden, clear protein rich in lipids, derived from 

keratohyalin which makes these cells transparent. This layer is about 2-3 cell layers, 

normally found in the thick skin of the palm and soles (Yousef et al., 2017). 

▪ The stratum spinosum layer (known as prickle-cell layer) is about 8-10 layers of 

keratinocytes cells which are between stratum granulosum and stratum basale. 

These cells prickle cell layer accumulate many desmosomes that attach a cell to its 

neighbour providing ‘prickles’ or 'spines'. Langerhans cells and melanocytes are 

also present in this layer (Tortora & Nielsen, 1995; Yousef et al., 2017).  

https://en.wikipedia.org/wiki/Keratinocyte
https://en.wikipedia.org/wiki/Melanocyte
https://en.wikipedia.org/wiki/Langerhans_cell
https://en.wikipedia.org/wiki/Langerhans_cell
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▪ The stratum granulosum has about 3-5 cell layers of keratinocyte cells that 

comprises diamond-shaped cells with keratohyalin and lamellar granules. 

Keratohyalin granules comprise a protein that is responsible for binding keratin 

intermediate filaments into keratin. The lamellar granules contain the glycolipids 

that get secreted to the surface of the cells and function as a glue to keep cells stuck 

together. 

 

 

 

                             

 

  

 

 

Figure 1.2: Representation of the structure of the epidermis. Beginning from the basal layer, the 

keratinocytes which transmit into layers: spinous, granular, lucidum and corneum. 

▪ The stratum corneum; about 20-30 cell layers made up of keratin and non viable 

keyatinocytes cells (known as corneocytes) that have lost their nucleus, which are  

shed from the skin via desquamation (Sandilands et al., 2009; Yousef et al., 2017). 

Their function is to act a protective barrier to protect the body from chemicals, 

infection and the external environment.  

The dermis is much thicker than the epidermis (1-5 mm). The dermis is attached to 

the epidermis at the level of the basement membrane. Structurally, the layers of the 

dermis are typically sub-divided into two zones, the papillary layer, which includes 

(loose connective tissue containing capillaries, elastic fibres and collagen) and the 

reticular layer which includs (larger blood vessels, closely interlaced elastic fibres 

and thicker bundles of collagen). This layer provides strength and elasticity to the 

skin (Butcher & White, 2005). Additionally, it contains fibroblasts, mast cells, 

nerve endings, lymphatics and appendages and sebaceous glands, sweat glands, hair 

follicles, smooth muscle cells, and capillary beds (Butcher & White, 2005). The 

principal cells making  up the dermis are fibroblasts, macrophages and adipocytes. 
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The papillary layer is characterized by relatively loose connective tissue immune 

cells (particularly mast cells and dendritic cells) which are patrolling in the papillary 

layer. Finally, dermal fibroblasts secrete extracellular matrix (ECM). The functions 

of the dermis are to support the epidermis, provide thermal insulation and to support 

the vascular network to supply the avascular epidermis with nutrients (Yousef et 

al., 2017). The hypodermis layer also known as “subcutaneous fascia” is the deepest 

and thicknest layer of skin that lies underneath the dermis (Tortora & Nielsen, 

1995). 

1.2.2 The Skin as a Barrier 

The barrier function of skin is due to the outermost of skin layer: the stratum corneum 

(SC). Michaels and colleagues first introduced the "brick and mortar" model in 1979 to 

decribe the structure of the SC (Michaels et al., 1975). The SC is made up of about 10 to 

25 terminally differentiated keratinocytes (layers of corneocytes) as the “bricks” 

embedded in lipid matrix and lipid envelope which surrounds the cells as the “mortar”  as 

shown in Figure 1.3 (Prausnitz & Langer, 2008; Mitragotri et al., 2011). Extensive studies 

have shown that in the SC corneocytes are filled with water and microfibrillar keratin is 

surrounded via an envelope which is comprised of a cross-linked layer of proteins, such 

as filaggrin, loricrin and involucrin (Lazo et al., 1995) and a monolayer of non-polar lipids 

described as “lipid envelope”. 

This monolayer of non-polar lipids is esterified to the cornified envelope, mainly to 

glutamate residues of involucrin, to produce a template of the intercellular structure 

(Downing, 1992; Meguro et al., 2000). The cornified envelope, together with the lipid 

envelope, prevents most substances from entering corneocytes and it allows for optimal 

lipid matrix production (Downing, 1992; Meguro et al., 2000). 

This envelope of the lipids represents 20 % of the stratum corneum volume and involves 

mostly ceramides, cholesterol, cholesterol esters, fatty acids, and cholesterol sulphate 

(Bouwstra et al., 2003). However, intercellular lipid matrix is lacking in a few places of 

the stratum corneum, allowing lipid envelopes of nearby corneocytes to contact, 

enhancing stratum corneum cohesion (Wertz et al., 1989). Both skin layers (epidermis 

and dermis) have been developed to provide a high effective barrier function for the 

penetration of xenobiotics (Scheuplein & Blank, 1971).  
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Figure 1.3: Schematic representation of  the stratum corneum as the “bricks” embedded in lipid 

matrix and lipid envelope surrounding the cells as “mortar” model. Figure amended from (Michaels 

et al., 1975). 

1.3 Cutaneous absorption “percutaneous” 

Cutaneous absorption phenomena are useful for evaluate toxicity, and understand safety 

as well as therapeutic aspects of xenobiotics, chemicals, and cosmetics. Percutaneous 

absorption is the transport of a topically applied compound from the surface as it 

penetrates the skin, before reaching the blood stream (Carpentieri-Rodrigues et al., 2007). 

Several studies showed that the stratum corneum is the principle penetration barrier for 

the majority of the pharmacueticals through the various layers of the skin (epidermis and 

dermis) into into the systemic or blood circulation for a therapeutic effect (Brown et al., 

2006; Murthy & Shivakumar, 2010). Currently, percutaneous delivery is an important 

route for the systemic administration of drugs as an alternative route for drug delivery, 

overcoming some of the drawbacks of conventional oral administration, such as the 

hepatic “first-pass effect” (Brown et al., 2006; Pathan & Setty, 2009). In addition, 

transdermal drug delivery can be controlled for a longer period of time compared to the 

normal gastrointestinal transfer of oral dose form (Pathan & Setty, 2009). 

The epidermis is comprised of mosaic of proteins and lipids. The permeation of drug 

through the stratum corneum occurs by three transport pathways as shown in Figure 1.4 

(Pathan & Setty, 2009):  

▪ Intercellular diffusion through the lipid matrix. 

▪ Intracellular diffusion through both the corneocytes and the lipid matrix. 

▪ Transappendageal diffusion along the sweat pores and follicles. 

Corneocytes Corneocytes 

https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/xenobiotic-agent
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A transcellular route is responsible for drug delivery across cells of the stratum corneum. 

In constrast, intercellular route refers to as drug absorption among cells, and anexial route 

through hair follicles, sweat glands, and sebaceous glands (Carpentieri-Rodrigues et al., 

2007). 

 

 

 

 

 

 

 

 

Figure 1.4: Schematic illustrattion of the process of drug transport through the stratum corneum. 

Figure adapted from Lane (2013). 

Hair follicles and sweat glands are visible pores beneath the skin's surface, which provides 

a pathway for drug to enter through skin layers (Carpentieri-Rodrigues et al., 2007). The 

biomembranes contain of a lipophilic membrane with a hydrophilic portion. 

According to Lane, (2013), useful way to consider drug penetration through stratum 

corneum can be described by Fick’s first law equation which is shown below for steady 

state flux1: 

𝐽𝑠𝑠 =
𝐴𝐷𝐾𝐶𝑣

ℎ
                 (1) 

Jss is steady state flux 

A is the surface region 

D is the diffusion coefficient and h is thickness of membrane 

 K is the is the partition coefficient of the drug between vehicle/membrane  

Cv is the the constant concentration of drug in solution 

From the equation 1 that shown above, it can be observed that steady state flux is directly 

proportional to the concentration, by contrast inversely proportional to the stratum 
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corneum thickness (Lane, 2013). Percutaneous drug absorption through stratum corneum 

can be enhanced by chemical penetration enhancer (CPEs). Also, the enzymatic activity 

of the skin can be affected by different factors as seen in Table 1.1 (Leite-Silva et al., 

2012; Pyo & Maibach, 2019). In addition, the enzymatic activity in skin can also effect 

the delivery of therapeutic agents. 

Table 1.1: A different factors affecting on the enzymatic activity of the skin. 

 

Skin 

1. Age 

2. Anatomical Site  

3. Gender 

4. Environmental Factors 

(Temperature) 

 

Drug  

 

1. Drug Solubility  

2. Drug concentration  

3. Molecular dimension 

4. Effect of time 

 

Vehicle 

 

1. Distrubution of drug in stratum 

corneum 

2. Absorption enhancer 

3. Volatility 

 

1.3.1 Chemical penetration enhancers (CPEs) 

CPEs are commonly used in a variety of transdermal, dermatological and cosmetic 

products to aid delivery of drugs through the skin. Several chemical compounds can 

enhance transdermal drug delivery, in particular improving delivery across the stratum 

corneum (Pathan & Setty, 2009; Polat et al., 2012). These include alcohols, glycols, non 

ionic surfactants, sulfoxides, azone, derivatives, fatty acids, derivatives, pyrrolidones, 

cyclodextrins and also lectroporation and ultrasound (Carpentieri-Rodrigues et al., 2007; 

Sindhu et al., 2017). CPEs help in drug penetration through the outlayer of skin by 

disruption of the stratum corenum. They interact with the hydrophobic tails of lipids in 

the SC to leading increased disordering of their lamellar and lateral packing. They may 

also denature stratum corneum (SC) proteins causing swelling and increasing hydration  

improving partition of the drug into SC (Pathan & Setty, 2009). 
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1.4 Models for analysis 

Animal models have been used in cosmetic skin research since the 1980s (Bronaugh et 

al., 1982). Animals skin including rat, pig, and guinea pig have been explored to replace 

human skin in order to generate representative information for determining or estimating 

the permeabilities of drugs, cosmetics, skin care products, and and metabolism of. Many 

reports have discussed the relative merits of different animal (Bronaugh et al., 1982; 

Leite-Silva et al., 2012). Pig and rat skin are considered to represent the most suitable  

alternative to human skin for testing permeation of topically applied chemicals, but the 

differences in thickness of the stratum corneum compared to human skin does affect 

permeability (Lademann et al., 2010; Netzlaff et al., 2006; Leite-Silva et al., 2012; Mead 

et al., 2016). The relative proportion of the principal lipid classes: fatty acids, triglycerides 

cholesterol, cholesterol ester and ceramides were found to be different in the skin of these 

species (Shanks et al., 2009). According to these findings, the variation in lipid 

composition seems to be major factor accounting for the differences in skin barrier 

function across the species (Shanks et al., 2009). 

Perel and his colleagues has made signifcant contribution to understanding why animal 

models could not predict human reactions (Bracken, 2009). They conducted reviews of 

research using animal models and compared the findings in humans in six areas. The 

results of the animal research were in substantial disagreement with the human data. This 

is a concern for drug development and evaluation (Bracken, 2009; Lademann et al., 

2010). A second major issue for the use of animal skin in research is the European 

Cosmetics Directive of March 2009 and Authorization and Restriction of Chemicals 

(REACH) Legislation of June 2007. These prohibited using animal skin for testing of 

cosmetics and ingredients including skin irritation, corrosion, and genotoxicity testing 

(Pauwels & Rogiers, 2007). Therefore as Luu-The et al., (2009) concluded an in-depth 

understanding of the properties of tissue engineered 3D cellular models of human skin is 

important so that they can be used in testing to inform risk assessments of topically 

applied xenobiotics. 

1.4.1 3D skin models 

In vitro models of skin are desirable as tools for studying absorption, detoxification and 

metabolism of topically applied xenobiotics as an alternative to experiments using, hard 

to obtain, ex vivo human skin or live animals (Madison, 2003; Wickett & Visscher, 2006). 
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The major cell types present in skin: keratinocytes and fibroblasts, when cultured in a 

scaffold develop into a highly discriminated 3D skin equivalent model containing both 

dermal and epidermal layers (Hu et al., 2010). The scaffolds most generally used are 

collagen or fibrin gel to produce a dermal fibroblast equivalent model (dermis) which is 

seeded onto nylon mesh and grown for ~ 4 weeks until a physiologic dermal-like matrix 

is formed (El‐Ghalbzouri et al., 2002). This is then seeded with keratinocytes which are 

cultured for 14 days at an air liquid interface form an epidermis (which contains distinct 

basal, spinous, granular, and stratum corneum layers). This epidermal layer closely 

resembles the structure of the in vivo skin epidermis (Niehues et al., 2018). These models 

have been called human skin equivalents (HSEs) and are divided into two major types: 

reconstructed human epidermis (RHEs) differentiated epidermis cultures derived from 

human keratinocytes and full thickness living skin equivalents (LSEs), comprised of 

epidermis and dermis as shown in Figure 1.5 (Mathes et al., 2014). 

 

Figure 1.5: Diagram representation of 3D skin model (reconstructed human epidermis (RHEs) and 

and full thickness living skin equivalents (LSEs). To generate 3D skin model: the keratinocyte can 

be grown-up on a cellular matrix (fibroblast-collagen matrix), an acellular matrix (inert plastic filter 

or de-epidermised dermis, DED). Additionally, keratinocytes are seeded and grown in submerged 

cell culture at the air-liquid interface. After 14 days, a multilayered stratified epithelium (epidermis 

and dermis) is full grown to created 3D skin model which is comparable to in vivo skin (Niehues et 

al., 2018). 

LSEs can be further refined by adding further cell types, such as melanocytes, stem cells, 

langerhans cells and others or by their use in combination with other organotypic models 

in organ-on-a-chip systems (Mathes et al., 2014). In addition organ-on-a-chip can mimic 
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the dynamic interactions of microenvironments that exist in in vivo tissues (Wang & 

Guengerich, 2013). Several 3D tissue skin models have been constructed utilizing and  

used this approach to incorporate vascularization into their model (Lee et al., 2017).  

3D skin equivalent models, such as LSE and RHE have a weak barrier function compared 

to normal human skin due to the lack of mechanical forces and dynamic flow system that 

provide continuous supply of nutrients and metabolites. Despite advances in the use of 

3D skin models, the skin permeability issue in vitro remains unresolved. It has been found 

that LSE and RHE exhibit different permeability to native human skin. The permeability 

is mainly in the stratum corneum (SC) of the epidermis layer, providing a barrier for 

lipophilic chemicals. It is clear that of the variability in the thickness, composition and 

cells of are involved in the process. A concern that has been expressed in the use of 3D 

models permeability is mainly due to the deviations in lipid composition within skin 

models (Bell et al., 1991; Mathes et al., 2014). The most abundant in the SC are 

cholesterol, free fatty acids (FFAs) and ceramides. These lipid matrix create the 

continuous pathway through the SC, and contributes significantly to the barrier functions 

of the skin.  

LSE have not been extensively studied in terms of characterising their Phase I and Phase 

II metabolic capability (Gibbs et al., 2007). Studies that have been conducted have been 

reviewed in a number of papers (See Table 1.2) (Oesch et al., 2007; Oesch et al., 2014; 

Oesch et al., 2018; Kazem et al., 2019). Other reviews which covered absorption, 

distribution, metabolism and excretion for topical and systemic chemical exposure have 

been published (Luu-The et al., 2009; Hu et al., 2010). 

The main purpose of developing of skin models is to obtain models able to mimic the 

structure and function of human  skin. One important aspect of this is  as gene and protein 

expression of Phase I and Phase II xenobiotic metabolising enzymes (XMEs) (Kazem et 

al., 2019). 
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Table 1.2: Overview of different type of commercial 3D reconstructed human skin models used for 

studying Phase I and Phase II XMEs. Adapted from: Jäckh et al., (2012) and Oesch et al., (2018). 

 

Skin model 

 

 

Cell origin 

 

Company 

 

Type 

 

References 

 

Phenion® 

FT (PFT) 

 

Male foreskin 

 

Henkel, 

Düsseldorf, 

Germany 

 

 

Full thickness 

(collagen 

matrix) 

 

Mewes et al., (2007) 

 

 

Episkin™ 

FTM 

 

Adult breast skin 

 

SkinEthic™ 

laboratories 

 

Full thickness       

(polycarbonate and 

collagen matrix) 

 

 

Eilstein et al., (2015) 

 

EpiDermFT

™  

(EFT) 

 

Male foreskin 

 

MatTek, MA, 

USA 

 

Full thickness 

(collagen 

matrix) 

 

 

Hu et al., (2010) 

 

SkinEthik

™ RHE 

 

Adult abdomen 

Male foreskin 

 

SkinEthic™ 

laboratories, 

Nice, 

France 

 

 

Epidermal 

 

Netzlaff et al., 

(2006) 

Eilstein et al., (2010) 

 

 

EST-1000 

(EST) 

 

Male foreskin 

 

Cell Systems, 

Troisdorf, 

Germany 

 

 

Epidermal Hoffmann et al., 

(2005) 

 

 

EpiDerm™ 

(EPI-200) 

 

 

Male foreskin 

 

MatTek, MA, 

USA 

 

Epidermal 

 

Hayden et al., (2006) 

 

StrataTest® 

 

NIKS® human 

keratinocyte cell 

line 

 

StrataTech, MA, 

USA 

 

 

Epidermal 

 

Slavik et al., (2007) 

 

ORS-RHE 

 

Outer root sheath 

 

PierreFabreDer

mo cosmétique 

 

 

Epidermal 

 

Guiraud et al., 

(2014) 

 

EPI-

MODEL 

 

- 

 

LabCyte, Aichi, 

Japan 

 

 

Epidermal 

 

Katoh et al., (2009) 

 

Episkin™ 

 

Adult breast skin 

 

SkinEthic™ 

laboratories, 

Nice,  France 

 

 

Epidermal 

 

Tinois et al., (1991) 
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 Studies as shown in Table 1.2 by (Oesch et al., 2007; Oesch et al., 2014; Kazem et al., 

2019), compared XME in reconstructed human skin and reconstructed human epidermis 

models to native human skin. It has been found that Phase I and Phase II enzymes are 

expressed (mRNA, protein expression and enzyme activity) at low levels compared to 

human skin. In one study by Wiegand et al., (2014), in vitro human skin test systems (2D 

and 3D) from a different donors were investigated and compared with liver and native 

human skin. This group suggested that overall, XMEs basal and induced levels of Phase 

I and Phase II enzymes (gene/protein expression) in 3D models of skin reflected the in 

vivo situation more realistically than 2D system.  

Almost all XMEs in human skin are also detected in liver (Wiegand et al., 2014). 

However, the levels have been reported to be lower than those that present in liver and 

fewer enzymes are reported in skin and in studies of commercial skin models (Oesch et 

al.,  2018; Kazem et al., 2019). There is therefore,  a need to understand drug metabolism 

(in respect of mRNA and protein expression levels) in all commercially available skin 

models and to examine whether enzyme activity equivalent to native human skin can be 

induced (Wiegand et al., 2014). Such studies have been reported by Luu-The et al., (2009) 

and Eilstein et al., (2015) using the commerical 3D models EpiskinTM  and Episkin™ 

FTM who characterised the mRNA expression of XMEs level following exposure to 

cosmetic ingredients and chemical compounds using Real Time qPCR quantification. 

1.4.2 Labskin model 

Labskin is a commercially available 3D skin model (produced by Innovenn, York, UK, 

https://www.labskin.co.uk/skin-model). It is a full skin structure model including an 

epidermis, dermis and a complete basement membrane as shown in Figure 1.6.  

This model is produced using primary dermal fibroblasts cells embedded in a fibrin gel 

scaffold and incubated for 6 days within Labskin media to form the dermis. Once cells 

are settled in dermal compartment, keratinocytes derived from human skin, cultured in a 

fibrin scaffold are grown submerged on top of the dermal component and cultured in 

media (6 days). The keratinocyte cells are then grown and maintained for 14 days at an 

air-liquid-interface, which is critical to allow differentiation into the different layers of 

the  epidermis including the stratum spinosum, stratum granulosum and stratum lucidum.  

https://www.labskin.co.uk/skin-model
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At the day 12 air-liquid interface, the SC becomes thicker therefore, mimicking mature 

skin. This skin model culture is a unique full thickness model with a fully differentiated 

epidermis supported by dermal compartment consisting of fibroblasts in a fibrin scaffold. 

The use of fibrin, instead of the more usual collagen-based scaffolds, yields unique 

physical properties making this model is viable for further 2 weeks and hence very 

suitable for xenobiotic/drug testing experiments including metabolism studies. However, 

xenobiotics metabolism is not yet well characterised in this skin model.  

 

  

 

 

 

 

Figure 1.6: Schematic of commercial avaliable 3D skin equivalent model represents the structural 

of human skin consists of a full thickness epidermis and dermis layers which shows a similar 

function as native human skin. 

A further advantage of this model compared with others is that it the only available model 

able to host micro-organisms on the surface. It could therefore be used to produce a model 

that mimics the endogenous micoflora of native human skin. This is owing to the surface 

properties, which are relatively dry in comparison to other skin models and have 

protective functions similar to the native skin. Due to these considerations this 3D skin 

model was selected for the XME studies carried out in this thesis. 

1.5 Skin Xenobiotics Metabolising Enzymes 

Xenobiotic metabolism takes place in two phases: Phase I biotransformation reactions 

(e.g. oxidation, reduction, and hydrolysis) included formation of new or modified 

functional groups (oxidation, reduction, hydrolysis) and Phase II conjugation reactions 

with endogenous substances (e.g. glucuronic acid, sulfate, and glycine). These processes 

have the overall aim to make the xenobiotic more water soluble, "polar" and thus more 

readily excreted from the body. Understanding xenobiotic metabolism (XMEs) in 3D skin 
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models and its relationship to human skin metabolism is important to improve and 

develop the transfer of drugs from the in vitro to in vivo situation. Luu-The et al., (2009) 

pointed out that this information could be used to inform risk assessments of topcally 

applied drugs. In contrast to the human liver (which is the main a first pass organ 

responsible for drug metabolism), less is known about the xenobiotic metabolising 

enzymes of the skin. These XMEs are known to be located mainly in keratinocytes within 

the epidermis, even though levels are lower than those discovered in liver (van Eijl et al., 

2012).  

Despite the key role of these processes in the absorption of xenobiotics (and in the 

ultimate toxicology of compounds absorbed through the skin), the levels of distributon of 

Phase I and Phase II enzymes have not been widely studied in either skin or 3D models 

of skin (Hu et al., 2010; Oesch et al., 2007). However, it has been reported that due to the 

variety of cell types present (e.g. fibroblast, lymphocytes and monocytes), human skin 

contains higher levels of xenobiotic metabolising enzymes than keratinocytes (Oesch et 

al., 2014) and additionally that Phase II enzymes are expressed in higher levels in human 

skin and the Epi-DermTM 3D cell model than Phase I enzymes (Wiegand et al., 2014). 

A recent publication in this field by Bacqueville et al., (2017) compared metabolism in 

the 3D human skin equivalent model (ORS-RHE) to those that in native human skin. This 

study found that Phase II enzymes were present in higher amounts compared to the Phase 

I in the ORS-RHE model. This was especially true for glutathione-S-transferase (GST) 

and N-acetyltransferase (NAT) enzymes. However, since levels of cytochrome P450 

(CYPs) enzymes are consistently reported to be very low in whole skin and it is not easy 

to confidently identify them. This was also found to be the case in both in vivo human 

skin and in the ORS-RHE model used in this study (Bacqueville et al., 2017). Observable 

in this model are alcohol and aldehyde dehydrogenases, and esterases (Bacqueville et al., 

2017). The presence of functional Phase I and Phase II xenobiotic metabolism enzymes 

(XME) were confirmed by incubating the skin models within several substrates and some 

inducers such as, testosterone inducer, 3-methylcholanthrene (3-MC), 7-ethoxycoumarin, 

β-naphthoflavone (βNF) which metabolised after topical application (Bacqueville et al., 

2017). 

Only very few publications have attempted to investigate the full range of XMEs present 

in whole skin (Oesch et al., 2007; Oesch et al., 2014; Oesch et al., 2018). In the initial 
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work of Oesch and colleagues (2007) Phase I (e.g. cytochrome P450s, alcohol 

dehydrogenase, flavin-dependent monooxgenase, aldehyde dehydrogenase, epoxide 

hydrolase, esterases and amidases and NAD (P) H: quinone) and Phase II (e.g. glutathione 

S-transferase, sulfotransferase, N-acetyltransferase and UDP-glucuronosyltransferase) 

were characterised in skin, more specifically in the epidermis (which is in agreement with 

the higher levels found to occur in keratinocytes rather than fibroblasts) (Wiegand et al., 

2014; Pyo & Maibach, 2019).  

Reconstructed commercial models of human skin, including, the full-thickness skin 

equivalent EpiDermFT ™, full-thickness skin model Phenion®, AST-2000 full-thickness 

skin model and EpiSkin® and 3-dimensional reconstructed human skin models (3D skin 

model) have been used as an alternative to animals in the study of XMEs (Table 1.2). 

However, xenobiotic metabolism is not well characterised in 3D skin models nor it’s 

relationship to xenobiotic metabolism in human skin established. Cytochrome P450 

dependent metabolism of xenobiotics has however been suggested to be similar in human 

skin and 3D skin models. Studies by Hu et al., (2010), Luu-The et al., (2009), Neis et al., 

(2010), van Eijl et al., (2012), and  Pyo & Maibach (2019) were carried out using various 

techniques to measure levels of expressed XMEs in skin models and native human skin.  

A major focus of this project is to to investigate if Labskin  has levels of XME comparable 

to in vivo human skin. In order to achive this, we set out to determine the number and 

levels of the Phase I and Phase II XMEs in Labskin compared with the native human skin 

at the levels of gene/protein expression as well as by studying enzymatic activity. 

1.6 Polymerase Chain Reaction (PCR) 

The PCR technique was first introduced in 1985 by the American Biochemist Kary Mullis 

(Saiki et al., 1985; Mullis et al., 1986). Mullis won the Nobel Prize for the discovery of 

PCR in 1993 (Bartlett & Stirling, 2003). The PCR technique based on the polymerase 

chain reaction (PCR) allows quantitation and amplification of nucleic acids sequences 

(Saiki et al., 1985). Because it is sensitive, specific and reproducible method for the 

quantitation of nucleic acids, PCR has become one of the successful applications in 

molecular biology and medical research. It is used to amplify a single or double copies of 

a piece of DNA to generate of copies of a specific DNA sequence (Joshi & Deshpande, 

2010). 
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The main principle of the polymerase chain reaction is the amplification of segments of 

DNA to create more than one million specific DNA sequences between the priming sites. 

Primers are small DNA fragments that function by linking the building blocks to form 

templates for building the new strand (Joshi & Deshpande, 2010). The key steps involved 

in PCR are: denaturation, annealing, and extension (Joshi & Deshpande, 2010). In 

denaturing, the DNA is first heated and denatured at the denaturing temperature of 

typically 95 °C to be amplified single strands. In the annealing step, primers are annealed 

to oligonucleotide primers to prime the extension step at a low temperature approaching 

50-60 °C. This enables the primers to form hybrids with their complementary template 

strands. In the extension step of the PCR cycle, polymerase extension is repeated several 

times at the end of the annealed primers, resulting in an exponential increase in the copy 

strand of DNA sequence between the priming sites. In this stage, the extension of the 

primers can be monitored by the incorporation of dyes (e.g. SYBR® Green or TaqMan®). 

Cycles are repeated 20-40 times to generate multiple copies and amplify the target DNA 

as seen Figure 1.7.  

 

 

 

 

 

 

 

 

Figure 1.7: The principle of PCR: Denaturation, annealing, and extension (PCR depended on the 

high denaturing temperatures includes heating the double stranded target DNA molecule and 

seperated by breaking bonds among A-T and G-C. In annealing stage, the two strands allows binding 

and reverse primers of particular sections of the separated strands in the target DNA. Extension stage 

occurs by adding complimentary the dyes e.g., TaqMan® to the new strands. 

1.6.1 Real time-quantitative PCR (RT-qPCR) 

The development of real-time quantitative (q-) PCR represents significant progress in a 

variety of molecular techniques, including nucleic acid analysis (Konermann et al., 2013). 
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Higuchi developed qPCR in 1992 (Higuchi et al., 1992). qPCR method works by the 

detection of fluorescent DNA stains, such as SYBR® Green which can be bound to 

double-stranded DNA. Such stains generate fluorescence which is used to quantify the 

amplification of the target DNA at each cycle of PCR process (Singh et al., 2014). Hence, 

the qPCR data are collected during the PCR process (i.e. monitoring of the cycle of PCR 

amplifcation as they are accumulate in a “Real Time Detection” by using fuorescence not 

only at the end of reaction). During the log-linear phase of amplification, the fluorescence 

rises to the measurable level which is known as the threshold cycle (CT) (Rodríguez-

Lázaro et al., 2013; Singh et al., 2014). 

qPCR outputs include amplification; standard curves log concentration vs CT, which are 

plotted via using serial dilutions of a known magnitude of standard DNA and Ct value, 

which the complementry DNA (cDNA) can be used to quantify the amount of DNA 

molecules as CT value using standard curve as shown in Figure 1.8 (Singh et al., 2014). 

In RT-qPCR, the comparative Ct (2-∆∆Ct) method is a statistical model that evaluates 

changes in gene expression as a relative fold change among an experimental and 

calibrator sample (Singh et al., 2014). Due to the increased sensitivity and the dynamic 

range of amplification, many of housekeeping genes have been used for normalization 

results (Singh et al., 2014). 

 

 

 

 

 

 

 

 

 

Figure 1.8: Amplification plot. Fluorescence Vs Cycle. Adapted from: Rodríguez-Lázaro et al., 

(2013) 
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qPCR can be applied for many functions, it is particularly used for quantifying nucleic 

acids and genotyping in a similar manner to conventional PCR. Its main advantage is that 

the amplifcation and detection methods have combined into one stage, thus removing any 

requirement for post-amplification processing of targeted DNA (Mackay, 2004). It also  

has a low level of contamination caused by PCR products like cDNA and RNA. However, 

qPCR has some shortcoming including high cost of the reagents. 

In comparison to the conventional PCR process, qPCR is preferred for several reasons, 

including the ability to amplify short DNA fragments, the ability of fluorescent detection 

to detect minor amounts of amplified products, and an enhanced tolerance to inhibiting 

materials interfering with DNA purification compared to conventional PCR processes. 

1.6.2 Reverse Transcription-PCR (RT- PCR) 

Reverse Transcriptase PCR, enables measurement of the levels of RNA by creating 

complementary DNA (cDNA) from RNA, which is produced by reverse transcribing of 

the RNA templates, followed by amplification of cDNA using standard PCR (Singh et 

al., 2014). This approach is applied to evaluate gene expression, and combined with real-

time PCR (qPCR) to measure RNA levels (Singh et al., 2014). 

1.6.3 RT-PCR/qPCR combined 

RT-PCR/qPCR combined known as RT-qPCR technique has enabled the successful 

completion of the ‘human genome project: the determination of expression levels of target 

genes by enabling the amplification and sequencing of the human genes in human tissue 

(Singh et al., 2014). This technique used in our study to measure the quantitative detection 

expression of RNA by converting the RNA template to cDNA in human skin and 3D skin 

model (Labskin).  

1.7 The application of RT-qPCR in Human Skin and 3D Skin Models 

(Gene expression) 

1.7.1 Cytochrome P450 (CYP) gene expression 

The cytochrome P450 (CYPs P450) family of enzymes are responsible for numerous 

oxidative reactions and metabolise a wide range of xenobiotics. CYP enzymes metabolise 

a wide range of endogenous and exogenous substrates by mono-oxygenation reaction 

(including epoxidation, dealkylation, hydroxylation, decarboxylation and isomerisation), 

but CYPs of Phase I also have the ability to act as peroxidases or reductases. Lipophilic 
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xenobiotic compound metabolism is often catalysed by CYP as a means of conversion 

into more hydrophilic compounds as an aid to excretion (Vondracek et al., 2001). Several 

researchers have investigated the role of CYPs in Phase I drug metabolism in the skin 

(Oesch et al., 2007; Oesch et al., 2014; Oesch et al., 2018; Kazem et al., 2019). In an 

early study by immunohistochemical staining, RT-PCR and HPLC analysis showed CYPs 

were predominantly expressed in the epidermal layer of skin, hair follicles and sebaceous 

glands. However, levels were found to be much lower than in the liver. 

Whilst CYP levels have been shown to be very low in the skin by using RT-PCR, many 

compounds to which the skin is exposed, such as cosmetics (and their ingredients) and 

health care products, are substrates of CYPs such as CYP1A1, 1A2, 2C9, 2D6, 2E1 and 

3A4. Additionally, therapeutic drugs used in dermatology, i.e. 7-ethoxyresorufin-O-

dethylase, para-nitrophenol, diclofenac hydroxylase, 7-pentoxyresorufin-O-depentylase, 

7-methoxyresorufin-O-demethylase, dextromethorphan, chlorzoxazone, hydroxylation, 

testosterone and erythromycin-N-demethylase are inducers, substrates and inhibitors for 

several CYPs (Vondracek et al., 2001). 

In native human skin, transcripts coding for CYPs have been found to be present in many 

studies. Yengi et al., (2003) detected that about 13 CYP P450 subfamilies of enzymes 

were found using RT-qPCR to be present in whole skin collected directly from human 

donors. Levels of CYP 1A2, 2A6 and 2C8 were below the limits of detection. Moreover, 

Baron et al., (2008) reported about 36 CYP genes experssion were expressed in whole 

human skin namely: CYP1A1, 1A2, 2A6, 2A7, 3A4, 3A7, 3A5, 1B1, 2B6, 2B7, 2C9, 2C18, 

2C19, 2D6, 2E1 and 2S1. Thus, Smith et al., (2006) showed that all trans retinoic acids 

(RA) was a powerful inducers for CYP1A1, 1A2, 1B1. CYP2C18, CYP3A5 and CYP1A2. 

These were also shown to be induced by clobetasol-17-propionate in full thickness adult 

human skin in the same study.  

 Hu et al., (2010) compared the expression of 139 xenobiotic metabolizing enzymes in 

EpiDerm™ model and full thickness human bottom skin tissues using RT-PCR and 

Microarray analysis. Approximately 87 percent of the genes were expressed in detectable 

levels in both the EpiDermis™ model and human skin. Five CYP mRNA (1A1, 2E1, 1B1, 

4F8, 4X1) were found to have much lower expression in the reconstructed skin models 

(EpiDerm™) compared to full thickness bottom skin (FTHBS). CYPs were also present 

at low levels in EpiDerm™ but CYP1A1/1B1expression was induced following exposure 
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to 3-methylcholanthrene (3MC). On the other hand, the CYP isoforms such as 2C9, 2C18, 

4B1, 2J2 were detected at higher levels in EpiDerm™ than FTHBS. It has been reported 

that many of the CYPs found in FTHBS and EpiDerm™ can be induced (Wiegand et al., 

2014). Hayden et al., (2006) and Rassmussen et al., (2011) demonstrated that 3-MC and 

βNF were induced both CYP1A1 and CYP1B1 in EpiDerm™ model. These studies have 

confirmed CYP1A1 and CYP1B1 activity is increased in EpiDerm™ by ethoxyresorufine 

induction. 

A study by Neis et al., (2010) reported real time quantitative PCR (RT-qPCR) analysis 

CYPs expression (1A1, 1B1, 2E1, 2J2, 3A4, 4B1) in several full thickness skin models. 

mRNAs coding for CYP 2C18 and 3A4 were found in low abundance in all organotypic 

skin models, EpiDermFT ™, Phenion®, EpiSkin®, while CYP2B6 was not identified in 

any. CYP1B1, 2E1, 2J2, 3A4 and 4B1 (expect CYP1A1 was slightly induced in Phenion®) 

by liquor carbonis detergents (LCD). On the other hand, Luu-The et al., (2009) reported 

the presence of various Phase I enzymes in Episkin ™ and EpiSkinTM FTM and the human 

epidermis. CYP1A, 2B, 2E and 3A were induced in the models by treatment with 

dexamethasone. In addition, arachidonic acid was used to induce CYP2J2, prostaglandins 

and leukotrienes 4F8 and 4F12 and eicosatrienoic acids 2C8. In more recent studies by 

Eilstein et al., (2015) and Bacqueville et al., (2017), the identification of XMEs in a 

reconstructed human epidermal model derived from adult hair follicles (ORS-RHE) has 

been reported at low level of the gene compared with human skin. 

Some Phase I and II XMEs identified by RNA and protein expression will be discussed 

in more detail, including detection and localisation in native human skin and the in vitro 

skin models. 

1.7.2 Phase I drug metabolising enzymes 

1.7.2.1 CYP1 family 

Several publications have investigated the levels of and changes in the levels of CYP 1A 

in skin by treatment of keratinocytes with known inducers. A range of fold change 

increases in CYP1A1 mRNA and protein have been reported. Approximately 60 % of the 

genes of the CYP1 family were detected and reported to be higher in keratinocytes 

isolated from the epidermal layer compared with those of the dermal layer of skin 

(Wiegand et al., 2014; Kazem et al., 2019).  
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CYP1A1 subfamily: mRNA was reported to expressed at different levels in keratinocytes, 

fibroblasts, cultured langerhans cells and melanocytes. It was found to be expressed 

higher in the sebaceous glands, epidermis, and high in hair follicles. CYP1A1 expression 

was reported to not be consistent across subjects i.e. it exhibits genetic polymorphism. 

CYP1A1 and CYP1A2 mRNA were expressed in the three donors used to construct the 

reconstructed model (OS-Rep), but was not detectable in a commercial 3D skin full skin 

model Phenion FT Skin (Wiegand et al., 2014).  

Baron et al., (2008) found that dexamethasone and benzanthracene lead to transcriptional 

induction of CYP1A1 and localised mostly to the suprabasal layer of keratinocytes. In 

contrast, Berghard et al., (1990) reported that 2, 3, 7, 8-tetrachlorodibenzofuran (TCDF) 

treatment did not increase the levels of CYP1A1 mRNA in normal human keratinocytes. 

However, exposure of normal human keratinocytes (NHK) cultured in serum-free and 

extracellular Ca2+ to the TCDF lead to transcriptional induction of CYPs expression, a 

3.0-fold induction compared with control cultures. Saeki et al., (2002) showed CYP1A 

mRNA is expressed in langerhans culture (LCs), melanocytes and keratinocytes. Götz et 

al., (2012) detected CYP1A1 and CYP1A2 activity in EPI-200 models following EROD 

induction, otherwise it was below the limit of detection in 3D skin models.  

CYP1A2 subfamily: CYP1A2 has been reported to play an important role in xenobiotics 

metabolism in human skin (Vondracek et al., 2001). More recently, Oesch et al., (2007) 

have shown that several substrates, such as, polycyclic aromatic hydrocarbons, 7-

methoxyresorufin-O-demethylase, acetaminophen, aflatoxin B1, phenacetin, phenacetin, 

aromatic amines, theophylline, warfarin, imipramine and theophylline are metabolised by 

CYP1A2 in human skin and other tissues. It has been shown to be only weakly induced 

compared with CYP1A1 by dibenzo [a, l] pyrene (Schober et al., 2006).  

CYP1B1 subfamily: CYPlBl mRNA was observed in 15 different normal human skin 

samples (Sutter et al., 1994). It is expressed and localized in the epidermis (in contrast to 

CYP1A1 which is observed in epidermis specifically in the basal cells (Oesch et al., 2007; 

Kazem et al., 2019). Oesch et al., (2007) observed that the biotransformation of dibenzo 

[a, l] pyrene via CYP1B1 was less efficient compared to CYP1A. CYP1B1 can be induced 

by 2, 3, 7, 8-tetrachlorodibenzo-p-dioxin treatment 10 ng treatment for 24 h gave a 100-

fold increase in CYP1B1 in primary human keratinocytes (Akintobi et al., 2007). In the 
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primary keratinocytes and HaCaT cell cultures exposure to ultraviolet-B enhanced 

induction of CYP1B1 by polycyclic aromatic hydrocarbons (PAH) (Katiyar et al., 2000). 

 Villard et al., (2002) reported that CYP1B1 was present at higher catalytic activities 

compared to other CYPs, e.g. CYP1A1, in a study of the biotransformation of many PAH. 

This has been confirmed by similar results for levels of CYP1B1 mRNA in human 

keratinocytes following exposure to UV-B irradiation (Villard et al., 2002). In addition, 

they also reported CYP1B1 gene induction in HaCaT cells by N-acetylcysteine (NAT).  

CYP1B1 can be induced by liquor carbonis detergents (LCD) (Neis et al., 2010). RT-PCR 

analysis showed that 24 h after drug treatment of 3D skin models with LCD inducer 

inducer, CYP1B1 gene expression was induced in all skin models. 

 Wiegand et al., (2014) reported the expression of CYP1B1 in native human skin, the 

three-dimensional full skin model Phenion FT and an epidermal model OSREp. CYP1B1 

gene expression was higher in the dermis (Wiegand et al., 2014). In the most recently 

reported study by Bacqueville et al., (2017) it was shown that CYP1B1 expression in 

ORSRHE models could be induced by topical application of βNF and 3-MC for 24 h 

(13.9-fold increase for treatment with βNF and 11.9-fold for 3-MC). The induction of 

CYP1B1 gene expression level was confirmed in ORS-RHE tissues by using changes in 

flouresence to demonstrate the biotransformation of ethoxyresorufin, 24 h after the 

induction with 3-MC or βNF. 

1.7.2.2 CYP2 family 

The CYP2 family is mainly observed in the human dermis and in differentiated 

keratinocytes rather than the epidermis outer cell layers and skin appendages. Du et al., 

(2004) reported that only the 13 CYP2 XME genes (CYP2A6, 2A7, 2B6, 2C9, 2C18, 

2C19, 2D6, 2E1, 2J2, 2R1, 2S1, 2U1, and 2W1) were expressed in whole human skin. 

 CYP2A subfamily: CYP2A is mostly observed in the human dermis. Only the CYP2A6 

and CYP2A7 expression have been reported in skin. In contrast, 2A13 is not observed in 

skin (although it is found in other epithelial skin tissues) (Ding & Kaminsky, 2003). Ding 

et al., (1995) demonstrated expression of CYP2A7 mRNA in the human skin fibroblasts 

while finding no evidence in keratinocytes. Interestingly, transcripts of CYP2A6 also 

appeared in the dermis. In contrast, levels of CYP2A6 and CYP2A7 genes were reported 

to be below the detection limit in another study (Saeki et al., 2002). Yengi et al., (2003) 
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also reported CYP2A6 abundance was below both limits of detection and quantification 

in a study of 27 individual human skin biopsies. Using a quantitative ribonuclease 

protection assay, Janmohamed et al., (2001) detected CYP2A6 RNA in five out of nine 

human skin samples, CYP2A6 transcript has shown to be expressed in different samples 

of human skin in proliferating keratinocyte cultures derived from the HaCaT cell line.   

 Wiegand et al., (2014) reported CYP2A6 mRNA to be present in the epidermis of two 

out of three donor samples of human skin. In addition, Wiegand et al., (2014) also studied 

mRNA CYP2A6 in a 3D skin model derived from the same donors and found it to be 

weakly expressed in the commercial Phenion FT Skin model. 

CYP2B subfamily: Only CYP2B6 transcripts have been reported to be expressed in the 

normal human skin (Hoffman et al., 2001; Hu et al., 2010; Janmohamed et al., 2001), in 

HaCaT cells and proliferating cultures of human keratinocytes (Baron et al., 2001). 

CYP2B6 was induced by PB (Baron et al., 2001) in proliferating skin keratinocyte 

cultures. Yengi et al., (2003) suggested that the variability of the CYP2B6 gene was the 

same as that found in the human liver. 

Wiegand et al., (2014) found that there is also variation in levels of mRNA between 

human individuals. Some individuals have no CYP2B6 mRNA expression and other 

individuals had high levels of total RNA. 

CYP2B6 was not however detected in human skin; fibroblasts, melanocytes, Langerhans 

cells or keratinocytes (Saeki et al., 2002). Rolsted et al., (2008) and Rassmussen et al., 

(2011) have studied CYPs in the commercial 3D models EpiDerm™ and StrataTestR 

respectively and CYP2B6 was also not found to be present.  

CYP2C subfamily: CYP2C18, CYP2C19, CYP2C19, CYP2C8, and CYP2C9) 

CYP2C8, CYP2C18 and CYP2C19 gene expression has been detected in human epidermis 

(EpiSkinTM, EpiDerm, ORS-RHE, SkinEthicTM), full thickness reconstructed human skin 

models (SkinTM FTM, Phenion FTM) and cultured keratinocytes by using RT-PCR 

studies (Zaphiropoulos, 1999; Finta & Zaphiropoulos, 2000). Yengi et al., (2003) 

observed that CYP2C9 and CYP2C19 expression of the CYP2C family was detected at 

low levels whilst CYP2C8 was found to be below the limits of detection in full thickness 

skin biopsy samples (epidermis and dermis layers) taken from 27 individuals. CYP2C18 

was detected at higher levels in the dermal tissue compared with others of the CYP2C 
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subfamily. These results confirmed previous data from a RT-PCR study that found them 

in 5 individuals of keratinocytes (Saeki et al., 2002). In contrast, Gonzalez et al., (2001) 

reported that mRNA of CYP2C19 was expressed and induced by clofibrate inducer in 

proliferating human keratinocyte, but no CYP2C19 was detected in monolayer cultures 

using RT-PCR.  

Several physiological substrates, drugs and xenobiotics are metabolised by CYP2C in 

skin: 

▪ Physiological substrates, for example all-trans retinoic acid, arachidonic and linoleic 

acid were metabolised by CYP2C9, all-trans retinoic acid and progesterone were also 

inducers for CYP2C18. In addition, CYP2C19 was expressed by many treatments such 

as 9-cis-retinal, arachidonic, testosterone, linoleic acids as well as progesterone (Du et 

al., 2004; Oesch et al., 2007). 

▪ Capsaicin, limonene, nicotine, diallyldisulfide, galangin, genistein 4’-methyl ether, 

kaempferide, ochratoxin A and tamarixetin were metabolised by CYP2C9 whilst 

limonene was also an inducer for CYP2C18. Furthermore, diallyldisulfide, limonene, 

genistein 4’-methyl ether, capsaicin, nicotine, ochratoxin A and tetrahydrocannabinol 

were inducers for the CYP2C family especially for the CYP2C19 enzyme (Du et al., 

2004; Oesch et al., 2007). 

▪ Pharmaceutical drugs such as diclofenac, (S)-warfarin, indomethacin, tolbutamide, 

ibuprofen and phenytoin, have been used for CYP2C9 induction and mephenytoin, 

diazepam, amitryptiline, omeprazole, lansoprazole, pantoprazole and (R)-warfarin) 

were turned over by CYP2C19 (Du et al., 2004). 

CYP2D subfamily: CYP2D6 transcripts of the CYP2D subfamily were reported to be 

expressed in full human skin biopsies in a study of samples taken from 27 individuals. 

CYP2D6 mRNA was detected at the highest levels in skin compared to the 10 other CYP 

genes studied with a level 10-fold greater (Yengi et al., 2003). Whilst Saeki et al., (2002) 

reported that the CYP2D6 could be detected in dermal fibroblasts. CYP2D6 transcripts 

were undetected in native human skin (microsomes) and in both 3D skin models PFT and 

EpiDerm™ 3D models in this study. Wiegand et al., (2014) showed that levels of 

CYP2D6 mRNA were below the detection limit in both layers (dermis and epidermis) of 

normal human skin, the dermis of the Phenion FT skin model and in monolayer fibroblasts 

derived from the same donors. In contrast, low expression of CYP2D6 was found in an 
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OS-REp model of three different donors, two of three donors in keratinocytes, only 1 

donor of 3 donors in the Phenion FT skin model and in the NHEK derived from 2 donors.  

▪  Pharmaceuticals, such as bufuralol, fluoxetin, propranolol, debrisoquine and 

dextromethorphan were specific for CYP2D6.  

▪ Xenobiotic compounds such as 4-methyl ether, aflatoxin CYP1B1, capsaicin, 

curcumin, emetine, genisteine ibogaine, ochratoxin A, nicotine, as well as sparteine. 

CYP2E subfamily (2E1 transcripts) is one of the CYP2 families that has been found in 

the supra-basal cell layers of human foreskin epidermis skin biopsies as well as in 

langerhans cells, in freshly isolated epidermal cells and proliferation keratinocyte cultures 

(Baron et al., 2001; Gonzalez et al., 2001; Saeki et al., 2002). In the study of CYP2E1, 

mRNA was found in native human (both epidermis layer and dermis layer), in fibroblasts, 

and the monolayer epidermal cells (NHEK) (Wiegand et al., 2014). Moreover, it was 

found to be expressed in reconstructed skin models, such as the Phenion FT and SkinTM 

FTM as well as in the OS-REp model (Wiegand et al., 2014; Du et al., 2004; Luu-The et 

al., 2009). 

▪ Substrates such as 17 ß-estradiol, all-trans retinoic acid, estrone, phosphatidylcholine, 

uroporphyrinogen, aflatoxin B1 were metabolised via CYP2E1 enzyme. In addition to 

that capsaicin, curcumin, genisteine, diallyl disulfide, nicotine, and methyl eugenol are 

also other substrates that were metabolized by CYP2E1 in the human skin.     

▪ Many substrates for CYP2E1 in both skin (human skin and 3D skin models) include 

ethanol, benzene and dimethylnitrosamine (Du et al., 2004). 

CYP2J, CYP2R, CYP2U1 and CYP2W subfamilies 

 Du et al., (2004) reported that other members of the CYP2 family (CYP2J, CYP2R, 

CYP2U1 and CYP2W) are expressed in human skin cultured keratinocytes and in the 

epidermis. CYP2J2 mRNA of the CYP2J family was observable in cultured human 

epidermal keratinocytes. In contrast, CYP2R1 mRNA was found in this study.  This gene 

has 25-hydroxylase activity toward vitamin D in the human epidermis (Bikle & Pillai, 

1993; Cheng et al., 2003). CYP2U1 is active toward arachidonic acid 19- and 20-

hydroxyeicosatetraenoic acids and CYP2W1 is active toward benzphetamine and indole. 

In studies of reconstructed models of the epidermis, these CYP2 enzymes were expressed 

in EpiDerm, while only CYP2U1 and CYP2W1 were detected in ORS-RHE. However, 
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CYP2J2 has been detected in a full thickness skin model (Phenion FTM). Keratinocytes 

cultured such as primary were a good representative model for these CYP expression (Hu 

et al., 2010). 

CYP2S subfamily: The CYP2S subfamily like many CYP2 subfamily has been studied 

in the human skin. CYP2S1 transcripts were observed in the skin model (full-thickness 

skin punch biopsies comprising epidermis and dermis) from 26 psoriasis patients after 

systematic induction with ultraviolet or topical drug. However, in this experiment 

discrimination among the dermal or epidermal compartments of skin was not attempted 

(Smith et al., 2006). CY2S1 was detected in the differentiated cells of epidermal skin by 

using immunocytochemistry with specific antibodies (Smith et al., 2006). Saarikoski et 

al., (2005) reported CYP2S1 is able to metabolise many endogenous substrates. 

Ultraviolet radiation, PUVA, all trans retinoic acid and coal tar detergents induce 

CYP2S1 expression and this has been shown to have a greater impact on levels in lesional 

psoriatic skin compared to non-lesional skin. However, it was observed that CYP2S1 was 

not induced by coal tar in the seven of 13 individuals studied (Smith et al., 2006). CYP2S1 

expression was reported to be similar in HaCaT cells compared to human skin. HaCaT 

exposure to acetretin increased abundance of both CYP2S1 and CYP1B1 (McNeilly et 

al., 2012). Most studies of the CYP2S subfamily conducted to date have investigated 

CYP2S1 induction by retinoic acid, UV light and coal tar. Wiegand et al., (2014) studied 

CYP2S1 in native skin, NHEK, and in skin model Phenion FT Skin (in the epidermis, 

dermis as well as in fibroblasts).  

CYP2S1 has also been reported to be inducible by dioxin, which implies mediation via 

aryl hydrocarbon nuclear translocator (ARNT) and aryl hydrocarbon receptor (AHR) 

(Saarikoski et al., 2005). In summary for CYP2 genes (CYP2A6, 2A7, 2B6, 2C9, 2C18, 

2C19, 2D6, 2E1, 2J2, 2R1, 2S1, 2U1, and 2W1) have been shown to be involved in drug 

biotransformation in the normal skin and 3D skin models (mostly in epidermis or cultured 

keratinocytes). 

1.7.2.3 CYP3 family (CYP3A4 and CYP3A5)  

CYP3A subfamily: The CYP3A subfamily has been proposed as responsible in native 

human skin for the metabolism of many drugs and substrates particularly CYP3A4 and 

CYP3A5 (Götz et al., 2012). A variety of researchers have reported that CYP3A5 appears 

to be the most important enzyme of the CYP3 family at the basal level when no inducers 
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are present (Kazem et al., 2019). Rolsted et al., (2008) showed that CYP3A activity is 

similar (i.e. low basal CYP3A activity) in both EPI-200 models and human skin but 

lacking in NHEKs which is in agreement with (Götz et al., 2012). 

 Gibbs et al., (2007) showed that the CYP3A subfamily are responsible for the metabolism 

of testosterone to 6-β-hydroxytestosterone in fresh full-thickness human skin (ex vivo 

abdominal human skin). They also reported that CYP3A4 metabolised midazolam and 

dexamethasone following induction in HaCaT cells. Yengi et al., (2003) also studied 

CYP3A4 and CYP3A5 expression in full thickness skin. This was found to express both, 

with CYP3A4 being more abundant than CYP3A5. In contrast, CYP3A5 was observed in 

the proliferating human skin keratinocytes cultured by reverse PCR, while CYP3A4 

mRNA could be induced markedly by dexamethasone (Baron et al., 2001). However, 

CYP3A4 levels were not affected by rifampicin and dexamethasone (Wiegand et al., 

2014). In this study, CYP3A4 mRNA was expressed in different human skin samples, but 

it was difficult to distinguish from CYP3A5. Both CYP3A5 were very variable between 

donors (present in some donor but absent in others). Wiegand et al., (2014) also observed 

that CYP3A4 was prominently expressed in the epidermis, while it was below the 

detection limit in NHEKs.  

Examples of CYP3A4 and CYP3A5 substrates include acetaminophen, benzphetamine, 

Aflatoxin B1, nifedipine and midazolam, dexamethasone, ethinylestradiol, levonorgestrel 

and steroid hormones including cortisol, testosterone, dehydroepiandrosterone and17ß-

estradiol (Oesch et al., 2007). 

1.7.2.4 Other cytochrome P450 enzyme expression including the CYP4 family 

Many other cytochrome P450 enzymes such as CYP4B1, CYP27B, and CYP26B1genes 

have been observed in whole human skin. Studies have shown CYP4B1 to be present in 

human skin samples (Baron et al., 2008), confirming early work by Saeki et al., (2002) 

in epidermal keratinocyte cultures and supported by Luu-The et al., (2009) who studied 

the reconstructed human skin model EpiSkin™. CYP4B1 was found in EpiskinTM and the 

human epidermis while CYP26B1 is found in lower abundance in EpiskinTM compared 

with human epidermis. However in EpidermFTM, levels of this enzyme are similar to that 

found in the human epidermis (Luu-The et al., 2009). Also, CYP27B1 was detected in the 

EpidermFTM and epidermis only skin models EpiskinTM. 
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1.7.3 Non-Cytochrome P450 Phase I enzymes  

1.7.3.1 Flavin containing monooxygenases (FMOs) 

Flavin containing monooxygenases (FMOs) play an important role in the detoxification 

of a wide number of xenobiotics. FMO1/5 mRNAs vary in their expression in human skin 

similarly to CYP mRNA. FMO include FMO1, FMO2, FMO3, FMO4 and FMO5 and 

their genes are expressed in many human tissues. Previous studies have shown that in 

skin, the FMO mRNA is much lower compared to the high expression levels in the kidney 

and the liver. There is a lack of consensus concerning expression of FMO in human skin. 

However, the immortalised keratinocyte cell line, HaCaT and primary keratinocyte 

cultures express FMOs levels which appear to be close to those detected in human skin. 

Approximately 90 % FMO5 mRNA and half contained FMO 1, FMO3 and FMO4 was 

observed in epidermis layer, hair follicles and sebaceous gland (Janmohamed et al., 2001; 

Kazem et al., 2019). 

 Janmohamed et al., (2001) also reported that skin models, such as in PhenionR FT (PFT) 

full-thickness, the native skin (epidermis and dermis) and EpiDermFT™ (EFT) full-

thickness reconstructed skin models exhibited FMO1 activity. However, HaCaT, an 

immortalised human keratinocyte cell line appeared to mirror FMO3 and FMO5 mRNAs 

compared with whole skin. FMO1 mRNA was intensively expressed in the skin five of 

nine individuals while mRNAs for FMO1 were undetected in the HaCaT cells. In contrast, 

levels of FMO3, FMO5 were found in this cell line to be similar to levels in human skin, 

but they were different to those in keratinocyte cultures. In HaCaT cells, FMO4 mRNA 

was 3-fold greater than in the human skin samples (Luu-The et al., 2009). These studies 

confirmed in three-dimensional reconstructed human skin models (Jäckh et al., 2011). In 

contrast, FMO2 and FMO3 expression has been reported to be higher predominantly in 

the dermis than the epidermis of normal human while FMO4 and FMO5 in skin model 

were reported to absent and FMO4 at a low level in in EpiskinTM (Luu-The et al., 2009). 

 Hu et al., (2010) found that in the three-dimensional human skin model EpiDerm™, 

FMO1-5 transcripts did not mirror those expressed in native human skin. (Luu-The et al., 

2009) found that in EpiskinTM and EpiskinFTM FMO1, 3 and 5 were present in different 

levels. These levels were found to be of low abundance in the EpiskinTM while the FMO2 

identified at higher abundance compared with FMO4 level which was low in EpiskinTM 

and EpiskinFTM. In addition, FMO5 was more highly expressed in the epidermis while 
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FMO3 expression could not be detected in reconstructed human skin model EpiDerm™ 

(Luu-The et al., 2009). 

Induction of FMO has been studied. All trans retinoic acids, at a concentration of 10 μM, 

induced FMO3 in native human skin after 24 h, and this induction was sustained up to 72 

h. It also induced FMO3 at the mRNA level after 24 h in both compartments of the 

Phenion FT skin model, OS-REp model and fibroblast monolayers. FMO3 was not 

expressed or induced, however by all trans retinoic acid in NHEK cultures from any of 

the three skin donors studied. In contrast to native skin and the in vitro dermal models. 

FMO3 mRNA expression was below the limit of detection in HepG2 cells cultured as 

spheroids or monolayers (Wiegand et al., 2014). In general, there was a lower basal gene 

expression of ten (out of 13) enzymes in fibroblast and keratinocyte monolayer cultures 

compared to native human skin. FMO1 was not found in keratinocyte cultures from all 

different donors. The dermis and epidermis of native human skin had distinct gene 

expression profiles. FMO3, for example- another Phase I enzyme was detected in the 

dermal compartments of both native human skin and Phenion FT skin model, as well as 

in fibroblasts. Conversely, the OSREp models and the keratinocytes from which they 

were derived lacked FMO3. This rather profound difference in FMO3 distribution is in 

accordance with the findings by (Luu-The et al., 2009). FMO1 reported as being 

selectively expressed in the epidermis was detected in the dermis of two of the three native 

skin donors in this study, as well as in the dermis of the Phenion FT skin model (Hu et 

al., 2010). Notably, FMO1 was absent from keratinocytes, but re-expressed if the 

keratinocytes were cultured as the 3D OS-REp model, suggesting this enzyme is strongly 

affected by the culture conditions (Wickett & Visscher, 2006).  

Other studies comparing native human skin and 3D skin models showed that the 3D 

models were good models of FMO mRNA expression (Janmohamed et al., 2001; Luu-

The et al., 2009; Hu et al., 2010; Wiegand et al., 2014; Bacqueville et al., 2017). FMO5 

expression has been found to be high in native skin (epidermis layer) and in OS-REp 

while it was moderate in native skin (dermis) and in the epidermis of the full thickness 

skin model Phenion FT Skin. In contrast, FMO5 was weakly expressed in fibroblasts, in 

the epidermal NHEK and the dermis of the full skin model Phenion FT Skin (Wiegand et 

al., 2014). Nevertheless, in the most recent study by Bacqueville et al., (2017) the ORS-

RHE model was show to express FMO4 mRNA. FMO3 mRNA was observed by Western 
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blot analysis in the native human skin after all trans-retinoic acid induction (24 h). FMO3 

was not detected in NHEK cultures of three donors after attempted induction with all 

trans retinoic acid, in the epidermis of the full-thickness skin model Phenion FT skin, in 

the epidermis of the native skin or in epidermal three-dimensional skin model OSREp. 

FMO1 was identified in the dermis of the Phenion FT skin model and the dermis of native 

human skin (Wiegand et al., 2014).  

1.7.3.2 Carboxylesterase (CE1, CE2 and CE3)  

These enzymes have been reported to be highly active in normal human skin (Pillai et al., 

2004). Carboxylesterase enzymes are also one of the main Phase I enzyme responsible 

for detoxification reactions in skin for of a number of xenobiotics (Prusakiewicz et al., 

2006; Oesch et al., 2007). A few studies have reported that CE1 and CE2 are lower in 

human skin compared to rat tissue (Prusakiewicz et al., 2006), but these enzymes have 

been found to be expressed in human keratinocyte cultures. Interestingly, the CE1/2 (CE1 

most significantly than CE2) is expressed in the liver tissue (Casey Laizure et al., 2013). 

However, Zhu et al., (2007) reported that only CE2 mRNA was expressed in the human 

keratinocyte cell line (HaCaT). Furthermore, these enzymes also have greater activity in 

human epidermis-derived keratinocyte monolayers and human dermis-derived fibroblast 

monolayers (Gysler et al., 1997; Sugibayashi et al., 2004). In contrast, CEs activity in the 

human keratinocyte cell line NCTC 2544 was observed to be higher in comparison to a 

skin homogenate (Lamb et al., 1994). 

In the most recent study of carboxylesterase in skin (Bacqueville et al., 2017), using the 

ORS-RHE model, CES1/2 gene expression had a key role in the hydrolysis of many 

drugs. CES1/2 activity was observed in ORS-RHE models and native human skin but 

CES3 is lacking in ORS-RHE models. In summary, the authors found out that both 

reconstructed human full-thickness skin and reconstructed human epidermis exhibited 

esterase activity.  

 1.7.3.3 Alcohol Dehydrogenase (ADH) 

ADH mRNA has also been detected in full-thickness human bottom skin FTHBS and the 

reconstructed human skin model EpiDerm™ (Hu et al., 2010). ADH1B1 was only 

expressed in FTHBS tissue even though it was not found in  EpiDerm™ tissue. This 

indicates some difference in the human skin expression of ADH genes. 
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1.7.4 Phase II enzymes (Conjugating enzymes) 

1.7.4.1 Glutathione-S-transferase (GST) 

The GST family are distributed widely in human skin. GST activity was first reported to 

be present in human neonatal foreskin keratinocytes and whole human skin without 

describing if it was in epidermal or dermal layers. GST protein (GST alpha, GST Mu and 

GSTP1) were expressed at high level in human skin cytosol and normal human skin (in 

sebaceous glands and epidermis) (Pendlington et al., 1994). The GSTP1 had the highest 

levels of glutathione-dependent enzymes which could be induced by UV irradiation in 

native human skin. The induction was increased about 3.7-fold in sample of psoriatic 

plaques (Smith et al., 2006). The enzyme was constitutively expressed showing activity 

towards 1-chloro-2, 4-dinitrobenzene in normal skin and in the keratinocytes cell line 

NCTC2544. It showed similar abundance in reconstructed epidermal models and cultured 

keratinocytes when induced by 3 MC and βNF (Gelardi et al., 2001; Harris et al., 2002). 

However, only GSTP1 expression was induced (at a level 4-fold higher in cultured human 

keratinocytes than in primary cultured keratinocytes) whilst GSTM5 was expressed in 

cultured keratinocytes, and EpiDerm™, but it was found at low level in EpiSkin, 

SkinEthic and fresh epidermis (Hirel et al., 1996; Harris et al., 2002). Götz et al., (2012) 

found GSTs as protein in the all monolayer cells that has been investigated in NHEK, 

HaCaT and NCTC2544.  

 Luu-The et al., (2009) reported that GSTP1 could be detected at much higher levels in 

skin than other Phase I metabolism enzymes. This suggests that glutathione conjugation 

is a key elimination process for exogenous and endogenous hydrophobic electrophiles in 

human skin and skin models. Both GSTT1 and GSTM5 transcripts were also seen at higher 

levels in the dermis (GSTM5 expressed in dermis) but not in the FTM and EpiSkin™ skin 

model. In contrast, GST expression was shown to be relatively greater in normal skin and 

the EpiDerm™ model. This GST activity was observed by 1-chloro- 2, 4-nitrobenzene. 

 Hu et al., (2010) investigated mRNA of GSTA1, A4, M1, M2, M3, M4, M5, P1, Z1) and 

found them to be selectively expressed in the all EpiDerm™ skin samples and in the 

FTHBS skin but GSTM5 mRNA, only appeared in 2 of 4 EpiDerm™ samples. Moreover, 

glutathione S-transferase mRNA was significantly increased (3 to 10-fold) in primary 

skin fibroblasts in response to sulphoraphane treatment (Warwick et al., 2012). On the 

other hand, GST activity was also studied by Wiegand et al., (2014) in in vitro skin models 
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and compared to human skin as well as HepG2 cells. GST activity toward CDNB were 

detected overall in the human skin biopsies, the epidermis and the dermis. In the dermis 

and the epidermis of Phenion FT model, GST activity was similar to native skin but in the 

NHEKs, it was greater than in fibroblast monolayers. The OS-REp model possessed the 

highest GST activity. Fibroblasts exhibited the lowest expression GST activity (Wiegand 

et al., 2014). 

1.7.4.2 N acetyltransferase (NAT) 

NAT (NAT1 and NAT2) have been detected in human skin and in reconstructed human 

epidermis models. They have been proposed to be a significant contributor to the direct 

detoxification in skin of aromatic amines (Nohynek et al., 2005). The major enzymes that 

catalyse acetylation of arylamines are the N-acetyltransferases (NAT1/2). NAT2 is mainly 

expressed in the human liver cells (Grant et al., 1997), while NAT1 was also found in the 

epidermis layer and many other tissues (Hein et al., 1993). In addition, dermal fibroblasts 

and cultures of human keratinocytes were showed to be good tissues for NAT1 mRNA 

expression. However, NAT2 was not seen to be expressed in cultured human 

keratinocytes. In contrast, NAT1 was clearly observed in both neonatal and adult human 

epidermal keratinocytes (Reilly et al., 2000).  

In studies of commercial skin models, mRNA expression of NAT1 was identified at very 

low levels in FTM and EpiSkin™. NAT2 expression in FTM and EpiSkin™ models 

weremeasured but not compared to total normal human skin tissue, skin epidermis or skin 

dermis by (Luu-The et al., 2009). Hu et al., (2010) reported that only NAT1 was observed 

at high level in the four reconstructed model and in full-thickness human skin, however 

the level of NAT2 appeared very low in the full-thickness human and reconstructed model. 

Therefore, there does appear to be a consensus (Bronaugh et al., 1982). Many drugs such 

as para-toluidine, benzocaine, and para-aminobenzoic acid are known to be acetylated in 

human skin (Bronaugh et al., 1982). NAT activity has been demonstrated by Götz et al., 

(2012) in in vitro skin models and human skin using para-toluidine as substrate.  

Moreover, N-acetyltransferase activity could be induced by p-aminophenol and 4-amino-

2-hydroxytoluene in HaCaTcells (Goebel et al., 2009). Only NAT1 activity was induced 

in human skin and primary keratinocytes (NHEK) by exposure to para-aminobenzoic acid 

and para-phenylenediamine as substrate (Hein et al., 1993). More recently, Eilstein et al., 
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(2015) also reported para-aminobenzoic acid as substrate was metabolised by NAT1 

activity in tissues SkinEthik™ RHE, Episkin™ FTM, Episkin™, and human skin. 

1.8 Western blot (WB) 

Western blotting has become an important technique in cell and molecular biology, which 

has been used not only to identify the presence or absence of proteins, to quantify and 

determine the size of the proteins based on molecular weight by gelelectrophoresis. The 

use of WS  was first reported  by Towbin in 1979 to measure the size of specific protein 

isolated from cells or tissues. Later in 1981, Burnette used sodium dodecyl sulphate 

polyacrylamide gels (SDS-PAGE), which is basically separated or denatured proteins by 

using polyacryl-amide gels and then transferred onto nitrocellulose membrane yielding a 

band for each protein (Burnette, 1981; Gürtler et al., 2013; Kurien & Scofield, 2006; 

Mahmood & Yang, 2012). The membrane result then incubated with specific antibodies.  

 The basis principles of western blotting (See Figure 1.9) can be stated in five steps: 

1. Diffusion of target proteins based on their sizes by applying polyacrylamide gel 

electrophoresis (SDS-PAGE). 

2. Transfer of the protein of interest from the SDS-gel to the nitrocellulose or 

polyvinylidene difluoride PVDF membranes. 

3.  Use of a particular primary antibody to bind the membrane-bound protein of 

interest. 

4. Use of the specific enzyme conjugate secondary antibody, such as horseradish 

peroxidase (HRP) to bind the protein primary antibody complex.  

5.  Imaging of protein bands by LI-COR-western blot detection (Jensen, 2012).  

 

 

 

 

 

Figure 1.9: Summary of the western blot process. Beginning with proteins mixture, then separated 

in a gel, transferred to nitrocellulose membrane, after that it is stained with primary ans secondary 

antibodies, and visualized using by LI-COR-western blot detection. 
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The band density of the protein of interest is proportional to protein concentration 

(Mahmood & Yang, 2012). WB also has the capacity to detect the existence of a protein 

by size or antibody binding, which increases the potential of the WB approach to follow 

protein fractions during the protein purification (Westermeier & Marouga, 2005). This 

study allows observing protein expression from cells or the response reaction of certain 

proteins after treatment by a specific drug. 

1.8.1 The application of Western blot in Human Skin and 3D Skin Models (Protein 

expression) 

The use of PCR to identify mRNA species is extremely sensitive however the relationship 

of low mRNA levels to protein levels is uncertain. The WB technique has been recently 

developed and introduced to detect the protein expression of the Phase I and II XMEs in 

3D skin model, human skin and liver (Wiegand et al., 2014; Oesch et al., 2018). In the 

human epidermal keratinocytes, AhR protein has been observed to be at the highest levels 

in the granular layer while it appears that the lowest amounts are present in the spinous 

layer and basal layer. This indicates the Ah receptor (AhR) is the most important receptor 

for the CYP1A family (Wiegand et al., 2014). Likewise, CYP2D6 protein expression was 

also observed in human skin and the Phenion FT skin model, although no protein was 

induced in either tissue. After 24 h, CYP3A4 protein only was induced at low level in 

human skin by 2 mM phenobarbital as drug inducer (using Western blotting) (Wiegand 

et al., 2014). This level of CYP3A4 induction has no further increased among 24 and 72 

h. Wiegand et al., (2014) reported that only FMO3 of non-CYPs in human skin was 

induced after incubated for 24 h and 72 h by all trans-retinoic acid using WS compared 

with Vehicle controls (ethanol).  

In addition, using western blot analysis it appeared that CYP1A1 and CYP1B1 protein 

could detected in the epidermal layer by non-ultraviolet-B (UVB) induction approximate 

3-fold change, even though most CYPs of other drug biotransformation enzymes exist 

mostly in basal cells. CYP1A1 exhibited a fold change induction in UVB exposed skin 

compared to non-UVB-exposed skin (Katiyar et al., 2000).  

On the other hand, van Eijl et al., (2012) studied levels of CYP protein expression in 3D 

skin model and normal human skin compared to liver by using immunoblotting. CYP1A1, 

CYP2E1 and CYP3A4 could not be detected in skin under immunoblotting while they 

readily showed their presence in human liver. CYP1A1 could not be observed in either 
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skin or liver. The limit of detection of these proteins is 2.5 pmol/mg microsomal protein 

by immunoblotting. Additional attempts were made to detect CYP2B6, CYP2C8, 

CYP2C9, CYP2C19, CYP2D6 and CYP3A5 expression in skin model using western 

blotting, but no specific immunoreactive bands were detected (van Eijl et al., 2012). CYP 

proteins expression in 3D skin model was studied further by estimating the limit of 

detection of CYP proteins. Overall, Phase I and Phase II XMEs protein expression was 

detected in liver but not detected in whole skin (van Eijl et al., 2012). 

 Baron et al., (2001) studied levels of CYP1A1, CYP1B1, CYP2B6, CYP2E1, CYP3A4 

and CYP3A5 proteins in microsomal of proliferating human skin keratinocytes. In this 

study, proteins was induced with benzanthracene and dexamethasone. The obtained  data 

demonstrated CYP3A4 and CYP3A5 induction by dexamethasone.  

1.9 Mass spectrometry (MS) 

Mass spectrometry (MS) is a powerful analytical technique for both quantitative and 

qualitative applications. MS analysis can be applied to provide important information 

about the analytes, including their composition, purity, and structure of different 

molecules separates according to their specific mass-to-charge ratio (m/z) of one or more 

molecules and relative abundances within sample (De Hoffmann & Stroobant, 2007). 

A schematic of a mass spectrometer as shown in Figure 1.10: 

▪ Ionisation source:  

The molecule in the sample is ionised. 

▪ Mass analyser: 

Sperate these ions according to their m/z ratio by mass analyser. 

▪ Detector: 

To detect the ions and measure their abundance that that converts the ions into 

electrical signals. 

Data output mass spectrometry (m/z Vs Intensity): Including computer and 

software that are processing the data of MS (De Hoffmann & Stroobant, 2007). 
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Figure 1.10: Basic diagram of the main parts of an ESI-mass spectrometry. 

A variety of ionisation source are used for mass spectrometry. Some ionisation techniques 

are very energetic and cause fragmentation. Others are softer and produce ions only the 

molecular species. In this study, electrospray ionisation (ESI) and matrix assisted laser 

desorption ionisation (MALDI) are used as "soft" ionisation techniques to study the 

peptides and proteins.  

1.9.1 Electrospray Ionisation (ESI) 

The ESI source is used widely in the analysis of peptides and proteins (proteomics) 

through mass spectrometry. The advantages of ESI are that it is requires very little sample 

preparation and  is able to generate multiply charged ions. Multiply charge ions allow the 

identification of large molecules. The first ESI source was designed in 1960 Professor 

Dole, a physical chemist at North Western University, focused on the polymerization 

chemistry (Gieniec et al., 1984). The Fenn group combined ESI with MS in the mid 1980 

(Fenn et al., 1989). The main theory of ESI is as seen in Figure 1.11.   
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Figure 1.11: Diagram of ESI ion source. The Taylor cone emits liquid drops under high voltage. 

Liquid evaporates from the charged droplets and leaving them more charged. After the charge 

exceeds the Rayleigh limit the droplet explosively dissociates, leaving a stream of charged positive 

ions. Adapted from: Ho et al., (2003). 

The analyte solution is pumped through a hypodermic needle (∼0.2 mm o.d and ∼0.1 mm 

i.d) at low flow rate e.g 20 μL/min) via HPLC, direct injection. A very high voltage 

between (2–6 kV) is applied to the tip of the metal capillary and it is located 1–3 cm 

relative to the surrounding source-sampling cone. The strong electric field generated 

causes dispersion of the sample (droplets) to an aerosol of highly charged electrospray 

(ES) droplets (See Figure 1.11) (El-Aneed et al., 2009; De Hoffmann & Stroobant, 2007). 

In the chamber, the droplet size reduces due to the evaporation of the solvent under a 

stream of drying gas/heat. Droplets become unstable upon reaching the Rayleigh 

instability limit. Then, the droplets goes through coulomb explosion, where the original 

droplet explodes forming more small and stable droplets. At this point, the formation of 

gaseous phase analyte ions occurs (Figure 1.11). The main explanations of gas-phase ion 

formation are the ion evaporation model (IEM), charge residue model (CRM) and the 

chain ejection model (CEM). These are the  three-principal mechanisms for the formation 

of gas-phase ions. Protein ions are released into the gas phase from “charged droplets” 

through ESI (Aliyari & Konermann, 2020; Banerjee & Mazumdar, 2012). Several routes 

have been proposed as presented in Figure 1.12: 

▪ The Ion Evaporation Model (IEM) was proposed via Iribarne and Thomson (1976). 

When solvent evaporation is repeated, the charged droplets reduce to a given size ions 

undergoes electrostatically driven desorption from the droplet surface (Konermann et 
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al., 2013) as shown in Fgure 1.12 a. The IEM supported for small precharged species 

such as Na+. 

 

▪ The Charged Residue Model (CRM) mechanism was hypothesized by Dole (Gieniec 

et al., 1984). This model is a result of solvent evaporation where a small charged 

droplet is formed which includes a single analyte molecule (Banerjee & Mazumdar, 

2012). The droplets dissolve and cause charges on the surface to land on the analyte 

molecules. At the last phase of the solvent evaporation in the ES, the droplets charge 

is retained by the analyte molecule in the gas phase as illustrated in Figure 1.12 b 

(Konermann et al., 2013). 

 

▪ The Chain Ejection Model (CEM) was firstly defined by Ahadi and co-worker to occur 

during analysis of unfolded and disordered proteins (Konermann et al., 2013). In this 

model the protein is unfolding in solution and therefore immediately migrates to the 

droplet surface due to the exposure of hydrophobic residues. One chain terminus then 

gets expelled into the gas phase which results in highly charged ions (Konermann et 

al., 2013). Overall, the CRM, CEM, and IEM represent viable pathways for generating 

gaseous protein ions during ESI in Figure 1.12 c (Konermann et al., 2013; Metwally 

et al., 2018). 

 

 

 

 

 

 

 

Figure 1.12: Illustration of the three-principal mechanism of ion formation through the ESI process. 

(a) IEM: Small ion ejection from a charged droplet. (b) CRM: Release of a globular protein into the gas 

phase. (c) CEM: Ejection of an unfolded protein. Adapted from De Hoffmann & Stroobant, (2007).  
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1.9.2 The application of LC-MS/MS in skin Proteomics 

Proteomics, using mass spectrometry (MS) is a method that has been used to analyse a 

large-number of proteins include peptides in a single experiment  (Alsagaby, 2019). This 

is in contrast to antibody-based techniques, such as western blotting, enzyme-linked 

immunosorbent assay (ELISA), and fluorescence microscopy, which are used to detect 

single proteins.  

Several investigators have used LC-MS/MS to study skin  proteomics. It can be used to 

identify differences in the relative abundance of Phase I and Phase II XME (van Eijl et 

al., 2012; Lundberg et al., 2015). Different studies of protein expression have been shown 

the inductibility of CYP1A1 in skin following to the exposure to β-naphthoflavone  

(βNF),  and  gluco-corticoid, and 3-methylcholanthrene (3-MC) (Harris et al., 2002; 

Ahmad & Mukhtar, 2004). However, only very few proteomic studies of XME induction 

have been reported (Hansell et al., 2008; van Eijl et al., 2012). 

In these studies, the use of PCR to identify mRNA species is extremely sensitive however 

the relationship of low mRNA levels to CYP protein levels is uncertain. van Eijl et al., 

(2012) studied levels of CYP protein expression in 3D skin model and normal human 

skin compared to liver by using a proteomic approach. CYP1A2, CYP2E1 and CYP3A4 

could not be detected in skin by immunoblotting while they readily showed their presence 

in human liver. Also, CYP1A1 could not be observed in either skin or liver. The limit of 

detection of these CYP proteins is 2.5 pmol/mg microsomal protein by immunoblotting. 

Additional attempts were also made to detect CYP2B6, CYP2C8, CYP2C9, CYP2C19, 

CYP2D6 and CYP3A5 in skin model by western blotting, but no specific immunoreactive 

bands were identified (van Eijl et al., 2012). CYP proteins expression in 3D skin model 

was studied further by estimating the limit of detection of CYP proteins. LC-MS/MS was 

more sensitive method about 25-times than immunoblotting. Overall, Phase I and Phase 

II XMEs protein expression was detected in liver but not detected in whole skin (van Eijl 

et al., 2012). 

CYP1A1 has been induced by the AhR ligand 6-formylindolo 3, 2 -b carbazole in HaCaT 

cells at 10 pmol/min/mg (Jäckh et al., 2011). Bonifas et al., (2010) observed CYP activity 

in three different skin models, such as HaCaT cells and normal human keratinocytes 

(NHEK) by using 7-ethoxyresorufin (EROD) treatment. In keratinocyte cell lines CYP  

levels are close to the detection limit (0.047 pmol/mg/min), for primary keratinocytes 
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levels were 0.76 pmol/mg/min but HaCaT showed B[a]P induced EROD activities of 19.0 

± 0.9 pmol/mg/min and 5.8 ± 0.5 pmol/mg/min were found in NHEK. The CYP2D6 gene 

has been reported to be below the limit of detection in different skin cell types and in 

proliferating sub-confluent cultures of epidermal keratinocytes (Jäckh et al., 2011). 

In the most recent study, Couto et al., (2021) reported the label-free quantification of 

XME, transporters, redox enzymes, proteases, and nucleases in human skin and the 

commercial 3D skin "LabSkin". The aim of this work was to evaluate the appropriateness 

of Labskin as an alternative to animal testing for topical drugs and cosmetics. In this study 

more than 2000 proteins were found in Labskin. Alcohol dehydrogenase 1C Phase I XME 

and glutathione S-transferase P1 were the most abundant of Phase II XME in Labskin 

compred to human skin. By contrast, no P450 were found  in native human skin (Couto 

et al., 2021). 

This systematic determination of functional XMEs level among human skin and Labskin 

is a significant step to the construction of a representative in vitro skin model as 

replacment model for chemical safety and topical treatments (Couto et al., 2021).  

Even though the exact expression levels of the cytochrome P450s and glutathione S-

transferases (GSTs) in skin is not known, the relatively low activity of these enzymes has 

been studied indirectly using the metbolism of nevirapine (NVP) (Chen et al., 2008; 

Dekker et al., 2016). NVP is  metabolized by P450s to produce hydroxy-metabolites at 

positions 2, 3, 8, and 12.  12-sulfoxyl-NVP is further metabolised by GSHs to form NVP-

12-GSH. This was the first instance in which a substrate was used to determine the 

metabolic pathway in rat skin (Chen et al., 2008). Jewell et al., (2007) demonstrated that 

parabens are selective substrates for human carboxylesterase in skin. The data they 

obtained shows that parabens penetrate the stratum corneum of the human and minipig 

skin, where they are metabolised to 4-hydroxybenzoic acid by carboxylesterases of Phase 

I enzyme. Jäckh et al., (2011) has been investigated activities of biotransforming enzymes 

of CYPs, FMO1, NAT1 and UDP-GT1 using benzydamine and p-aminobenzoic acid 

testing in the EpiDerm™ and PhenionFT (PFT). While CYPs were expressed as 

expression profiling, no CYP activity was identified in either skin model even though 

expression and their activity of FMO1, UDP-GT1and NAT1 were validated in both. 

Russo et al., (2018) identified and validated the presence of esterases of full thickness 3D 

skin model (Labskin) with methylparaben and confirmed this by LC-MS/MS. 

https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/carboxylesterase
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No studies have investigated the levels of CYPs and GSTs enzymes in induced 3D skin 

model (Labskin) and the effect of inducers. 

1.10 Matrix assisted laser desorption ionisation (MALDI) 

MALDI is one of the most successful “soft” ionization technique in mass spectrometry 

and enables the analysis of a broad range of molecules, including lipids, proteins and 

oligonucleatides. MALDI was introduced in 1980’s by Karas, Hillenkamp and co-

workers (Karas et al., 1990). It was applied in 1988 to detect molecules of molecular mass 

up to 300,000 Daltons (Karas et al., 1990). A number of lasers have been used, which 

operate at varying wavelengths and emit differing levels of energy (De Hoffmann & 

Stroobant, 2007). Initially, MALDI MS was used for the analysis of liquids spotted on 

target plate and air-dried. The principle (See Figure 1.13) is proceeds in two steps: Step 

1: Ions are desorbed from the solid phase. A sample (include the compound to be 

analysed) is dissolved in an appropriate solvent and mixed with matrix (small UV 

absorbing organic molecules such as alpha-cyanohydroxy cinnamic acid (CHCA). The 

components of the mixture are carried into the gas phase as matrix ions formed by a laser 

are desorbed (Pomerantz et al., 2008). When the laser beam hits an analyte-matrix crystal, 

this leads to absorption of the laser energy by the matrix and subsequent desorption and 

ionization of the analytes in the sample (Pomerantz et al., 2008). The second step occurs 

in vacuum conditions within the source of MALDI where the charge transfer from the 

matrix ions to the molecules occur which are mostly performed by the gas phase cation 

(H+, Na +, K +) (Beine et al., 2016). Nevertheless, ions are produced in MALDI is not 

fully understood (Pomerantz et al., 2008; Fremout, 2014; Beine et al., 2016; Allen & 

McWhinney, 2019). 
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Figure 1.13: Schematic of MALDI-MSI imaging, from tissue sectioning to matrix. Amended from: 

Fremout (2014). 

1.10.1 MALDI mass spectrometry imaging (MALDI-MSI) 

 MALDI mass spectrometry imaging (MALDI-MSI) is powerful bioanalytical technique 

for identifying and quantifying molecules with high sensitivity and high mass accuracy 

in tissue samples MALDI-MSI imaging was first described in study of biological tissue 

by Spengler and co-worker, 1994 (Spengler et al., 1994). 

 In the last few years, significant progress has been established by MALDI MSI to study 

skin absorption in pharmaceutical analysis by Clench and co-worker (Bunch et al., 2004). 

In this work, the authors described the development of the MALDI-MSI technique to 

localise ketoconazole in both skin model and native human skin (Anderson et al., 2010; 

Francese & Clench, 2010; Solon et al., 2010; Ryan et al., 2019). In a typical MALDI-

MSI experiment, the essential steps for sample preparation are required including, section 

and matrix application (Shimma & Sugiura, 2014). Several matrix applications 

techniques has been used such as manual spotting, automated sprayers and sublimation 

In this thesis, sublimation application was used exclusively and is the technique that will 

be described in more detail. 
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1.10.2 Matrix application "Sublimation Process " 

Sublimation was developed as method of matrix application for the detection of lipids 

across brain tissue sections by Hankin and co-workers (Hankin et al., 2007). Sublimation 

is direct solid to gas-phase transition: α-cyano-4-hydroxycinnamic acid, 3, 5-dimethoxy-

4-hydroxycinnamic acid and 2, 5-dihydroxybenzoic acid are the most commonly organic 

matrices that have been discovered to undergo sublimation without decomposition under 

conditions of high temperature and reduced pressure (Hankin et al., 2007).  

 

 

 

 

 

 

 

Figure 1.14: Schematic of MALDI matrix typical sublimation process. 

Sublimation produces a layer of small crystals onto tissue samples and is a solvent-free 

matrix application method for MALDI-MSI imaging (See Figure 1.14) (Hansen & 

Janfelt, 2016). Deposition is readily controllable using  time, temperature, and pressure 

settings and is highly reproducible from one sample to the next. 

1.11 Mass analysers  

The mass analyser is the part of a mass spectrometer that is responsible for separating 

ions depending on their mass to charge ratio (m/z). Commercially available mass  

analysers include time of flight (TOF), quadrupole (Q), linear ion trap (LIT), quadrupole 

ion trap (QIT), fourier transform-ion cyclotron resonance (FT-ICR) and orbitrap that are  

differentiated by their of mass accuracy, mass resolution, and transmission of ions (De 

Hoffmann & Stroobant, 2007). 
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 1.11.1 Time of flight (TOF)  

The concept of the TOF mass analyser was first presented by William Stephens in 1946. 

The TOF was by Russian scientist, Boris Mamyrin in 1974, by the incorporation of a 

reflector to reduce the impact of the kinetic energy distribution of the ions on mass 

resolution (De Hoffmann & Stroobant, 2007).  

In a TOF analyser, a bundle of ions is expelled from the source and introduced in the 

chamber known as “drift tube” by a high voltage. All ions of the same charge acquire the 

"same" kinetic energy and hence their velocities are proportional to their mass. The ion 

leave the source with an acceleration region and enters field free region where they are 

separated according to their velocities and hence the time that ions take to move through 

the tube before getting to detector is a function of their m/z. The ions with lower m/z will 

reach faster to the detector compared with those that has higher m/z. The TOF analyser is 

illustrated in Figure 1.15 (Medhe, 2018). 

Equation: 

𝑡2 =
𝑚

𝑧
 (

𝐿2

2𝑒𝑉𝑠
)                    (2) 

The equation shows the m/z calculation: where is: 

 t is the time required to cover the distance. 

 L before reaching the detector. 

 m = mass of ions. 

 z = number of charges. 

 e = charge of an electron. 

 Vs = acceleration potential. 
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Figure 1.15: Representation of Time of flight (TOF) mass analyser. Amended from: Medhe (2018). 

The main advantage of the linear time of flight instruments is that it is suitable for soft 

ionisation and has a high transmission efficiency and hence high sensitivity (Medhe, 

2018). However, the most important limitation of a simple TOF analyser is the poor mass 

resolution. Mass resolution is affected by time distribution (the distribution in flight times 

between ions that have same m/z), space distribution (the size of the volume where ions 

is formed) and kinetic energy distribution (the spread kinetic energy of the ions by the 

laser-based ion sources) (Medhe, 2018). 

One attempt to improve the resolution is to use reflection or ion mirror (See Figure 1.16) 

(Mamyrin et al., 1973). A single stage reflector comprise of a series of even spaced grids 

or ring electrodes. When ions leaving the source and enter the electrical field, they are 

deflected back along the flight tube. 

 

 

 

 

 

 

Figure 1.16: Schematic represent of the reflectron mode of time of flight mass spectrometer. 

Amended from: Fremout (2014). 
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Therefore, ions with high kinetic energy will penetrate more deeply in the reflection than 

ions with low kinetic energy. As result, the faster ions will spend more time in the 

reflection tube and arrive to the detector at the same time as slower ions with same m/z 

ratio (De Hoffmann & Stroobant, 2007). 

TOF can be coupled with various an ionisation sources (i.e. coupling of an ESI source) 

because ESI source yield a continuous ion beam the TOF in this system works on pulse 

process. Figure 1.17 shows a schematic diagram of an orthogonal reflection time of flight 

analyser. In this process, the TOF analyser is set orthogonally to the axial path of ions 

that derived from the source. Ions are accelerated in a 'pusher' region into the orthogonal 

TOF by a pulsed voltage. The insertion of an orthogonal reflectron TOF analyser after a 

horizontal path of ion confers a V-geometry of the ion trajectory as shown in Figure 1.16 

(De Hoffmann & Stroobant, 2007; Greaves & Roboz, 2014). 

Further reflectron TOF can be introduced into the analyser as shown in Figure 1.17 giving 

"W" geometry  for the ion trajectory. Introducing the the additional reflectron has some 

limitations. One of these is the affect on the sensitivity. When increasing the length path 

of the TOF analyser, it is possible to achieve high resolution, but this can increase the ion 

loss and reduce sensitivity (Fliegel et al., 2006; Greaves & Roboz, 2014; Chernushevich 

et al., 2017).  

 

 

 

 

 

 

Figure 1.17: Representation of an orthogonal reflectron TOF analyser. A comparison of reflectron 

TOF analyser (V-geometry and W-geometry). 
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1.11.2 Quadrupole Mass Filter  

The principles of a quadrupole mass filter were described and instruments developed in 

1956s. This analyser consists of four electrical rods set parallel to each other as shown in 

Figure 1.18. A direct current (U) is applied to one pair of rods, and the other two rods are 

connected to an alternating radio-frequency (Chernushevich et al., 2017) potential (the 

potential is termed V, and the frequency is termed ω). Electric fields are used to separate 

of the sample ions based on their mass to charge ratio (m/z). Ion separation  is based on 

the stability of their trajectories in the oscillating electric field that are applied to the rods. 

Ions with bounded oscillation (stable trajectory) will travel along the central axis of 

parallel rods and reach the detector. However, ions with unbounded oscillation (unstable 

trajectory) will strike the rods (Figure 1.18).  

The quadrupole analyser MS system can operate in two modes (Full Scan and Selected 

Ion Monitoring) (Garcia, 2016). In scan mode, voltages is configured to the quadrupoles 

that the entire mass range specified is scanned sequentially of ions with different mass to 

charge ratios. In selected ion monitoring, the quadrupole is performed at a particular 

voltage to allow only ions with a specific m/z to reach the detector. The main advantages 

of quadrupole analysers are low cost, robustness, relatively small size, and ease of 

maintenance. 

 

 

 

 

 

 

 

Figure 1.18: Schematic of the applied voltage for quadrupole mass analysing system: 

(four parallel electrical rods with alternating radio frequency and direct current potentials. Only m/z 

value (red dots) will possess trajectory to reach the detector (red dots). The rest (blue dots) will hit 

with rods to be removed. 
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1.11.3 Quadrupole time of flight (Q-TOF) Mass Analysers used in this study 

QTOF mass analysers have been combined with various ion sources, including MALDI 

and ESI. Q-TOF-MS has found widespread use in biological and pharmaceutical research 

including metabolite identification peptides and drug discovery (De Hoffmann & 

Stroobant, 2007). Q-TOF-MS is similar to a triple MS, but the third quadrupole is 

replaced by time-of-flight. In normal acquisition mode, the quadrupole function as a 

transmission mode, while the TOF mass analyser records spectra  (Chernushevich et al., 

2017; Allen & McWhinney, 2019). 

In Q-TOF for MS/MS acquisition, the first quadrupole is used in “transmission” made to 

select a specific mass or range of masses for transmission to the collision cell. The second 

is used as a “collision cell”. The TOF analyser is used for the recording of the ions 

(accurate mass measurement as shown in Figure 1.19. Ions detection is achieved by 

detector system which converts the flight time of the ion into a mass signal. QTOF has 

been evaluated for analysis and imaging on skin in Chapters 3. 

 

 

 

 

 

 

 

Figure 1.19: Schematic of the the Xevo G2-XS QTof system (Copy from Garcia, 2016). 
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1.11.4 Multi-analyser systems (Tandem time-of-flight)  

Tandem time-of-flight (TOF/TOF) is a tandem MS system introduced 1993 and uses 

TOF/TOF as the method of choice for characterizing proteins. In this system (Figure 

1.20), peptide mixtures are introduced into the MS either as a continuous flow of a liquid 

solution, such as in ESI, or as MALDI-MSI.  

 

 

 

 

 

 

Figure 1.20: A diagram representation of a tandem time of flight mass analyser (Bergquist et al., 

2012). 

The most approach used for MS is combination of a linear TOF “first analyser” with a 

reflectron TOF “second analyser” (Garcia, 2016). Ions produced in the source at the 

timed‐ ion‐selector allows ion separated from the first TOF, and go into a collision 

chamber, where the parent ion will undergo dissociation by induced collision with 

nitrogen or argon gas (TIS in Figure 1.20) separated from the first TOF to pass through a 

collision chamber to collide with a collision gas (usually argon) in the collision cell, to 

activate the precursor ions by collision and undergo further fragmentation as collision-

induced dissociation (Ho et al., 2003). This tandem system is commonly used in this 

project.  
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1.11.5 Quadrupole-Orbitrap mass spectrometery 

Orbitrap mass spectrometery is the most recent addition to the high-resolution mass 

spectrometry analysers. It combines high speed with excellent quantification properties 

in various analytical applications and mainly contains an nanoESI ion source, a stacked-

ring ion guide (S-lens), a quadrupole mass filter, a curved linear trap (C-trap), a higher 

energy collisional Dissociation cell, and an orbitrap mass analyzer (Perry et al., 2008). 

Samples introduced into the ion source by HPLC methods and transmits ions from the 

nanoESI source to the quadrupole. The quadrupole works as ion transmission with the 

possibility to filter the transmitted ion according to m/z ratios (Perry et al., 2008). Then, 

ions are moved into the C-Trap and injected into the Orbitrap mass analyzer as shown in 

Figure 1.21. 

 

Figure 1.21: A Schematic of Orbitrap as ions circulate through the trap (Perry et al., 2008). 

 

The Orbitrap mass analyser comprises essentially of four electrodes as indicated in 

Figure 1.21. The electrodes have the structure as cups facing each other and electrically 

isolated via hair thin gap secured by a central ring made of a dielectric. The central 

electrode holds the trap together. Once voltage is applied among the outer and the central 

electrodes, the resulting electric field is accurately linear along the axis and hence 

oscillations along this direction. At the time progresses, the radial electric field strongly 

attract the ion trajectory to the central electrode. By oscillating ion trajectory in cylindrical 

electrode with tapered ends, the identifies signals for m/z based on Fourier transforms into 

the frequency (Perry et al., 2008). 

https://pubs.acs.org/doi/10.1021/ac4001223#fig1
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1.11.6 Desorption electrospray ionization mass spectrometry (DESI-MS) 

DESI was introduced in 2004 as a novel method by Cooksʼ group at Purdue (Takats et 

al., 2004). DESI-MS coupled with mass spectrometry is an ambient ionization that carried 

out by directing electrosprayed charged droplets and ions of solvent onto the surface to 

be analysed with no sample preparation (Takats et al., 2004). It is directly ionizing 

analytes in a “flying” liquid jet. The effect of the charged particles on the surface creates 

gaseous ions of material originally appear on the surface. The droplets/ions are then mass 

analysed as shown in Figure 1.21. 

 

 

 

  

 

 

 

Figure 1.22: An illustrates the idea of a typical DESI-MS system. 

The resulting mass spectra is similar to the normal electrospray ionization mass spectra 

that they show mainly singly or multiply charged molecular ions of the analytes. These 

ions travel across air into the atmospheric pressure interface which is linked to MS. By 

scanning the charged-droplet beam through the surface of tissue, molecular images are 

constructed by mapping the intensity of one or more of the ion signals derived from the 

tissue surface. In DESI-MS imaging experiment, the charged droplets created by the 

electrospray are directed at high velocities toward the surface (Wiseman et al., 2008).  

DESI is related to other spray ionization techniques, such as electrospray ionization (ESI) 

and desorption ionization techniques, including laser desorption and secondary ion mass 

spectrometry (SIMS). No matrix such as α CHCA matrix is needed to carry out the 

experiment. Figure 1.21 shows the idea of a typical DESI-MS system which comprises 

of solvent delivery line, nebulizing gas (N2), high voltage power supply (v), and x, y, z-

moving stages with z-axis applied only for initial position. The setup also involves x, y 
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axis, which enable sample position throughout the analysis and provide the independent 

control of the sample position as well as the position of the ion source in relation to the 

mass spectrometry inlet. 

Several DESI-MS applications have been reported for drug detection to tissue imaging, 

the latest DESI-MS such as DESI-MS on Synapt XS or MRT has more efficient ion 

transfer with the heated transfer line and further enhancing the sensitivity and precision 

using the high  resolution to visualize compounds at previously unobtainable. In addition, 

it was developed for the improvements in sprayer and reproducibility to allow higher 

quality data acquisition. The application has been reported in the analysis of biological 

tissues and fluids (i.e. skin, liver, fingerprints, urine, and blood) for detection of drug 

discovery and development for metabolite identification (Wiseman et al., 2008; 

Wójtowicz & Wietecha-Posłuszny, 2019). 

1.11.7 The application of MALDI-MSI Image in skin research 

Matrix assisted laser desorption ionization (MALDI) imaging mass spectrometry (MSI) 

is one of the best commonly used MS methods to study skin. This may be due to the ease 

of direct analysis of biological molecules, such as chemical elements, metabolites, and 

drugs from skin sections (eliminates the requirement for stains or antibodies) (de Macedo 

et al., 2017). In brief, sample preparation for MALDI-MSI workflow consists of tissue 

sectioning by cryosectioning technique and placing sections onto (generally) a conductive 

slide. Then, CHCA matrix is applied to the section of skin tissue by sublimation method. 

MALDI-MSI has been applied to address the questions on the identification and 

localisation of absorption and distribution of drug compounds in the skin tissue (epiderms 

and dermis) (de Macedo et al., 2017; Sørensen et al., 2017). The combination of skin 

models with MALDI-MSI has been extensively used to assist in the prediction of drug 

response in skin layers. Despite the fact that a wide range of applications have been 

demonstrated, some data remained inconclusive. Thus, additional studies are required to 

determine metabolism of drug (Spencer et al., 2020). A variety of 3D skin models 

have been developed for drug analysis. Rheinwald and Green reported the first organoid 

structure in 1975, when they created a living skin replacement from epidermal 

keratinocytes that was utilised to treat burn patients (Rheinwatd & Green, 1975). 
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The earliest work on skin models with MALDI-MSI was an investigation of the 

distribution of imipramine by Avery et al., (2011) who analysed the pentration of 

imipramine and its metabolizing properties into Straticell-RHE-EP-001. A significant 

change in imipramine intensities after 2 h and 8 h with greater drug signals in the 

epidermis at 8 h. This clearly showed the potential capabilities of MALDI-MSI to study 

the penetration (Avery et al., 2011). However, no evidence of the metabolism of 

imipramine was detected in Straticell-RHE-EP-001, although some small ions are 

detectable, such as the hydroxyimipramine image in the m/z 267.4.  

It is clear from the literature that the combination of LSE with MALDI-MSI can provide 

significant result for drug absorption/penetration, Francese et al., (2013), studied the 

effects of curcumin as a matrix compared with CHCA to acheive the efficient detection 

of acitretin in the epidermis in LSE. A successful penetration of acitretin after 4 h was 

observed within the epidermis by MALDI-MSI at m/z 326.4 (Francese et al., 2013). The 

following study demonstrated by Harvey et al., (2016) MALDI-MSI was examined the 

absorption of the same drug (acitretin) at longer time trough the epidermis at 24 h then 

additional permeated into the derms of the skin after 48 h. This meant MALDI-MSI 

successfully identifying the localisation of drug of skin equivalent model. 

 

Quantitative MSI in combination with LSE model ‘Labskin’ was developed to study the 

absorption of terbinafine hydrochloride by Russo et al., (2018). The study used an 

optimised micro-spotting technology to produce exact and consistent analytical and 

internal standards at nanolitre volumes  applied solely to  the epidermal layer. MALDI-

MSI effectively detected increasing analyte. Furthermore, the study evaluated the effect 

of the penetration enhancer dimethyl isosorbide (DMI) added to drug formulation on  

delivery through the LSE (Russo et al., 2018). Additionally a study conducted also by 

Russo, et al., (2018) which combine MSI with 3D skin model has shown that MSI could 

detect the presence of esterases in the commercial full thickness 3D skin model (Russo et 

al., 2018). 

MALDI-MSI has also been used with fresh human skin. Ex-vivo human skin was treated 

with tofacitinib and ruxolitinib (Sørensen et al., 2017). These drugs were shown to be 

present in the epidermis by MALDI-MSI.  
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1.12 Aims and Objectives 

This thesis is concerned with the optimisation and validation of a human in vitro 3D living 

skin equivalent model for metabolism studies of topically applied xenobiotics. The 

general aims of this study are to measure the levels of Phase I and Phase II XMEs in a 

commercial 3D living skin equivalent model “labskin” and to determine if it is possible 

to recover drug response by induced genes and proteins expression and provide a 3D skin 

model for future drug development. 

The specific aims of the thesis are as follows: 

▪ Comparison of levels of Phase I and II XME in the 3D skin model “Labskin” (UK 

Limited, York) compared with ex vivo human skin. 

▪ Induction of the XME activity in the commercial 3D skin model by using β-

naphto-flavon (βNF), all trans retinoic acid (RA), and phenobarbital (PB) 

▪ Detection and localisation of the induced metabolising enzyme activity in skin 

layers by using benzydamine (BZD) as substrate based on mass spectrometry. 

The objectives of the thesis are: 

▪ Detection of Metabolising Enzymes in Commercial 3D Skin Model and ex-vivo 

human skin by Real time qPCR and Western blotting techniques, nanoLC-MS/MS 

and LC-MS/MS techniques. 

▪ Investigation of the Induction of Xenobiotic Metabolising Enzymes in a 3D Skin 

Model compared with native human skin by RT-qPCR, Western blotting, LC-

MS/MS and nano-LC-MS/MS. 

▪ Detection and Localisation of Benzydamine Metabolism in Commercial 3D Skin 

Model using LC-MS/MS and MALDI-MSI and DESI XS-MS.
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Table 1.3: Detection of expression of gene, protein, and activity of Phase I XMEs in commercial 3D human skin models, native human skin keratinocytes skin model (cells 

culture). Adapted from: Kazem et al., (2019). 

 

Phase I 

enzymes 

 

3D epidermis skin models 

 

Commercial human skin 

models  

 

Keratinocytes skin model (cells 

culture)  

 

Human skin 

 

References 

 

 

 

 

CYP1A1 

 

 

 

mRNA (EpiSkinTM , EpiDerm) 

Activity (EpiSkinTM , SkinEthicTM 

RHE, ORS-RHE) 

 

 

 

mRNA ( SkinTM FTM, 

Phenion FTM) 

Activity (SkinTM FTM) 

 

 

 

mRNA (primary Keratinocytes, 

HaCaT, NHEK) 

Protein (primary Keratinocytes) 

 

 

 

 

mRNA  / activity 

 Eilstein et al., (2015) 

 Hu et al., (2010)  

 Wiegand et al., (2014) 

 Luu-The et al., 2009) 

 Neis et al., (2010)  

 Jäckh et al., (2012) 

 Bacqueville et al., (2017) 

 Swanson (2004) 

 Delescluse et al., (1997) 

 

 

CYP1A2 

 

 

mRNA (EpiSkinTM , EpiDerm,  

ORS-RHE) 

Activity (EpiSkinTM , SkinEthicTM, 

EpiDerm) 

 

 

mRNA ( SkinTM FTM) 

Activity (SkinTM FTM)  

 

 

mRNA (primary Keratinocytes) 

Activity (primary Keratinocytes, 

NCTC, HaCaT)  

 

 

 

mRNA  / activity  

 Hu et al., (2010) 

 Luu-The et al., (2009) 

 Götz et al., (2012) 

 Eilstein et al., (2015) 

 Jäckh et al., (2011) 

 

 

CYP2A6 

 

 

- 

 

mRNA (Phenion FTM) 

Activity (SkinTM FTM)  

 

 

mRNA (primary Keratinocytes)  

 

 

- 

  Hu et al., (2010) 

 Swanson (2004) 

 Janmohamed et al., (2001) 

 Eilstein et al., 2015) 

 Wiegand et al., 2014) 

 

 

 

 

CYP1B1 

 

 

 

mRNA (EpiSkinTM , EpiDerm, 

ORS-RHE) 

Activity (EpiSkinTM , SkinEthicTM 

RHE) 

 

 

 

mRNA ( SkinTM FTM, 

Phenion FTM) 

Activity (SkinTM FTM)  

 

 

 

 

mRNA (primary Keratinocytes, 

HaCaT) 

  

 

 

 

 

mRNA  / activity  

  Eilstein et al., (2015) 

 Hu et al., (2010) 

 Götz et al., (2012) 

 Swanson (2004) 

 Wiegand et al., (2014) 

 Luu-The et al., (2009) 

 Neis et al., (2010) 

Bacqueville et al., (2017)  
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Table 1.4: Detection of expression of gene, protein, and activity of Phase I XMEs in commercial 3D human skin models, native human skin keratinocytes skin model (cells 

culture). Adapted from: Kazem et al., (2019). 

 

Phase I 

enzymes  

 

3D epidermis skin models 

 

Commercial human skin 

models 

 

Keratinocytes skin model (cells 

culture) 

 

 

Human skin 

 

References 

 

 

 

CYP2B6 

 

 

mRNA (EpiSkinTM) 

Activity (EpiSkinTM, SkinEthicTM 

RHE) 

 

 

mRNA (SkinTM FTM) 

Activity (SkinTM FTM)  

 

 

mRNA (primary Keratinocytes, 

HaCaT) 

Protein (primary Keratinocytes)  

 

 

 

mRNA/ No activity 

 Janmohamed et al., (2001) 

 Eilstein et al., (2015) 

 Baron et al., (2008) 

 Götz et al., (2012) 

 Swanson (2004) 

 Luu-The et al., (2009) 

 

 

CYP2C8 

 

 

mRNA (EpiSkinTM) 

  

 

 

mRNA ( SkinTM FTM)  

 

 

mRNA (primary Keratinocytes) 

 

 

– 

 Hu et al., (2010) 

 Swanson (2004) 

  Luu-The et al., (2009) 

 

CYP2C9 

 

mRNA (EpiSkinTM , EpiDerm) 

 

mRNA ( SkinTM FTM)  

 

mRNA (primary Keratinocytes) 

 

mRNA/ No activity 

 Luu-The et al., (2009) 

 Hu et al., (2010) 

 Du et al., (2004) 

 

 

CYP2C18 

 

mRNA (EpiSkinTM , EpiDerm, 

ORS-RHE, SkinEthicTM) 

Activity (EpiSkinTM , SkinEthicTM 

RHE)  

 

mRNA ( SkinTM FTM, 

Phenion FTM) 

Activity (SkinTM FTM)  

 

 

mRNA (primary Keratinocytes) 

 

 

mRNA 

No activity 

 Luu-The et al., (2009) 

 Du et al., (2004) 

 Neis et al., (2010) 

 Bacqueville et al., (2017) 

 

CYP2C19 

 

mRNA ( EpiDerm) 

 

- 

 

mRNA (primary Keratinocytes) 

 

- 

 Neis et al., (2010) 

 Du et al., (2004) 

  
 

CYP2D6 

 

mRNA (EpiSkinTM , EpiDerm, 

ORS-RHE) 

 

mRNA ( SkinTM FTM, 

Phenion FTM)  

 

mRNA (primary Keratinocytes) 

 

mRNA 

No activity  

 Luu-The et al., (2009) 

 Wiegand et al., (2014) 

 Du et al., (2004) 

 

 

 

CYP2E1 

 

 

mRNA (EpiSkinTM , EpiDerm) 

Activity (EpiSkinTM , SkinEthicTM 

RHE) 

 

 

mRNA ( SkinTM FTM, 

Phenion FTM) 

Activity (SkinTM FTM)  

 

 

mRNA (primary Keratinocytes) 

Protein (primary Keratinocytes) 

Activity (primary Keratinocytes)  

 

 

mRNA 

No activity 

 Luu-The et al., (2009) 

 Wiegand et al., (2014) 

 Du et al., (2004) 

 Hu et al., (2010) 

Saeki et al., (2002)  
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Table 1.5: Detection of expression of gene, protein, and activity of Phase I XMEs in commercial 3D human skin models, native human skin keratinocytes skin model (cells 

culture). Adapted from: Kazem et al., (2019). 

 

Phase I 

enzymes 

 

3D epidermis skin models 

 

Commercial human skin 

models 

 

Keratinocytes skin model (cells 

culture) 

 

 

Human skin 

 

References  

 

CYP2F1 

 

mRNA (EpiSkinTM)  

 

mRNA ( SkinTM FTM)  

 

- 

 

mRNA 

Luu-The et al., (2009) 

 

 

CYP2J2 

 

 

mRNA (EpiSkinTM , EpiDerm)  

 

 

mRNA ( SkinTM FTM, 

Phenion FTM)  

 

 

mRNA (primary Keratinocytes) 

 

 

mRNA 

 Hu et al., (2010) 

 Luu-The et al., (2009) 

 Neis et al., (2010) 

 Du et al., (2004) 

 

CYP2R1 

 

mRNA (ORS-RHE, EpiDerm) 

 

-  

 

mRNA (primary Keratinocytes) 

 

mRNA 

 Hu et al., (2010) 

 Neis et al., (2010) 

 Du et al., (2006) 

 Bacqueville et al., (2017) 

 

 

CYP2S1 

 

mRNA (ORS-RHE, EpiDerm) 

 

mRNA (Phenion FTM)  

 

mRNA (primary Keratinocytes, 

HaCaT) 

 

 

mRNA  

 Hu et al., (2010) 

 Wang & Guengerich (2013)  

 Wiegand et al., (2014) 

 Du et al., (2006) 

 McNeilly et al., (2012) 

 Bacqueville et al., (2017) 

 

CYP2U1 

 

mRNA (EpiDerm) 

 

- 

 

mRNA (primary Keratinocytes) 

 

mRNA  

 Hu et al., (2010) 

 Du et al., (2006) 

 

CYP2W1 

 

mRNA (EpiDerm) 

 

-  

 

mRNA (primary Keratinocytes)  

 

mRNA 

 Hu et al., (2010) 

 Du et al., (2006) 

 

 

CYP3A1 

 

 

Activity (EpiDerm) 

 

Activity (Phenion FTM) 

  

 

Protein (primary Keratinocytes) 

Activity (primary Keratinocytes) 

 

 

mRNA 

No activity 

 Götz et al., (2012) 

 Jäckh et al., (2012) 

 Baron et al., (2008) 

 Wiegand et al., (2014) 
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Table 1.6: Detection of expression of gene, protein, and activity of Phase I XMEs in commercial 3D human skin models, native human skin keratinocytes skin model (cells 

culture). Adapted from: Kazem et al., (2019). 

 

 

Phase I 

enzymes 

 

3D epidermis skin models 

 

Commercial human skin 

models 

 

Keratinocytes skin model (cells 

culture) 

 

 

Human skin 

 

References  

 

CYP3A4 

 

mRNA (EpiSkinTM) 

Activity (EpiSkinTM , EpiDerm)  

 

mRNA (Phenion FTM) 

Activity ( SkinTM FTM)  

 

mRNA (primary Keratinocytes) 

Protein (primary Keratinocytes) 

Activity (primary Keratinocytes) 

Activity (NCTC, HaCaT) 

 

 

mRNA 

Activity 

 Eilstein et al., (2015) 

 Götz et al., (2012) 

 Wiegand et al., (2014) 

 Neis et al., (2010) 

 Swanson (2004) 

 Du et al., (2006) 

 Baron et al., (2008) 

 

CYP3A5 

 

mRNA (EpiSkinTM , EpiDerm, 

ORS-RHE) 

Activity (EpiSkinTM , 

SkinEthicTM RHE) 

 

mRNA (SkinTM FTM, 

Phenion FTM) 

Activity ( SkinTM FTM)  

 

 

mRNA and Activity (primary 

Keratinocytes) 

 

 

mRNA 

Activity 

 Eilstein et al., (2015) 

 Götz et al., (2012) 

 Luu-The et al., (2009) 

 Neis et al., (2010) 

Baron et al., (2008) 

 Bacqueville et al., (2017) 

 

CYP4B1 

 

mRNA (EpiSkinTM, EpiDerm, 

ORS-RHE) 

 

mRNA (SkinTM FTM, 

Phenion FTM)  

 

mRNA (primary Keratinocytes) 

 

mRNA 

Activity 

 Luu-The et al., (2009) 

 Hu et al., (2010) 

 Neis et al., (2010) 

 Du et al., (2006) 

 

CYP26B1 

 

mRNA (EpiSkinTM, EpiDerm, 

ORS-RHE) 

  

 

mRNA (SkinTM FTM) 

 

- 

 

mRNA  

Luu-The et al., (2009) 

Hu et al., (2010) 

Bacqueville et al., (2017) 

 

CYP27B1 

 

mRNA (EpiSkinTM)  

 

mRNA (SkinTM FTM) 

 

- 

 

mRNA  

Luu-The et al., (2009) 

 

CYP4F3 

 

mRNA (EpiSkinTM, EpiDerm, 

ORS-RHE)  

 

mRNA (SkinTM FTM) 

 

- 

 

mRNA 

Luu-The et al., (2009) 

Hu et al., (2010) 

Bacqueville et al., (2017) 



 

 

 

  

 

8
6

 

Table 1.7: Detection expression of gene, protein, and activity of non-cytochrome P450 Phase I XMEs in commercial 3D human skin models, native human skin keratinocytes 

skin model (cells culture). Adapted from: Kazem et al., (2019). 

 

Phase I 

enzymes 

 

3D epidermis skin models 

 

Commercial human skin 

models 

 

Keratinocytes skin model (cells 

culture) 

 

Human skin 

 

References 

 

FMO1 

 

Activity (EpiDerm)  

 

Activity (Phenion FTM)  

 

- 

 

- 

 

 Jäckh et al., (2012)  

 

FMO2 

 

mRNA (EpiSkinTM , EpiDerm) 

 

mRNA (SkinTM FTM) 

 

- 

 

                mRNA  

 Hu et al., (2010) 

 Wiegand et al., (2014) 

 Luu-The et al., 2009)  

 

FMO3 

 

Activity (EpiDerm)  

 

Activity (Phenion FTM)  

 

Protein (primary Keratinocytes) 

 

mRNA 

Protein 

 Hu et al., (2010) 

 Wiegand et al., (2014) 

 Luu-The et al., (2009) 

 Jäckh et al., (2011) 

 

FMO4 

 

mRNA (EpiSkinTM, EpiDerm, ORS-

RHE)  

 

mRNA (SkinTM FTM) 

 

- 

 

mRNA  

 Hu et al., (2010) 

 Wiegand et al., (2014) 

 Luu-The et al., (2009) 

 Bacqueville et al., (2017) 

 

FMO5 

 

mRNA (EpiSkinTM, EpiDerm) 

 

mRNA (SkinTM FTM, 

Phenion FTM)  

 

mRNA (primary Keratinocytes) 

 

mRNA  

 Hu et al., (2010) 

 Wiegand et al., (2014) 

 Luu-The et al., (2009) 

 

CES1 

 

- 

 

- 

 

- 

 

Protein  

 

 van Eijl et al., (2012)  
 

CES2  

 

mRNA (ORS-RHE, EpiDerm) 

 

-  

 

mRNA (HaCaT) 

 

mRNA 

 Hu et al., (2010) 

 Bacqueville et al., (2017) 

 Zhu et al., (2007) 
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Table 1.8: Detection expression of gene, protein, and activity of non-cytochrome P450 Phase I XMEs in commercial 3D human skin models, native human skin 

keratinocytes skin model (cells culture). Adapted from: Kazem et al., (2019). 

 

 

 

 

 

 

Phase I 

enzymes 

 

3D epidermis skin models 

 

Commercial human skin 

models 

 

Keratinocytes skin model (cells 

culture) 

 

 

Human skin 

 

References 

 

CES3 

 

mRNA (EpiDerm) 

 

-  

 

- 

 

- 

 

 Hu et al., (2010)  

 

CES5 

 

mRNA (ORS-RHE) 

 

- 

 

- 

 

- 

 

Bacqueville et al., (2017) 

 

ADH1 

 

- 

 

-  

 

- 

 

Protein 

 

 van Eijl et al., (2012) 

  
 

ADH3 

 

mRNA (EpiSkinTM, EpiDerm, 

SkinEthicTM RHE)  

 

- 

 

- 

 

Protein 

 

 van Eijl et al., (2012) 

 

ADH4 

 

-  

 

- 

 

- 

 

Protein 

 

 Luu-The et al., (2009) 
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Table 1.9: Detection of expression of gene, protein, and activity of Phase II XMEs in commercial 3D human skin models, native human skin keratinocytes skin model (cells 

culture). Adapted from: Kazem et al., (2019).    

 

 

Phase II 

enzymes 

 

3D epidermis skin models 

 

Commercial human skin 

models 

 

 

Keratinocytes skin model (cells 

culture) 

 

Human skin 

 

References 

 

GST 

 

Activity (EpiSkinTM, EpiDerm,)  

 

Activity (Phenion FTM, 

SkinTM FTM)  

 

mRNA (NCTC) 

Activity (primary Keratinocytes, 

HaCaT)  

 

 

Activity  

 

 Wiegand et al., (2014) 

 Eilstein et al., (2015) 

 Götz et al., (2012) 

  Hirel et al., (1996) 

 

GST A1 

 

mRNA ( EpiDerm, ORS-RHE)  

 

- 

 

- 

 

mRNA 

Protein  

 Hu et al., (2010) 

 Wiegand et al., (2014) 

 van Eijl et al., (2012) 

 Bacqueville et al., (2017)  

 

GST A3 

 

-  

 

-  

 

- 

 

mRNA 

 

Wiegand et al., (2014) 

  
 

GST A4 

 

mRNA (EpiDerm, ORS-RHE) 

  

 

- 

 

- 

 

-  

 Hu et al., (2010) 

 Bacqueville et al., (2017) 

 

GST M1 

 

mRNA (ORS-RHE) 

Protein (EpiSkinTM, EpiDerm, 

SkinEthicTM) 

  

 

- 

 

- 

 

mRNA 

Protein  

 Hu et al., (2010) 

 Bacqueville et al., (2017) 

 van Eijl et al., (2012)  

 

GST M2 

 

mRNA (ORS-RHE, EpiDerm) 

 

- 

 

- 

 

Protein 

Hu et al., (2010) 

 Bacqueville et al., (2017) 

 

GST M3 

 

mRNA (ORS-RHE, EpiDerm) 

 

-  

 

- 

 

mRNA 

 Hu et al., (2010) 

 Bacqueville et al., (2017)  
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Table 1.10: Detection of expression of gene, protein, and activity of Phase II XMEs in commercial 3D human skin models, native human skin keratinocytes skin model (cells 

culture). Adapted from: Kazem et al., (2019).    

 

Phase I 

enzymes 

 

3D epidermis skin models 

 

Commercial human skin 

models 

 

 

Keratinocytes skin model (cells 

culture) 

 

Human skin 

 

References 

 

GST M4 

 

mRNA (ORS-RHE, EpiDerm)  

 

-  

 

- 

 

mRNA  

 Hu et al., (2010) 

 Bacqueville et al., (2017)  

 

GST M5 

 

mRNA (EpiSkinTM , EpiDerm)  

 

- 

 

- 

 

mRNA 

 Hu et al., (2010) 

 Bacqueville et al., (2017) 

 

GST P1 

 

mRNA (EpiSkinTM, (ORS-RHE, 

EpiDerm,) 

 Protein (EpiSkinTM, EpiDerm, 

SkinEthicTM) 

  

 

mRNA (Phenion FTM, SkinTM 

FTM)    

 

mRNA (primary Keratinocytes) 

Protein (HaCaT) 

 

mRNA 

Protein 

 Hu et al., (2010) 

 Wiegand et al., (2014) 

 Luu-The et al., (2009) 

 van Eijl et al., (2012) 

 Hirel et al., (1996)  

 

GST Z1 

 

mRNA (EpiDerm) 

  

 

- 

 

- 

 

mRNA 

 

 Hu et al., (2010)  

 

NAT 1 

 

 Activity (EpiSkinTM, SkinEthicTM 

RHE) 

 

Activity (SkinTM FTM, 

Phenion FTM) 

 

(primary Keratinocytes, HaCaT, 

NCTC) 

 

Activity  

 Eilstein et al., (2015) 

Götz et al., (2012) 

 Jäckh et al., (2011) 

 Bonifas et al., (2010)  

 Eilstein et al., (2015) 

 

NAST 2 

 

mRNA (EpiSkin™) 

 

-  

 

- 

 

mRNA 

 Hu et al., (2010) 

 Bacqueville et al., (2017) 

 Zhu et al., (2007)  

 Eilstein et al., (2015) 
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Table 1.11: Summary of the analysis of 3D models and human skin in combination with MALDI-MSI. Adapted from: Spencer et al., (2020) 

 

Skin Tissues 

 

Disease 

 

 

MSI 

Method 

 

 

Spatial 

Resolution 

         

              Refernces 

                 

                    Summary 

 

3D Skin 

Innovenn “Labskin” 

 

 

Healthy living skin                  

equivalent (LSE) 

 

 

 

MALDI 

 

 

 

 

60 μm 

 

 

 

 

 Russo et al., (2018) 

 

Quantitation terbinafine hydrochloride in the 

epidermis of a full thickness living skin 

equivalent model by MALDI-MSI and 

confermed by LC-MS/MS 

 

 

Human normal skin 

 

 

Healthy norml human 

Skin 

 

 

MALDI 

 

 

 

20 μm 

 

 

 de Macedo et al., (2017) 

Identification and localization of skin 

absorption and distribution of drug 

compounds in the skin layer (epiderms and 

dermis) 

 

Fresh human skin 

 

Healthy human skin 

 

MALDI 

 

20μm 

 

 Sørensen et al., (2017) 

The former tofacitinib and of ruxolitinib 

mainly localized in the layers of fresh human 

skin 

 

3D Skin Model 

Innovenn “Labskin” 

 

Healthy living skin 

equivalent (LSE) 

 

 

 

MALDI 

 

60 μm 

 

 Russo et al., (2018) 

 

The combination of fullthickness 3D skin 

model treated methylparaben. with MALDI-

MSI for the study of  the presence of 

esterases. 

 

3D Skin Model 

Innovenn “Labskin” 

 

 

Healthy and psoriatic LSE 

 

MALDI 

 

100 μm 

 

 Harvey et al., (2016) 

The penetration of acitretin within psoriatic 

LSE compared with healthy LSE  by 

MALDI-MSI. 

 

3D Skin Model 

Evocutis “LabSkin” 

 

 

Healthy living skin 

equivalent (LSE) 

 

MALDI 

 

50 μm 

 

 Francese et al., (2013) 
Detection of acitretin distribution within  

epidermis and dermis layer in the LSE. 
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Chapter 2 

Investigation of the Induction of Xenobiotic 

Metabolising Enzymes in a 3D Skin Model by RT-

qPCR and Western blotting. 
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2.1 Introduction 

Skin is the largest organ of the body, it is used as a defence against xenobiotics, such as 

drugs, environmental pollutants and cosmetics (Du et al., 2004; Luu-The et al., 2005). 

Samples of either ex-vivo human or animal skin or suitable skin models are required for 

the study of the absorption, and metabolism of topically applied xenobiotics (Warwick et 

al., 2012). The 7th Amendment to EU cosmetic directive of March 2009 banned the use 

of animals for both cosmetic testing and testing of their individual ingredients (Götz et 

al., 2012). As a consequence of this and the difficulties in obtaining ex-vivo human skin, 

the use of  3D skin model is of increasing interest in the study of xenobiotic metabolism 

(Jäckh et al., 2012). However, whilst a number of studies on Phase I xenobiotic 

metabolising enzymes (XMEs) gene/protein expression have been carried out previously, 

they are not well characterised in all commercially available skin models. 

 Luu and colleagues (Luu-The et al., 2009) described the mechanisms present in 3D skin 

models and native human skin that are involved in metabolism of endogenous and 

exogenous substrates of Phase I enzymes that involve both cytochrome P450 (CYP) 

processes and those that are not dependent on the presence of CYP. It has been suggested 

that although skin is an extrahepatic metabolizing organ, a limitiation of skin models are 

that the majority of Phase I and Phase II XMEs are not present in them (Saeki et al., 2002; 

van Eijl et al., 2012). Whilst, XMEs are less well studied in skin compared with other 

organs such as liver, kidney and lung (van Eijl et al., 2012) it has been demonstrated that 

their expression levels are lower when compared to human liver tissue and microsomes. 

In other studies, the major enzymes of Phase I and II biotransformation were also found 

to be at far higher levels in the liver compared to skin, making their detection  challenging 

(Nebert et al., 2004; Oesch et al., 2014). Some Phase I enzymes have also been detected 

in cultured keratinocytes and up regulation has been induced (Gelardi et al., 2001). 

Levels of cytochrome P450-dependent monooxygenase (CYPs) and flavin containing 

monooxygenase (FMOs) enzymes have been reported to be present at very low levels or 

non-existent in both human skin and 3D skin models (van Eijl et al., 2012). In contrast, 

CYPs and FMOs genes were clearly observed in human skin keratinocytes (Gelardi et al., 

2001) and in different skin models (Wiegand et al., 2014). CYPs activity/genes have been 

reported to be up-regulated after exposure to drug inducers such as 3-methylcholanthrene 

(MC), β-naphthoflavone (βNF) and phenobarbital (PB). A recent proteomics study found 

that, overall, the Phase II XME levels were generally expressed at higher level than Phase 

I XMEs, especially GSTs and NAT1 (van Eijl et al., 2012). The literature shows that 
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whilst, the cytochrome P450 (CYPs) gene such as, CYP1B1and CYP3A5 have been 

observed at low levels in human skin and skin models, they are consistently reported to 

be not easy to measure accurately at a gene level in in vivo human skin and in 3D models 

because of the low concentrations (Luu-The et al., 2009). 

Therefore to date, only a few publications have reported levels of gene expression of 

Phase I XMEs in 3D skin models. An excellent study by Wiegand et al., (2014) showed 

that the expression of genes for Phase I XME (including the cytochrome P450-dependent 

monooxygenase isoforms (CYP1A1/1B1, 2B6/2C18/2C8/2E1 and 3A4/3A5), esterases 

(CES1/2/3) and Flavin containing monooxgenase (FMO1/2/3) and Phase II including N-

acetyl transferases (NAT1/5), glutathione-S-transferases (GSTA, GSTM, GSTP, GSTT), 

sulfotransferases (SULT, 1A1, 1E1 and 2B1) and UDP-glucuronosyl transferase) level 

were detectable in native human skin and a range of skin models such as EpiDermFT™, 

PhenionR FT, AST-2000, the epidermal model EpiDerm™ and full-thickness models 

(Wiegand et al., 2014). These expression of Phase II enzymes was found to be to be more 

pronounced than those of the Phase I enzymes in human skin and Epo-DermTM model and 

these were predominantly expressed in the keratinocytes of epidermis layer (Wiegand et 

al., 2014). 

2.2 Aims of the Chapter 

There is an urgent need to examine the induction of the major Phase I metabolising 

enzymes including cytochrome P450-dependent monooxygenase, and flavin containing 

monooxygenase in a commercially available in vitro 3D skin model and compare levels 

that can be induced with  native human skin to ascertain if the model can be made suitable 

for drug biotransformation studies. The present study addresses this need by employing 

Real Time qPCR and Western blot techniques.  

2.3 Material and Methods  

2.3.1 Ethical Statement 

Native human skin was obtained from from University of Bradford Ethical Tissue REC 

reference17/YH/0086 (Bradford, UK). The protocols used in this work has been approved 

by Ethical Tissue Bradford as being covered by the ethics approval giving to 

Biomolecular Sciences Research Centre (Sheffield Hallam University) for the use of fresh 

human skin for drug metabolism studies. 
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2.3.2 Chemicals and Methods 

RT-qPCR chemicals were purchased from Qiagen (Manchester, UK). RNease-Free 

DNase set, RNeasey® Mini Kit (50) include Wash Buffer RPE, Wash Buffer RWT, 

RNease free water and RNease Mini Spin Column and RTL lysis buffer and RT2 SYBR 

Green/ROXTM PCR master mix, RT2 First Strand Kit were obtained from Qiagen 

(Manchester, UK). β-naphthoflavone, phenobarbital and all trans retinoic acid, phosphate 

buffered saline and pure ethanol were purchased from Sigma-aldrich (Gillingham, UK). 

Nitrocellulose membrane, 4 –15 % Mini-PROTEAN® TGX™ Precast Protein Gels, Tris 

Buffered Saline with Tween-20 (TBST) were purchased from Bio-Rad (Bio-Rad, 

Germany). Anti-Cytochrome P450 1A1 antibody (ab3568), Rabbit Anti-FMO2 antibody 

(ab95977), and Rabbit Anti-CYP3A5 antibody (ab108624) obtained from Abcam (Bio-

Rad, Germany). 

The commercial 3D skin model "Labskin product"  labskin1.1 lot 190926 was obtained 

from Innoven (U.K.) Ltd. (York, England). "Labskin" model is produced from primary 

fibroblasts and keratinocytes derived from human skin seeded 14 days at the air-liquid 

interface and cultured in a fibrin scaffold as illustrated in Chapter 1.4.2. 

2.3.3 3D skin model and native human skin sample preparation 

The 3D skin model tissue was cultured in 12-well plate with 4.5 mL of ready Labskin kit 

maintenance medium from Innoven company as secret information of culture medium for 

each well for 48 h as Labskin be viable for 14 days described in Chapter 1.4.2. Following 

this time the 3D skin model was removed from the well plate insert with a scalpel. If not 

used immediately, it was snap-frozen in liquid nitrogen cooled isopentane. The dermal 

and epidermal layers from the human skin and the 3D skin models (both epidermis and 

epiderms layers) were separated in PBS at 60 ºC for 2 minutes, prior to careful seperation 

using tweezers prior to total RNA extraction (described in section 2.3.5).  

Native human skin was obtained from volunteers with their informed consent from University 

of Bradford Ethical Tissue REC reference17/YH/0086 (Bradford, UK). After surgery in the 

hospital, skin was kept in PBS and delivered to BMRC. The procedures have been approved 

by Ethical Tissue Bradford as being covered by the ethics approval given to the Biomolecular 

Science Research Centre (BMRC, Sheffield Hallam University). The methods for samples 

prepration were applied the same in 3D Labskin model sampes. 
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2.3.4 Enzyme induction 

After delivery of the 3D skin model, the Phase I and II enzymes were activated a (cultured 

the 3D Labskin model in Labskin medium (4.5 mL per well) for 24 h at 37 OC and 5% 

CO2 before the induction experiments. Induction experiments were conducted in 3D skin 

model medium by systematic treatment. The medium was replaced every 24 h. Induction 

was performed through the addition of inducers dissolved in dimethyl sulfoxide “DMSO” 

(Sigma-aldrich, Gillingham, UK). (Note: the maximum concentration of DMSO in the 

medium did not exceed 0.2%). The concentrations of 25 and 50 µM β-naphthoflavone 

(βNF), 2 mM phenobarbital (PB) and 20 µM all-trans retinoic acid (RA) were selected 

on the basis of previously described methodology (Wiegand et al., 2014). The incubation 

time used for induction was 72 h as systematic treatment. After incubation, the skin model 

samples were taken, snap-frozen with liquid nitrogen cooled isopentane for 2 min and 

then stored at −80 °C for total RNA extraction. 

2.3.5 Total RNA extraction and cDNA synthesis 

Total RNA was extracted from native human skin and 3D skin model according to "in-

house" modification of the RNeasy mini kit protocol from Qiagen. About170 mg of 3D 

skin model (Labskin) and human skin tissues were homogenized in RLT buffer using a 

manual homogeniser (Ultra-Turrax, Germany). Pipetted and transfered 600 µL of 

homogenised sample to a QIA shredder mini spin column in a 2 mL collection tube and 

centrifuged sample for 4 seconds to transfer the lysis solution from the column to the 

collection tube and transfer into new 2 mL eppendorf tube. Add equal volume of 70% 

pure ethanol (~ 600 µL) to the 2 mL eppendorf for each sample. Then, mix thoroughly 

by pipetting up and down. Subsequently, the total RNA was loaded in RNease spin 

column (Qiagen Ltd, UK). DNase working solution (80 µL) was added of DNase working 

solution to each sample column and incubate for 20 minutes at room temperature. RW1 

buffer 350 µL added and centrifuged at 10 000 rpm for 15 seconds at room temperature. 

Next, 500 µL buffer RPE to each column and centrifuged at 10000 rpm for 15 seconds at 

room temperature.  

The total RNA was isolated in two separated elutions by RNease spin column (Qiagen 

Ltd, UK). Added 30 µL RNase free water to column and at 10 000 rpm for 1 minute at 

room temperature. Then, the total RNA concentration of each skin sample was measured 

by the Nanodrop system (Nanodrop Technologies, Rockland, Del., UK). Total RNA 
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volume was chosen to give 2 µg per 110 µL cDNA synthesis reaction in each preparation 

and stored at -80 OC until cDNA synthesis (Luu-The et al., 2009). 

The total RNA (2 µg) was reverse transcribed into cDNA using RT First Strand kit (12) 

including genomic DNA elimination mix, incubated at (42 OC for 15 min and immediately 

at 95 OC for 5 min to stop the reaction) according to the supplier’s instructions (Qiagen, 

UK ). Then, cDNA synthesis of each preparation was stored at -20 °C before RT-qPCR 

assay analysis. 

2.3.6 Quantitative real-time PCR analysis  

Quantification of RNA was performed on a QuantStudio Real time PCR system 

(Thermofisher) using SYBR Green (RT2 SYBER® Green ROX ™, Qiagen) following 

the protocol from Qiagen. In brief, 25 µL of total RNA were analysed on fluorescent 

based Real time PCR. The thermocycler program of RT-qPCR was as follows: for 

denaturation 1 cycle at 50 °C for 2 min, annealing at 95 °C for 10 min, 40 cycles of 92 

°C for 15 s and extending at 60 °C for 60 s. Template-negative reaction human genomic 

DNA contamination (HGDC) was used as HGDC control  for PCR amplifications and 

PCR (PPC) as positive. Profiler PCR arrays have primers for the Phase I and Phase II 

genes expression. Assay for five reference genes (housekeeping genes) were used for 

human drug metabolism of Phase I and Phase II enzymes RT2 profiler ™ PCR Array 

(Biosciences/Qiagen) to normalise data (Hu et al., 2010). The results were analysed 

according to the 2-Delta delta CT method by using web-based RT2 Profiler™ PCR Array 

Data Analysis Software. The run was set for 40 cycles however, there was no enzymes 

expression after 33 cycles for Labskin and 35 cycles for human skin.  

2.3.7 Immunoblotting 

Treated and control 3D skin models  were isolated in a similar manner to RNA extraction 

with PBS at 65 °C, then homogenized using a manual homogeniser (Ultra-Turrax, 

Germany) in potassium phosphate buffer (pH 7.25 contain 250 mM K2HPO4, 150 mM 

KCl and 1 mM EDTA) (van Eijl et al., 2012). Human skin, both treated and untreated 

3D skin model and liver as control (microsomal and cytosol fractions) were separated  

by differential centrifugation as described previously (Gibbs et al., 2007), then stored at 

-80 °C until further analysis.  

The protein concentrations of the supernatant and pellet were measured by using the 

BCA protein assay according to the manufacturer’s protocol (van Eijl et al., 2012). 

Samples of microsomal fraction (60 µg) were separated by SDS-PAGE (120 V for 1 h) 
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and transferred onto nitrocellulose filters (70 V for 1 h). Membranes were blocked by 

blocking solution (5 % milk in TBS with 0.1 % Tween-20 TBST) for 1 h on a shaker at 

room temperature with milk powder (5 g) in TBST. Each protein was blocked by 

exposing the membranes to specific primary antibodies overnight at 4 °C. Antibodies 

were diluted at 1:1000 for Rabbit Anti-Cytochrome P450 1A1 antibody (ab3568), 1:250 

for Rabbit Anti-FMO2 antibody (ab95977), and 1:1000 for Rabbit Anti-CYP3A5 

antibody (ab108624). After proteind blocked with primry antibodies, these membranes 

washed with tris-buffered saline. Following that, the membranes were incubated with 

secondary antibody IRDye® 680RD Goat anti-Rabbit IgG (H + L). The bands of interest 

were determined using Li-COR imaging technique. 

2.4 Results  

2.4.1 Comparison of gene expression in in vitro 3D living skin equivalent model 

control (DMSO treated) with that in human skin 

The expression of xenobiotic metabolism enzymes (XMEs) in a commercial 3D skin 

model (Labskin, UK) Ltd) has been compared with that following treatment with the 

XME inducers β-naphthoflavone (βNF), all trans retionic acid (RA) and phenobarbital 

(PB). RT-qPCR was performed on the total RNA from the commercial in vitro 3D living 

skin equivalent model (both control and induced) and native fresh human skin. The 

relative expression levels of the 84 genes of the Phase I (CYP1A1, 3A5 and 1B1 and non-

CYP: FMO2) and Phase II (GST) XMEs studied were all lower in the untreated 3D skin 

model compared to human skin (Figure 2.1 a and b). 

 

 

 

 

https://www.licor.com/bio/reagents/irdye-680rd-goat-anti-rabbit-igg-secondary-antibody
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Figure 2.1 (a): Heatmap of 84 relative expression levels of the Phase I and Phase II basal genes 

corresponding to the xenobiotic metabolizing enzymes XMEs in in vitro control 3D skin model vs native 

human skin n=2 as duplicate. The signal intensity values are shown on a logarithmic scale. Lower signal 

intensity level of phase I and II genes are expresssed in green as downregulated (< 1 to white color, higher 

signal intensity level of phase I and II genes (>1) in white to red color as up-regulated. (b) Heatmap of 84 

relative expression levels of the Phase I basal genes (CYP1B1 and FMO2) corresponding to the xenobiotic 

metabolising enzymes XMEs in vitro control 3D skin model vs native human skin.   

The levels of gene expression were expressed according to the fold change; while “no 

expression” was expressed to genes for which the Ct was below detectable limit up to 33 

for 3D skin model. Ct value of 35 or more was considered to be absent in human skin. 

All results are based on two biological repeats. The fold-change of the expression which 

is greater than one indicates an up-regulation while fold-change less than one indicate 

a) 

b) 
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down-regulation. All  levels of XME were lower in the 3D skin model compared to the 

native human skin. The expression of the significant skin Phase I XME (CYP1A1, 

CYP3A5, CYP1B1 and FMO2) were down-regulation with fold change (-10.26, -8.45, -

115.56 and -18.76 respectively) compared with that those present in the native skin (Table 

2.1). 

Table 2.1: The expression level of CYP1A1, CYP3A5, CYP1B1 and FMO2 "down regulation" in the 

control "untreated" 3D Labskin model compared to human skin shows that the levels are significantly 

lower. 

 

 

 

 

 

 

2.4.2 Comparison of gene expression in the control 3D living skin equivalent model 

(DMSO treated) with that following chemical induction of XME 

The commercial skin model was treated with a series of known XME inducers, β-

naphthoflavone (βNF), all trans retinoic acid (RA) and phenobarbital (PB). CYP1A1 and 

CYP3A5 genes were significantly (P ≤ 0.05) upregulated in the 3D model treated with 

both βNF and PB compared with the control (Figure 2.2 a, b). CYP1A1 expression was 

readily induced after exposure to 25 µM (4.65-fold) and with 50 µM βNF a 21.85-fold 

increase was observed (Table 2.2). 

 

Enzyme 

2 Δ Ct 

Human Skin  

2 Δ Ct 

Untreated 3D 

skin model 

 

Fold-

Change 

CYP1A1 6.80 10.16 -10.26 

CYP3A5 2.06 5.14 -8.45 

CYP1B1 4.41 11.26 -115.56 

    FMO2 5.58 9.81 -18.76 
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Figure 2.2 (a): Heatmap of 84 relative expression levels of the Phase I of the basal genes corresponding to the 

xenobiotic metabolising enzymes XMEs in in vitro control 3D skin model vs βNF (25 µM and 50 µM), and PB (2 mM) 

induced 3D skin mode. The signal intensity values are shown on a logarithmic scale. Lower level signal intensity genes 

are expresssed in green as down-regulation (< 1 to white color, higher level signal intensity (>1) in white to red color 

as up-regulation. Phase I of CYPs: CYP1A1, CYP3A5 in red. (b) Heatmap of 84 relative expression levels of the Phase 

I the basal genes of CYP1B1 and FMO2 corresponding to the xenobiotic metabolising enzymes XMEs in in vitro control 

3D skin model vs RA (20 µM) induced 3D skin model. The signal intensity values are shown on a logarithmic scale. 

Lower level signal intensity genes are expresssed in green (< 1) to white color, higher level signal intensity genes (>1) 

in white to red color. Phase I of CYP1B1 and non-CYPs of FMO2 in red. 

a) 

b) 
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CYP3A5 induction was also demonstrated following incubation with PB as shown in 

Figure 2.2 a. This resulted in a ~2.15-fold up-regulation compared with 3D Labskin 

control. The data showed in Figure 2.2 b, the intensity “level” genes of CYP1B1 was 

induced with RA in red as up-regulated in 3D skin model at ~12.99-fold change compared 

with the control 3D model. Additionally, Non-CYPs of FMO2 levels were significantly 

up-regulated in treated skin as following incubation with RA (Figure 2.2 b).  

 

Table 2.2: The expression level for selected Phase I XMEs, CYP1A1, CYP3A5, CYP1B1 and FMO2 

genes demonstrates up regulation in the induced 3D skin model compared to the control.  

 

 

Enzyme 

2 Δ Ct 

Untreated 

3D Skin 

model 

2 Δ Ct 

Treated 

3D Skin 

model 

 

 

Fold-

Change 

 

 

Inducers 

CYP1A1 11.15 8.93 4.65 25 µM BNF 

CYP1A1 12.61 8.16 21.85 50 µM BNF 

CYP3A5 6.13 5.02 2.15 2 mM PB 

CYP1B1 11.26 7.56 12.99 20 µM RA 

  FMO2 12.57 9.81 6.77 20 µM RA 

 

Although this gene was present at low level -18.76-fold in the skin model control 

compared to human skin, RA induction led to a ~ 6.77-fold increase after 72 h systematic 

incubation (Table 2.2). 

2.4.3 Comparison of the induced genes/protein level in the 3D skin model with that 

in native human skin 

When comparing the findings for the induced 3D skin model with those present in the 

human skin, there was a clear variability, particularly with regards gene expression, of 

both the CYP and non-CYP of Phase I XMEs (Figure 2.3 a and Figure 2.3 b).  

CYPs and FMOs are the main enzymes of Phase I drug metabolism in the liver, where 

they are expressed at much higher levels than in the 3D skin model and native skin. Phase 

I XMEs including CYP1A1, CYP3A5, CYP1B1 and FMO2 were expressed in human skin, 

but their expression levels were in both the control and induced skin models (Table 2.3). 
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Figure 2.3 (a): Heatmap of 84 relative expression levels of the Phase I of the basal genes corresponding to the 

xenobiotic metabolising enzymes XMEs in βNF (25 µM and 50 µM), and PB (2 mM) induced 3D skin mode vs native 

human skin. The signal intensity values are shown on a logarithmic scale. Lower level signal intensity genes are 

expresssed in green (< 1) to white color, higher level signal intensity red (>1) in white to red color as up-regulation. 

Phase I of CYPs: CYP1A1 and CYP3A5 in green as dwon-regulation. (b) Heatmap of 84 relative expression levels of 

the Phase I of the basal genes corresponding to the xenobiotic metabolising enzymes XMEs in RA (20 µM) induced 

3D skin mode vs native human skin. The signal intensity values are shown on a logarithmic scale. Lower level signal 

intensity genes are expresssed in green (< 1 to white color, higher level signal intensity genes (>1) in white to red color. 

Phase I of CYP1B1and non-CYPs of FMO2 in green. 

CYP1A1 and CYP3A5 genes expressions were induced to a measurable level by βNF and 

RA induction in the Labskin model, but were still down-regulated compared with levels 

in human skin as shown in Figure 2. 3 a and Figure 2.3 b. The CYP1A1 gene was induced 

b) 

a) 
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by systemic application of βNF in the 3D model by ~21.85-fold with no further increase 

after 72 h. The expression of CYP3A5 was induced in the skin model by PB however, this 

was still down-regulated about -7.78-fold compared with those that present in human skin. 

CYP1B1 was induced with RA about ~12.99-fold change in the induced 3D skin model, 

but still down-regulated -8.89-fold change in the induced 3D model comapred with native 

human skin as shown in Table 2.3. The induction of Phase I XME (FMO2) have shown 

significant increase by RA ~6.77-fold in this model but this was still -18.76-fold lower 

compared with human skin (Table 2.2 and 2.3).  

 

Table 2.3: The expression level of CYP1A1, CYP3A5, CYP1B1 and FMO2 in induced 3D Labskin 

model compared to native human skin shows that the levels are still significantly lower even after 

induction.  

 

 

 

 

 

 

 

 

 

Using Western blotting, CYP1A1, CYP3A5 and FMO2 protein were investigated in this 

study in skin model and native human skin. CYP1A1 and FMO2 protein expression could 

not be detected in either human skin or 3D skin model, while it was found to be expressed 

in liver as control Figure 2.4. In contrast, CYP3A5 protein expression was detected in all 

induced 3D skin models and control. As shown in Figure 2. 4, the induced 3D skin model 

was shown to express more of CYP3A5 than both the control and human skin. 

Enzymes 2 Δ Ct 

Human 

Skin  

2 Δ Ct 

Treated 

3D model 

 

 

Fold-

Change 

 

Inducers  

CYP1A1 6.80 8.93 -4.37 25 µM BNF 
 

CYP1A1 6.80 8.16 -2.54 50 µM BNF 

CYP3A5 2.06 5.02 -7.78 2mM PB 

CYP1B1 4.41 7.56 -8.89 20 µM RA 

 FMO2 5.58 9.81 -18.76 20 µM RA 



 

 

124 

 

 

Figure 2.4: CYP1A1, CYP3A5 and FOM2 protein expression intensity in all skin by Western blot. The intensity of 

CYP1A1, CYP3A5 and FMO2 protein expression for several XMEs expressed in the induced 3D skin model and native 

human skin compared with liver as “control”. “LS and LP” representative as liver tissue as control CYPs 1A1 and 3A5 

proteins expression. The three proteins of phase I were detected as band and column intensity in 3D CO, 3D βNF, 3D 

RA and 3D PB representative as 3D skin model induced with βNF, RA and PB. In addition, thes proteins were detected 

in HS1 and HS2 representative as native (fresh) human skin tissues. (For full western blot shown in the appendix III). 

2.5 Discussion 

The aim of the study presented here was to compare the Phase I XME expression include 

cytochrome P450-dependent and flavin monooxygenase that are present in in vitro 3D 

skin model compared with human skin for drug biotransformation studies. The level of 

Phase I XMEs and their gene expression in 3D skin tissue model were measured after 72 

h induction with a series of chemical inducers, β-naphthoflavone (βNF), all trans retinoic 

acid (RA) and phenobarbital (PB). RT-qPCR was performed on the total RNA from the 

commercial in vitro 3D living skin equivalent model "Labskin" (both untreated and 

treated) and native human skin. It has been demonstrated that the Phase I enzymes: 

CYP1A1, CYP3A5 and FMO2 were expressed in 3D Labskin model control albeit at a 

low level compared to that in human skin. Most enzymes detected in native skin, were 

also expressed in the Labskin model, however at greatly reduced levels. 
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There are a number of papers reporting the presence of non-CYPs and CYPs reviewed by 

Oesch et al., (2014), Oesch et al., (2018), Eilstein et al., (2015) and Delescluse et al., 

1997) in skin. These enzymes were evident in our study including CYP1A1, CYP3A5 and 

FMO2 in Labskin model. 

A variety of researchers have studied Phase I (CYP and non-CYP) XMEs gene, protein 

and activity in a range of epidermal skin models (EpiDerm, EpiSkinTM, SkinEthicTM 

RHE, ORS-RHE), full thickness skin models (SkinTM FTM, Phenion FTM, SkinTM FTM) 

and Keratinocytes cells cultures (primary Keratinocytes, human keratinocyte cell line 

HCaT, NHEK) and native human skin (Jäckh et al., 2012; Luu-The et al., 2009; Wiegand 

et al., 2014; Bacqueville et al., 2017; Neis et al., 2010; Hu et al., 2010; Eilstein et al., 

2015; Swanson, 2004; Ahmad & Mukhtar, 2004; Gibbs et al., 2007; Rolsted et al., 2008; 

Katiyar et al., 2000). Interestingly, the expression of Phase I XMEs (CYP1A1, CYP3A5, 

CYP1B1 and FMO2) of the 84 targetted genes Phase I (CYP and non-CYP) XMEs were 

overall relatively low level in 3D model compared to human skin. This shows a similar 

pattern to that previously reported for different skin models such as Phenion FT Skin 

Model, OS-REp and Monolayers (Baron et al., 2001; Wiegand et al., 2014). The CYP1A1 

gene were markedly down-regulated in 3D skin model control (untreated) compared to 

human skin. These observations support previous studies where the level of CYP1A1 

mRNA was below the limit of detection (Wiegand et al., 2014) in the dermis and 

epidermis compartments of the Phenion FT skin model. Treatment of Labksin for 72 h 

with a series of different inducers, such as β-naphthoflavone (βNF), all trans retinoic acid 

(RA) and phenobarbital (PB) up-regulated the expression of several XME. Interestingly, 

the increase in CYP1A1 gene was significant in 3D model treated with βNF compared 

with untreated skin model. However, it was still markedly down-regulated compared to 

native human skin, CYP1A1 expression was readily induced after exposure to 25 µM and 

50 µM βNF. The induction response to 50 µM βNF after 72 h for CYP1A1 was much 

higher than that induced by 25 µM βNF. This was found to be easily inducible in OS-

REp model by βNF after 72 h systemic application (Bacqueville et al., 2017). CYP3A5 

and FMO2 were markedly down-regulated in the 3D skin control (untreated) compared 

to human skin. The level of CYP3A5 was extremely low in the Labskin model studied 

here and this has been previously reported in the ORS-RHE model (Neis et al., 2010). 

CYP3A5 gene expression was also upregulated after exposure to PB in 3D skin model 

compared with the control. This induction resulted up-regulation in the induced Labskin. 
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Only Kazem et al., (2019). has studied that the levels phase I enzyme (CYP3A5 mRNA) 

in EpiSkinTM , EpiDerm, ORS-RHE using RT-qPCR.  

In addition, CYP1B1 was also up regulated, induced in our model by RA compared with 

the control Labskin. Although CYP1B1 was increased in the RA induced 3D Labskin 

model, it was still low compared with native human skin. This was in agreement with the 

data in ORS-RHE model (Oesch et al., 2014).  

 

Our skin model was used to understand the comparative levels of XMEs in respect of 

RNA level as well as their inducibility of enzymes in 3D skin compared with human skin.  

Using western blotting, CYP1A1 and FMO2 protein expression could not be detected in 

either human skin or 3D skin model whereas it was found to be expressed in liver as 

control to devloped WS method. This is in agreement with previous work where CYP1A1 

protein was not detected in whole human skin (comprising both epidermis and dermis) 

and in four in vitro epidermal skin models (van Eijl et al., 2012; Ahmad & Mukhtar, 

2004). In contrast, CYP3A5 protein expression was observed in both the induced 3D skin 

model and control (DMSO). FMO2 monooxygenase enzyme was induced by RA as gene 

expression but not observed as protein expression. This expression was significantly up-

regulated in treated skin and in agreement with in human skin (Wiegand et al., 2014). 

Although this gene was at very low level in this skin model control compared to human 

skin, all trans retinoic acid induction gave an increase after 72 h systematic incubation. 

Phase I XME levels in the 3D skin model were mostly lower than that found in human 

liver (Wiegand et al., 2014). 

 

Comparing gene expression in the control 3D the induced 3D skin equivalent model with 

the human skin, the expression of Phase I XMEs including CYP1A1, CYP3A5, CYP1B1 

and FMO2 were expressed high level in human skin. A clear evidence of these CYPs in 

the 3D Labskin models were detected earlier (Oesch et al., 2018). The expression of these 

CYPs and non-CYPs investigated XMEs were still lower after induction in the Labskin 

skin model compared with those in native human skin. Notably, CYP1A1 and CYP3A5 

genes were induced to measurable level by βNF and PB in this model but still down-

regulated compared with levels in human skin. The CYP1A1 gene was induced by 

systemic application of βNF in 3D model with no further increased upon 72 h. This 

induced level of CYP1A1 did not get to the levels expressed in the native human skin. 

Using Western blotting of CYP1A1 protein was investigated that there was no protein 
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expressed in any skin tissue studied as showed by van Eijl et al., (20212). In contrast, 

normal human skin was shown to be expressed at high level of CYP3A5 than both that 

presented in the control and induced 3D skin model. This expression was expressed and 

induced in the Labskin model by PB. However, this was still down-regulated compared 

with that present in human skin.   

The induction of Phase I XME CYP1B1 and FMO2 protein have shown significant 

increase by induction with RA in this model compared with 3D skin conrol. While the 

phenobarbital inducer activated for CYP3A5 protein expression, levels of CYP3A5 

protein were at a lower level in the human skin and 3D skin model than that shown in 

liver. FMO2 protein expression could not be detected at the the protein level in this model.  

 

The RT-qPCR raw data of this chapter has been attached in the appendix I link page (220).  

 

2.6 Conclusion  

The overall aims of the current study was to make comprehensive characterization of the 

expression level of Phase I XMEs in the commericially available 3D Labskin model and 

to characterize them so that it could be used as a suitable surrogate for native human skin 

for metabolism assays. Overall, the in vitro 3D skin models showed distinctive profiles 

at the levels of CYP1A1, CYP3A5, CYP1B1 and FMO2 expression and enzymatic 

activity with regard to xenobiotic metabolism. A comparison of the expression in the 

Labskin skin model control, the induced model and the human skin, showed that the level 

of gene expression of Phase I XMEs including CYP1A1, CYP3A5, CYP1B1 and FMO2 

level were lower in the 3D skin model compared with that presented in human skin. 

Chemical induction increased these levels but still not to those in native human skin.  

Understanding the relationship between the levels of XME in 3D skin models and human 

skin could potentially be used to develop computer models that would be able to predict 

human skin data from that obtained from 3D models. The data of phase I and II indicate 

that the Labskin model appears to be a valuable, robust in vitro tool improved non-animal 

models as an alternative methods for metabolism of cutaneous exposures. 

 

 



 

 

128 

 

2.7 References 

Ahmad, N., & Mukhtar, H. (2004). Cytochrome p450: a target for drug development for 

skin diseases. Journal of Investigative Dermatology, 123(3), 417-425.  

Bacqueville, D., Jacques, C., Duprat, L., Jamin, E. L., Guiraud, B., Perdu, E., Bessou-

Touya, S., Zalko, D., & Duplan, H. (2017). Characterization of xenobiotic 

metabolizing enzymes of a reconstructed human epidermal model from adult hair 

follicles. Toxicology and Applied Pharmacology, 329, 190-201.  

Baron, J. M., HoÈller, D., Schiffer, R., Frankenberg, S., Neis, M., Merk, H. F., & Jugert, 

F. K. (2001). Expression of multiple cytochrome p450 enzymes and multidrug 

resistance-associated transport proteins in human skin keratinocytes. Journal of 

Investigative Dermatology, 116(4), 541-548.  

Delescluse, C., Ledirac, N., de Sousa, G., Pralavorio, M., Botta-Fridlund, D., Letreut, Y., 

& Rahmani, R. (1997). Comparative study of CYP1A1 induction by 3-

methylcholanthrene in various human hepatic and epidermal cell types. Toxicology 

in Vitro, 11(5), 443-450.  

Eilstein, J., Léreaux, G., Arbey, E., Daronnat, E., Wilkinson, S., & Duché, D. (2015). 

Xenobiotic metabolizing enzymes in human skin and SkinEthic reconstructed human 

skin models. Experimental Dermatology, 24(7), 547-549.  

Gelardi, A., Morini, F., Dusatti, F., Penco, S., & Ferro, M. (2001). Induction by 

xenobiotics of phase I and phase II enzyme activities in the human keratinocyte cell 

line NCTC 2544. Toxicology in Vitro, 15(6), 701-711.  

Gibbs, S., van de Sandt, Johannes JM, Merk, H. F., Lockley, D. J., Pendlington, R. U., & 

Pease, C. K. (2007). Xenobiotic metabolism in human skin and 3D human skin 

reconstructs: a review. Current Drug Metabolism, 8(8), 758-772.  

Götz, C., Pfeiffer, R., Tigges, J., Blatz, V., Jäckh, C., Freytag, E., Fabian, E., Landsiedel, 

R., Merk, H. F., & Krutmann, J. (2012). Xenobiotic metabolism capacities of human 

skin in comparison with a 3D epidermis model and keratinocyte‐based cell culture 



 

 

129 

 

as in vitro alternatives for chemical testing: activating enzymes (Phase I). 

Experimental Dermatology, 21(5), 358-363.  

Hewitt, N. J., Edwards, R. J., Fritsche, E., Goebel, C., Aeby, P., Scheel, J., Reisinger, K., 

Ouédraogo, G., Duche, D., & Eilstein, J. (2013). Use of human in vitro skin models 

for accurate and ethical risk assessment: metabolic considerations. Toxicological 

Sciences, 133(2), 209-217.  

Hu, T., Khambatta, Z. S., Hayden, P. J., Bolmarcich, J., Binder, R. L., Robinson, M. K., 

Carr, G. J., Tiesman, J. P., Jarrold, B. B., & Osborne, R. (2010). Xenobiotic 

metabolism gene expression in the EpiDerm™ in vitro 3D human epidermis model 

compared to human skin. Toxicology in Vitro, 24(5), 1450-1463.  

Jäckh, C., Fabian, E., van Ravenzwaay, B., & Landsiedel, R. (2012). Relevance of 

xenobiotic enzymes in human skin in vitro models to activate pro-sensitizers. 

Journal of Immunotoxicology, 9(4), 426-438.  

Katiyar, S. K., Mukhtar, H., & Matsui, M. S. (2000). Ultraviolet-B exposure of human 

skin induces cytochromes P450 1A1 and 1B1. Journal of Investigative Dermatology, 

114(2), 328-333.  

Kazem, S., Linssen, E. C., & Gibbs, S. (2019). Skin metabolism phase I and phase II 

enzymes in native and reconstructed human skin: A short review. Drug Discovery 

Today, 24(9), 1899-1910.  

Luu-The, V., Duche, D., Ferraris, C., Meunier, J., Leclaire, J., & Labrie, F. (2009). 

Expression profiles of phases 1 and 2 metabolizing enzymes in human skin and the 

reconstructed skin models Episkin™ and full thickness model from Episkin™. The 

Journal of Steroid Biochemistry and Molecular Biology, 116(3-5), 178-186.  

Luu-The, V., Paquet, N., Calvo, E., & Cumps, J. (2005). Improved real-time RT-PCR 

method for high-throughput measurements using second derivative calculation and 

double correction. BioTechniques, 38(2), 287-293.  



 

 

130 

 

Nebert, D. W., Dalton, T. P., Okey, A. B., & Gonzalez, F. J. (2004). Role of aryl 

hydrocarbon receptor-mediated induction of the CYP1 enzymes in environmental 

toxicity and cancer. Journal of Biological Chemistry, 279(23), 23847-23850.  

Neis, M. M., Wendel, A., Wiederholt, T., Marquardt, Y., Joussen, S., Baron, J. M., & 

Merk, H. F. (2010). Expression and induction of cytochrome p450 isoenzymes in 

human skin equivalents. Skin Pharmacology and Physiology, 23(1), 29-39.  

Oesch, F., Fabian, E., Guth, K., & Landsiedel, R. (2014a). Xenobiotic-metabolizing 

enzymes in the skin of rat, mouse, pig, guinea pig, man, and in human skin models. 

Archives of Toxicology, 88(12), 2135-2190.  

Oesch, F., Fabian, E., Guth, K., & Landsiedel, R. (2014b). Xenobiotic-metabolizing 

enzymes in the skin of rat, mouse, pig, guinea pig, man, and in human skin models. 

Archives of Toxicology, 88(12), 2135-2190.  

Oesch, F., Fabian, E., & Landsiedel, R. (2018). Xenobiotica-metabolizing enzymes in the 

skin of rat, mouse, pig, guinea pig, man, and in human skin models. Archives of 

Toxicology, 92(8), 2411-2456.  

Rolsted, K., Kissmeyer, A., Rist, G. M., & Hansen, S. H. (2008). Evaluation of 

cytochrome P450 activity in vitro, using dermal and hepatic microsomes from four 

species and two keratinocyte cell lines in culture. Archives of Dermatological 

Research, 300(1), 11-18.  

Saeki, M., Saito, Y., Nagano, M., Teshima, R., Ozawa, S., & Sawada, J. (2002). mRNA 

expression of multiple cytochrome p450 isozymes in four types of cultured skin cells. 

International Archives of Allergy and Immunology, 127(4), 333-336.  

Swanson, H. I. (2004). Cytochrome P450 expression in human keratinocytes: an aryl 

hydrocarbon receptor perspective. Chemico-Biological Interactions, 149(2-3), 69-

79.  

van Eijl, S., Zhu, Z., Cupitt, J., Gierula, M., Götz, C., Fritsche, E., & Edwards, R. J. 

(2012). Elucidation of xenobiotic metabolism pathways in human skin and human 

skin models by proteomic profiling. PloS One, 7(7), e41721.  



 

 

131 

 

Warwick, E., Cassidy, A., Hanley, B., Jouni, Z. E., & Bao, Y. (2012). Effect of 

phytochemicals on phase II enzyme expression in infant human primary skin 

fibroblast cells. British Journal of Nutrition, 108(12), 2158-2165.  

Wiegand, C., Hewitt, N. J., Merk, H. F., & Reisinger, K. (2014). Dermal xenobiotic 

metabolism: a comparison between native human skin, four in vitro skin test systems 

and a liver system. Skin Pharmacology and Physiology, 27(5), 263-275.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

132 

 

 

 

 

 

 

 

 

Chapter 3 

Expression and Induction of Xenobiotic Metabolising 

Enzymes in a 3D Skin Model studied by using LC-

MS/MS. 

 

 

 

 

 



 

 

133 

 

3.1 Introduction 

Living skin equivalent models (LSE) have the capacity to metabolise xenobiotics, 

however, knowledge of xenobiotic metabolising enzymes (XME) in human skin and skin 

models and their role in detoxification metabolism studies of the topically applied drugs 

compounds is incomplete (Hu et al., 2010). There is increasing evidence indicating that 

epidermal XMEs and transport proteins play significant roles in the function of skin 

(Jugert et al., 1994; Du, etal., 2006) in addition to its barrier function. These XMEs 

including Phase I (e.g. cytochrome P450s) and Phase II (e.g. glutathione S-transferase) 

enzymes are mostely located in epidermis (in keratinocytes), levels are lower than those 

detected in human liver and are thus more difficult to detect (Gibbs et al., 2007; Oesch et 

al., 2014; Luu-The et al., 2009). There is increasing realization of the importance of CYPs 

and GST in extra-hepatic metabolism. However, knowledge of these expression of 

specific Phase I and Phase II XMEs in 3D skin models and human skin are limited and 

no systematic study of the model used in this work, Labskin a LSE produced by Labskin 

UK Ltd has been conducted. 

As discussed in Chapter 1, only a few studies have been investigated at the expression of 

Phase I and Phase II XMEs proteins and their levels in human skin, 3D skin models and 

human skin (Gelardi et al., 2001; van Eijl et al., 2012; Wiegand et al., 2014). 

However, induction of CYPs and GSTs in skin following exposure to β-naphthoflavone  

(βNF), phenobarbital (PB), and methylcholanthrene (MC) (Gelardi et al., 2001; Harris et 

al., 2002) has been demonstrated. Human keratinocyte cell line such as NCTC cell line 

(Gelardi, et al., 2001) and reconstructed epidermal models (Harris et al., 2002; Ahmad & 

Mukhtar, 2004), have been incubated with βNF, 3-MC and PB, basal and induced levels 

of mainly CYPs and GST activities that were detected and significant increase over those 

expressed in human skin. 

LC-MS/MS has been used to study Phase I and II XME protein expression in skin (van 

Eijl et al., 2012; Couto et al., 2021). Both Phase II and II XMEs in whole ex vivo human 

skin (about 10 donors) and commericial in vitro epidermal models,  such as Episkin, RHE, 

and Labskin have been studied (van Eijl et al., 2012; Couto et al., 2021). Phase II XME 

levels were reported to be generally expressed at a higher level than Phase I XMEs, 

especially GSTs (van Eijl et al., 2012). This was confirmed by Couto et al., (2021). In the 
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work of Couto the Phase II XME glutathione S-transferase was reported to be the most 

abundant XME in Labskin compared to human skin. 

However, cytochrome P450 (CYPs) have only been observed at low levels in human skin 

and 3D skin models. In addition, CYPs enzymes also reported no or a low expression for 

the substrates tested in ex-vivo human skin and the in vitro 3D skin model “LabSkin” 

(Hewitt et al., 2013; Couto et al., 2021). It is, however, consistently reported that they are 

not easy to measure accurately at the gene or protein level in in vivo human skin and in 

3D models because of the low levels abundance present (Luu-The et al., 2009). These 

data suggested that there is a need to further characterise the inducibility of Phase I and 

Phase II XMEs pathways in Labskin and to compare native and induced levels with those 

in human skin using more advanced MS techniques than those used in previous studies 

in chapter 2 of the thesis up-regulation of XME gene expression in a 3D Living skin 

equavelent model following chemical induction was demonstrated. In this chapter the 

expression of corosponding protein is studied using a LC-MS/MS. 

3.2 Aims of the Chapter 

In this Chapter, we set out to determine and the induction of Phase I and Phase II XMEs 

(including CYPs and GSTs) at the protein level in the commericial 3D skin model 

(LabSkin) and compare these with native human skin using LC-MS/MS. 

3.3 Material and methods  

3.3.1 Ethical statement 

Native human skin was obtained and descriped in Chapter 2.3.1. 

3.3.2 Chemicals and Materials 

Trifluoroacetic acid (TFA), 1, 4-Dithiothreitol (DTT), iodoacetamide (IA) and copper II 

were purchased from Sigma-aldrich (Gillingham, UK). Trypsin was purchased from 

Promega (Chilworth, UK). LC-H2O, LC-grade acetonitrile and 0.1% formic acid were 

obtained from Fisher Scientific (Loughborough, UK). The other chemicals and materials 

used were given in Chapter 2.3.2. 

3.3.3 Enzyme induction 

The commercial 3D skin model "Labskin product" labskin 1.3 lot 190573 was obtained 

from Innoven (York, UK). "Labskin" samples were generated and cultured as previously 

reported in Chapter 1.4.2. Induction experiments were conducted in 3D skin model 
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medium via systematic treatment as described in Chapter 2.4. The concentrations of β-

naphthoflavone (βNF), phenobarbital (PB) and all trans retinoic acid (RA) were selected 

in Chapter 2.3.4. 

3.3.4 3D skin model and native human skin sample preparation 

Following induction, the dermal and epidermal layers from about 200 mg of the treated 

and control (untreated) 3D skin models and fresh native human skin were isolated as 

previously described for RNA extraction i.e. PBS at 65 °C for 2 min, then homogenization 

with a manual homogeniser (Ultra-Turrax, Germany) in potassium phosphate buffer (250 

mM K2HPO4, 150 mM KCl and 1 mM EDTA, pH 7.25) (van Eijl et al., 2012). 

Following homogenization, the microsomal and cytosolic fractions were separated by the 

differential centrifugation as described previously (van Eijl et al., 2012) The skin lysates 

were initially centrifuged at 14000 g at 4 °C for 10 min (Centrifugation, Micro Star17R 

Microcentrifuge, Germany). The supernatant was collected and high centrifuged at 

105,000 g for 1 h at 4 °C (OptimaTM Ultracentrifuge, Beckman Coulter, Germany) as 

decribed previously (Boobis et al., 1980), then stored at -80 °C for further analysis.  

The protein concentrations of the supernatant and pellet were determined in triplicate by 

bichinchonic acid (BCA) protein assay according to the manufacturer’s protocol (Smith  

et al., 1985). The assay was performed as follows: 0.4 g of copper II was dissolved in 

total 10 mL of distilled water (ddH2O). About 1mL of this copper II solution was 

transferred to 49 mL of bicinchoninic acid as solution for protein detection. A BCA 

solution was made of 0.1 g of albumin in 10 mL of ddH2O and used to prepare protein 

concentration standards between 0.1-2.0 mg/mL. In the 96 well plate, 10 µL of each 

protein concentration was pipetted in triplicate. To each well of 96 well plate, 10 µL of 

BCA soulution was added to each well protein detection, and left for 30 min. The 96 

ready well plate was read at 570 nm absorbance by Multiskan EX Absorbance Reader 

(Fisher Scientific, Loughborough, UK). 

3.3.5 Enzymatic digestion (peptides extraction) 

Samples of protein were performed according to the manufacturer’s instructions (In-

Solution Tryptic Digestion) protocol. Briefly, 30 μg of protein in digestion buffer (50 mM 

ammonium bicarbonate) was denatured and reduced according to in-solution tryptic 

digestion protocol. Reduction and alkylation were performed by incubation with 100 mM 

DTT at 95 °C for 5 min and 100 mM iodoacetamide in the dark for 30 min, respectively. 
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Trypsin digestion (20 ng/μL) was performed in 50 mM ammonium bicarbonate overnight. 

Before Zip Tip processing,  the trypsin reaction was stopped by adding 10 µL formic acid 

to each sample, and then storage at -20 °C for further analysis.  

Milipore ZipTip C18 (Size P10; Zip Tips) was preformed to clean-up peptides according 

to Sigma Zip tips protocol (Sigmaaldrich, Gillingham, UK). 

▪ Stock solution: 100% ACN aq. (1000 µL ACN) 

▪ Washing solution : 0.1% TFA aq. (100 µL 1% TFA, 900 µL dd H2O)  

▪ Mixed Elution bufer : 50% ACN in 0.1% TFA (500 µL Acetonitrile, 500 µL 0.1% 

TFA) 

3.3.6 Instrumentation 

3.3.6.1 LC-MS/MS analysis. 

LC-MS/MS analyses were carried out using a Xevo G2- XS QTof mass spectrometry 

(Waters Coorporation, Manchester, UK.) set to ESI+ ionization mode. The spectra were 

acquired in positive mode. Peptide mixtures were obtained from in-solution trypsin digest 

extracted from untreated and treated 3D skin model and human skin samples (12 extracts: 

6 microsomal and 6 pellets, as described above) were injected separately under the same 

experimental conditions.  

The separation was performed on an Acquity UPLC® peptide GSHTM-C18 (WatersTM, 

UK) microbore column (2.1 mm x 100 mm, 1.7 µm). Peptides were separated using a 

85 min gradient of mobile phase B 95% (acetonitrile) and mobile phase A (5% containing 

0.1 % formic acid). The flow rate was 200 μL/min. Each MS scan range was scanned and 

acquired in a Xevo G2XS QTof instrument with (100 –1500 m/z range) in Q-TOF MSe 

mode (Quadripole-time of flight mass spectrometry where E represents collision energy) 

and Identity E were used in conjunction with LC (capillary liquid chromatography) for 

robust quantification of a large number of proteins. The maximum ion injection 5 µL. 

The MS parameters as follows: capillary voltage, 3.0 kV; cone voltage, 30.0 V; source 

temperature, 150 ºC; desolvation temperature, 500 ºC; desolvation gas, 1000 L/h; and 

cone gas, 150 L/h. Argon was used as a collision gas and the collision energy was set at 

15 eV.  

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3356699/#R16
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3.3.7 Data Analysis 

3.3.7.1 LC-MS/MS data analysis 

LC-MS/MS data were processed using MassLynx™ software (Waters Corporation, UK) 

and Progenesis QIP software (https://www.nonlinear.com/progenesis/qi-for-proteomics). 

The protein cut off  used ≤ 0.05. In addition, Panther software (http://www.pantherdb.org) 

and Reactome pathway database software (https://reactome.org) were used to assign 

protein functional classes. 

3.4 Results and Discussion 

The main purpose of developing skin models is to obtain models able to mimic the 

structure and function of in vivo skin, such as gene  and protein expression of Phase I and 

Phase II XMEs (Kazem et al., 2019). The aim of this study was to detect and measure  

the levels of the protein expression of Phase I and Phase II XMEs in the 3D skin models 

and to characterise them as a suitable surrogate for native human skin for metabolism 

assays by liquid chromatography-tandem mass spectrometry (LC-MS/MS). Extracted 

proteins from human skin and skin models samples were measured by the BCA assay as 

standard shown in Figure 3.1. This assay is relatively easy to perform and sensitive at 20 

ng level. The BCA assay was applied to determine relative concentrations protein in 

homogenate supernatants and pellets of Labskin and human skin tissues as described by 

Smith et al., (1985). 

 

Figure 3.1: A simple protein standard curve is created with dilutions of BCA. Each standard dilution 

in triplicate absorbance (562 nm) was plotted on protein concentration (µg/mL).  

Total protein concentration was found to be between 1500-2000 µg/ml.  
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Several of the xenobiotic metabolising enzymes (XMEs) in skin were expressed and 

induced at the RNA level have also expressed in this study at the protein level. From the 

LC/MS/MS data set enzymes detected include alcohol dehydrogenase class beta (ADH 

beta), alcohol dehydrogenase class III (ADHIII), aldehyde dehydrogenase 1A1 (ALDH 

1A1), aldehyde dehydrogenase 9A1 (ALDH9A1), epoxide hydrolase (EPHX 2), 

cytochreome P 450 (CYPs: CYP1B1, CYP3A6, CYP11B2, CYP152A1, and CYP78A3) 

and peroxiredoxin-1 (PRDX1) of Phase I XME proteins and glutathione S-transferase 

(GSTs: GSTP1, GSTO1) and acetyl-CoA acetyltransferase 1 (ACAT1) of Phase II XME 

proteins expression were overall detected in Labskin models as well as similar in native 

human skin. However, these expression of enzymes were found to be at low levels in 3D 

skin models control. From the total data set, the data for Phase I and Phae II XME were 

extracted and are shown below.  

In a previous study, almost all of XME proteins observed in Labskin models and native 

human skin were detected as proteins and genes in skin by Oesch et al., (2018). Support 

for the abundance of Phase I and II XMEs: alcohol/aldehyde dehydrogenase, epoxide 

hydrolase, peroxiredoxin glutathione S-transferase and acetyl-CoA acetyltransferase 

comes from a report by Couto et al., (2021), who first time used a proteomics approach 

to study Labskin and human skin, but here none of the CYPs proteins were detected.  

In order to determine whether CYPs could be detected and induced in 3D skin model, 

induction experiments were carried out using βNF, RA, PB inducers. LC-MS/MS was 

performed separately on both microsomal and cytosol fractions and the data combined in 

the Progenesis QIP software. All identified proteins were classified based on protein 

ontology (GO). About 327 function hits of 313 total proteins were significant, discovering 

the functional protein relationships of the XMEs. These were classified into 7 clusters as 

seen in Figure 3.2. 
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Figure 3.2: Pie chart illustrating the panther software results of molecular functions characterised in the list 

XMEs of protein families in 3D skin model control Vs Induced 3D skin microsomal and cytosolic fraction using 

LC-MS/MS. A total of 327 of protein and 313 total function hits were initially included in the exprements 

analysis. The percentage of function hits is: Binding GO:0005488 and catalytic activity GO:0003824 percentage 

were similar representing ~130 and ~107 proteins abundance of the function hits. ~23 molecular function 

regulator hits GO:0098772 and ~1 molecular tranducer activity GO:0060089. The structure molecule activity 

GO:0005198 acount for ~31 of the function hits. The remaining ~11 function hits are contained of translator 

regulator activity GO:0045182 and transporter activity GO:0005215.  

The majority of Phase I and Phase II XME (including the CYPs and GSTs) were classified 

in the binding and catalytic activity groups. These represent about ~130 and ~107 proteins 

abundance of the function hits of the total protein detected and are shown in Figure 3.2. 

However, the quantiitative proteomics data (preformed by nonlabeld peak intensity 

measurments) indicated that there was a significant difference at the level of CYPs and 

GSTs protein in 3D skin control and induced 3D skin compared with native skin. This 

was in agreement with the previously reported relative levels of CYP and GST protein 

expression in 3D skin models and human skin (Oesch et al., 2007; Oesch et al., 2014; 

Oesch et al., 2018). These reports indicated that both Phase I and Phase II XME were 

expressed at low levels in skin models. In addtion, 4 in vitro human skin models (both 2D 

and 3D) were invistgated and  compared with a surrogate of the liver and native human 

skin (Wiegand et al., 2014).  

In the work reported here, the proteomics data acquired indicated that chemical induction 

of Phase I and Phase II XME in the Labskin model produced a model that reflected the 

in vivo skin more realistically. The reactome analysis (Figure 3.3 a, b, c) based on the 
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differential UniProt-protein obtained from progenesis QI software data was showed XME 

pathways. The protein and peptides score can be facilitated initial filtering of database 

search results to provide a useful measure of certain proteins identified. 

Table 3.1: Detection of Phase I and Phase II XMEs in a 3D Skin Model Control Vs Normal human skin 

(FHS) microsomal and cytosolic fractions by LC-MS/MS. 

 

Accession 

 

Description 

 

 

Peptides 

 

Score 

 

Fold Change 

FHS/LSE 

Control  

P00325 ADH class beta 9(3) 74.81 32.16 

P93629 ADH class III 2(2) 11.01 1.77 

P00352 ALDH1A1 3(2) 14.76 2.37 

P49189 ALDH9A1 7(4) 37.87 1.00 

P34914 EPHX2 4(2) 26.62 4.07 

Q16678 CYP1B1 1(1) 3.84 0.42 

P11707 CYP3A6 5(3) 26.63 0.92 

P15539 CYP11B2 3(1) 13.65 0.71 

O31440 CYP152A1 5(4) 30.39 0.70 

O48927 CYP78A3 2(1) 10.16 0.03 

Q06830 PRDX1 7(4) 47.23 1.80 

P32119 PRDX2 3(3) 18.57 2.16 

P09211 GSTP1 14(6) 161.11 1.39 

P78417 GSTO1 5(5) 33.44 1.03 

P24752 ACAT1 2(1) 14.28 4.36 
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Table 3.2: Detection of Phase I and II (CYP1B1 and GST) XMEs in a 3D Skin Model Control Vs induced with βNF, RA and PB microsomal and cytosolic fractions by LC-

MS/MS. 

 

Accession 

 

Description 

 

 

Peptides 

 

Score 

 

Fold Change 

LSE βNF/LSE 

Control  

 

Fold Change 

LSE RA/LSE 

Control 

 

Fold Change 

LSE PB/LSE 

Control 

P00325 ADH class beta 9(3) 74.81 1.30 0.96 1.16 

P93629 ADH class III 2(2) 11.01 4.61 6.60 4.14 

P00352 ALDH1A1 3(2) 14.76 2.73 2.15 3.17 

P49189 ALDH9A1 7(4) 37.87 1.85 1.70 2.91 

P34914 EPHX2 4(2) 26.62 3.99 5.19 6.44 

Q16678 CYP1B1 1(1) 3.84 2.19 2.63 2.89 

P11707 CYP3A6 5(3) 26.63 1.03 0.95 0.99 

P15539 CYP11B2 3(1) 13.65 1.35 1.03 1.57 

O31440 CYP152A1 5(4) 30.39 2.28 1.91 2.29 

O48927 CYP78A3 2(1) 10.16 1.57 1.43 1.35 

Q06830 PRDX1 7(4) 47.23 2.16 2.23 2.40 

P32119 PRDX2 3(3) 18.57 1.77 1.78 2.28 

P09211 GSTP1 14(6) 161.11 2.78 2.65 3.10 

P78417 GSTO1 5(5) 33.44 1.35 1.17 1.47 

P24752 ACAT1 2(1) 14.28 1.19 1.38 5.00 
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             Table 3.3: Detection of Phase I and II (CYP1B1 and GST) XMEs in Human skin (FHS) Vs induced with βNF microsomal and cytosolic fraction by LC-MS/MS.

 

Accession 

 

Description 

 

 

Peptides 

 

Score 

 

Fold Change 

LES βNF/FHS 

 

 

Fold Change 

LSE RA/FHS 

 

Fold Change 

LSE PB/FHS 

P00325 ADH class beta 9(3) 74.81 0.04 0.02 0.04 

P93629 ADH class III 2(2) 11.01 2.60 3.72 2.33 

P00352 ALDH 1A1 3(2) 14.76 1.15 0.91 1.34 

P49189 ALDH 9A1 7(4) 37.87 1.85 1.69 2.19 

P34914 EPHX2 4(2) 26.62 0.98 1.27 1.58 

Q16678 CYP1B1 1(1) 3.84 5.12 6.15 6.75 

P11707 CYP3A6 5(3) 26.63 1.12 1.04 1.08 

P15539 CYP11B2 3(1) 13.65 1.89 1.46 2.20 

O31440 CYP152A1 5(4) 30.39 3.24 2.72 3.26 

O48927 CYP78A3 2(1) 10.16 50.61 46.27 43.50 

Q06830 PRDX1 7(4) 47.23 1.10 1.24 1.33 

P32119 PRDX2 3(3) 18.57 0.82 0.82 1.05 

P09211 GSTP1 14(6) 161.11 2.00 1.91 2.23 

P78417 GSTO1 5(5) 33.44 1.31 1.14 1.43 

P24752 ACAT1 2(1) 14.28 0.27 0.32 1.15 
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Figure 3.3: Schematic representation (a) of reactome pathway analysis of metabolising proteins detection 

of Phase I and II XMEs in a 3D skin model control (Labskin) and induced βNF, RA, PB of 3D Labskin 

microsomal and cytosolic fraction by using LC-MS/MS. The yellow color code representation of that 

pathway in your input dataset. Yellow color is signifies pathways which are indicated as significantly 

different P ≤ 0.05. The expression of proteins were identfied of Phase I XMEs (b) include CYPs and Phase 

II (c) include conjugation reactions (GST). 

(a) 

(b) 

(c) 
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The application of RT-qPCR to detect total RNA in the induced models is described in 

Chapter 2. This  is a very sensitive technique, and the data reported here appears to 

confirm the findings made. However, the relationship of low RNA level to the CYPs and 

GSTs protein levels is still uncertain (Harris et al., 2002; Ahmad & Mukhtar, 2004). Only 

van Eijl et al. (2012) has studied that the levels of CYPs and GSTs protein expression in 

3D skin model and human skin compared to liver by using a proteomic approach. The 

induction of the Phase I XME (CYP1B1 and Phase II of GSTP1 and GSTO1) were also 

demonstrated in this study.  

Our skin model was used to understand the comparative levels of XMEs in respect of 

protein level as well as their inducibility of enzymes in 3D skin compared with human 

skin. LC-MS/MS data indicated that CYP1B1, GSTP1 and GSTO1 protein expression of 

XMEs in the control (untreated) 3D model were at low level compared with human skin. 

These data were in an agreement with studies of other 3D epidermal models (EpiDerm, 

EpiSkinTM, SkinEthicTM RHE, ORS-RHE), full thickness skin models (SkinTM FTM, 

Phenion FTM, SkinTM FTM) (Kazem, et al., 2019). Phase I XME levels in the 3D skin 

model were mostly lower by about 4-10-fold than that found in human liver indicating 

they do not play an important role in skin (van Eijl et al., 2012). However, some Phase II 

enzymes were observable in skin (Gelardi et al., 2001; Wiegand et al., 2014). 

A clear evidence of XMEs in the 3D Labskin models were detected earlier. Our LC-MS/MS 

showed a full spectrum of the Phase I and Phase II XMEs in a 3D skin model control 

(Labskin) and induced βNF, RA, PB of 3D Labskin by using LC-MS/MS (Figure 3.4 a, 

b and c). 
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 Figure 3.4:  Validation of full spectrum of the Phase I and II XMEs in a 3D skin model control (Labskin) and induced βNF, RA, PB of 3D Labskin by using LC-

MS/MS. 
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3.4.1 Comparison of basal protein expression of Phase I and Phase II XMEs in a 3D 

living skin equivalent model (3D LabSkin) control (DMSO treated) with that in 

human skin 

The data obtained from the control sample of Labskin tissue treated with DMSO (final 

concentration 0.2% v/v) showed no difference from non-treated Labskin. This application 

of DMSO was very similar to that application used in ORS-RHEs model (Bacqueville et 

al., 2017), suggesting that neither the concentration of the DMSO solvent and the method 

of application impacted on XMEs protein expression. Proteomic analysis was performed 

separately on microsomal and cytosolic fraction in both 3D skin model and human skin 

and the data combined. In general, XME were more abundant in the microsomal rather 

than cytosolic fraction. 

Our LC-MS/MS data are expressed as fold-change of the protein expression as shown in 

Table 3.1. Overall, about 15 proteins of XMEs profiles are similar in Labskin model as 

well as human skin but with different levels. The Phase I and II XME expression of ADH 

beta, ADHIII, ALDH1A1, ALDH9A1, EPHX2, CYP1B1, CYP3A6, CYP11B2, 

CYP152A1, CYP78A3, PRDX1, PRDX2, GSTP1, GSTO1 and ACAT1 were measured 

by LC-MS/MS in 3D Labskin model. However, the XME were expressed at  lower levels 

in the 3D skin model control compared with fresh human skin. These confirm earlier work 

on other skin models reported by (van Eijl et al., 2012; Oesch et al., 2014).  

Interestingly, only CYP1B1 protein was detected in both skin samples but at low level. 

The expression of skin Phase I XME of down-regulated in the Labskin control, compared 

to human skin, as shown in Table 3.1. Many CYPs important in drug metabolsim were 

absent in both 3D skin and human skin, with only few detected in skin model and slightly 

more in human skin (van Eijl et al., 2012). CYPs are mainly expressed in human liver 

and in higher levels than skin (van Eijl et al., 2012; El-Khateeb et al., 2019). The absence 

of detection of CYP1B1 in skin models by proteomics data is surprising (van Eijl et al., 

2012), although this is consistent with the levels of CYP1B1 RNA which have been 

reported to be at low level in 3D skin and human skin (Gelardi et al., 2001; Ahmad & 

Mukhtar, 2004; Schober et al., 2006; Wiegand et al., 2014). 

Luu-The et al., (2009) and Hu et al., (2010) reported that the CYP1B1 gene is detectable 

in native skin which is supported by our data. Moreover, western blot analysis indicated 

that CYP1B1 protein is a major CYP in the epidermal layer of native human skin that has 

a  clear function in chemical biotransformation (Katiyar et al., 2000); Oesch et al., 2014). 
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However, large variations in the levels of this isoform protein expression were observed 

from different donors. Baron et al., (2001) had earlier reported that the CYP1B1 proteins 

were of low abundance in the microsomal fraction of human skin keratinocytes. On the 

other hand, Van Eijl et al., (2012) reported that CYP1B1 was absent in both skin and liver 

microsomal fraction in a LC-MS/MS based study. These data combination of all of these 

studies and our own data does suggest extensive genetic polymorphism in the level of this 

protein. In addition, the others of CYP3A6, CYP11B2, CYP152A1, and CYP78A3 were 

also expressed in the 3D models, but they were found at low levels compared with human 

skin (Table 3.1). 

A number of Phase II XMEs were selected to compare the metabolic capacity of 3D skin 

model with that of a human skin. GSTs was observed in the 3D models, and its activity 

there was at 2-fold higher compared with human liver model (van Eijl et al., 2012). GSTs 

proteins found at the RNA level in Labskin (See Chapter 2) have also been detected at 

the protein level. Both GSTP1 and GSTO1 have been identified in the 3D skin model and 

human skin and are the predominant form. Overall, GSTs protein were expressed between 

0.2-1.5-fold change in the untreated 3D skin model “Labskin”compared with native skin. 

GSTP1 and GSTO1 were the major isoforms expressed in the 3D skin model “Labskin” 

but were detected at low levels compared with native human skin. These proteins in the 

were measured at level (1.39-fold and 1.03-fold) respectively. The levels of these proteins 

in microsomal and cytosolic fraction were in the control 3D skin models, are in agreement 

with the proteomics data that was obtained from Labskin (Couto et al., 2021). 

Similarly, transferase enzymes were identified in the majority of Labskin samples and 

were present at levels similar or slightly lower to those found in previous work (van Eijl 

et al., 2012), (interestingly GSTs proteins were also reported to be present in both the 

skin model studied and human skin in this study).   

3.4.2 Comparison of basal protein expression of Phase I and Phase II XMEs in  the 

control 3D living skin equivalent model control (DMSO treated) with that 3D skin 

models subjected to chemical induction  

The Phase I and Phase II XME in skin (Labskin and human skin) play a major role in the 

metabolism of a wide range of many substrates. Due to the low level of XMEs of Phase 

I and Phase II proteins in Labskin control (treated with DMSO), the expression of ADH 

class III, ALDH1A1, ALDH9A1, EPHX2, CYP1B1, CYP3A6, CYP11B2, CYP152A1, 

and CYP78A3, PRDX1, PRDX2 and GSTP1 and GSTO1 and ACAT1of XMEs were 
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treated with a series of known inducers βNF, RA and PB overall induced after 72 h at 

high level than Labskin control. Form LC-MS/MS data of the Phase I of CYP1B1 and 

Phase II of GSTP1 and GSTO1 were detected significant, indicating protein was induced 

in 3D skin model cultures compared to human skin (NHS). These induced of Phase I and 

Phase II were significantly (P ≤ 0.05) up-regulated in the 3D model after 72 h exposure 

to βNF, RA and PB compared with the LES control (Table 3.2). 

CYPs are enzymes associated with the endoplasmic reticulum and mitochondria. In 

human, they are predominantly observed in the liver. CYP1B1 is an important enzyme in 

the Phase I metabolism of a wide range of  substrates. It  is detectable in human skin and 

Labskin as the CYP1B1 gene as reported in Chapter 2.3 and increased levels of the gene 

were induced in the skin model compared with human skin. These data were confirmed 

at the protein level here. Low CYP1B1 protein levels were detected in untreated 3D skin 

as shown in Table 3.1. Significant induction of this protein was induced after 72 h by 50 

µM βNF in the 3D skin tissues compared with untreated skin model. The CYP1B1 

expression was upregulated (2.19-fold) in induced 3D skin model Table 3.2. These data 

are in agreement with previous findings that levels of Phase I XME were very low in the 

Phenion FT Skin and OS-REp models and in monolayers of NHEKs. However, it was 

found to be easily inducible in OS-REp model by βNF after 72 h systemic application 

(Bacqueville et al., 2017). 

The induction of CYP1B1 in 3D skin models has previously been reported at the gene 

and enzyme activity level (Hewitt et al., 2013; Bacqueville et al., 2017). It was found that 

the induction level was very similar or slightly higher by using of  RA than by βNF as the 

inducing agent. This could be due to a higher affinity of RA for AhR, although the lower 

dose of RA (10 μM) compared with 50 μM βNF. The level CYP1B1 protein in Labskin 

models were increased significantly (2.63-fold) by systemic application of 20 µM RA 72 

h incubations (Table 3.2). An interesting finding is that CYP1B1 was more highly induced 

by PB compared to RA and βNF. There was a 2.89-fold increase in CYP1B1 in the 3D 

skin model induced with phenobarbital (2 mM) compared with control LSE. This is the 

first study where CYP1B1 has been detected in the Lasbskin model. 

The CYP1B1 induction response of Labskin to β-naphthoflavone and all trans retinoic 

acid found here was also observed induced in a full thickness skin model and in vitro 

human epidermal keratinocytes (Du et al., 2006; Smith et al., 2006). The induction of 

CYP1B1 using non-ultraviolet-B (UVB) at the same time point using western blot 
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analysis has been studied. In this work, it appeared that CYP1B1 protein could be detected 

in epidermal layer of human skin, although most CYPs of other Phase I enzymes levels 

of other P450s were unaffected by UVB mostly in the human skin (Katiyar et al., 2000).  

Overall, it can be seen that levels of the CYP1B1 protein are lower in Labskin than native 

human, however much more comparable than that those in rat and pig skin (Ahmad & 

Mukhtar, 2004; Schober et al., 2006). Benzo[a]pyrene a substrate was metabolised by 

CYP1B1 to hydroxy, diol, catechol and dione metabol in ORS-RHE model (Hvastkovs 

et al., 2007; Oesch & Arand, 1999).  

A number of Phase II XMEs GSTs protein, including GSTP1 and GSTO1 that play a 

major role in XM in human liver have been identified in our untreated 3D skin model, but 

in much lower levels than in human skin by using LC-MS/MS. Despite the detection of 

GSTs gene expression reported in Chapter 2 of  the 84 genes expressed in the 3D skin 

model and human skin (summarizes of GSTs genes showed as heat map in the Chapter 

2), GSTs proteins expression was detected in fresh human skin and 3D skin equivalent 

model.  

The determination of Phase II XME levels in skin by LC-MS/MS has not been widely 

reported. From the glutathione S transferase family, GSTP1 is the major Phase II enzyme 

expressed in both Labskin and human skin as shown in Table 3.2 and Table 3.3, followed 

by GSTO1. These GSTs proteins were induced in Labskin, with different levels of 

increase, using all of the inducers studied here i.e. 50 µM βNF, 20 µM RA and 2 mM PB. 

GSTP1 and GSTO1 proteins catalyze the conjugation of reduced glutathione to a large 

number of exogenous and endogenous hydrophobic electrophiles (Kazem et al., 2019). 

Its detection and ready induction suggest that GSTs is the main elimination XME in the 

human skin and skin models. 

GSTP1 was induced at level at 2.78-fold by βNF compared with LSE model control (1.39-

fold). GSTP1 was also induced and increased after 72 h incubation with 20 µM RA (2.65-

fold) and 2 mM PB (3.10-fold) compared with the 3D skin control (treated with DMSO, 

0.2%). This increase level is the maximum induction possible without causing any effect 

on the skin cells (Du et al., 2006; Wiegand et al., 2014). PB has a great influence on 

GSTP1 level compared with RA and βNF. This protein has therefore ben confirmed to be 

the most widely distributed and most abundant enzyme of the GST family in skin tissues. 



 

152 

 

Additionally, βNF and RA inducers activated the AhR of 3D skin models, leading to 

induction of GSTO1. This enzyme was induced at 1.35-fold by 50 µM βNF and 1.17-fold 

by 20 µM RA in the microsomal and cytosolic 3D skin model compared 1.03-fold with 

untreated 3D skin model. Hence, 50 µM βNF has more impact on XME levels than 20 

µM RA. After 72 h with 2 mM PB, GSTO1 was also induced higher at 1.47-fold in as 

shown in Table 3.2. This is comparable with the level of increase observed of about 40% 

in primary cell cultures after 48 h induction with PB (Hirel et al., 1995; Gelardi et al., 

2001). 

Hirel et al., (1995) and Gelardi et al., (2001) reported that GSTs are mainly found in the 

microsomal and cytosolic of in primary cultured keratinocytes and were shown to play 

significant role in catalysing the conjugation of electrophilic of CDNB. GSTs have 

previously been detected in a 3D skin model (van Eijl et al., 2012). Here, we have been 

able to extend this work by showing that , CYP1B1 of the Phase I protein and GSTP1 and 

GSTO1 of Phase II protein could be induced in a 3D model by βNF, RA, and PB.  

3.4.3 Comparison of expression of Phase I and Phase II XME in 3D living skin 

equivalent model (3D Labskin) induced with βNF, RA, PB of with levels in fresh 

native human skin 

The untargetted proteomic experiments performed gave about 327 proteins identified in 

total. Analysis of function using Panther software (http://www.pantherdb.org) indicated 

that as discussed in Table 3.3 the expression levels of the Phase I and II XMEs were up-

regulated in the 3D skin model after 72 h exposure to the 50 µM βNF, 20 µM RA and 2 

mM PB compared with the control model. The comparison of the induced in "Labskin" 

and human skin have showed that there was a clear variability of Phase I and Phase II 

XMEs regards to protein expression as shown in Table 3.3. The majority of these proteins 

were identified in the epidermis. The expression of all investigated enzymes (ADHIII, 

ALDH1A1, ALDH9A1, EPHX2, CYP1B1, CYP3A6, CYP11B2, CYP152A1, and 

CYP78A3, PRDX1, PRDX2 and GSTP1 and GSTO1 and ACAT1 in the microsomal and 

cytosolic fraction of Labskin models induced with βNF, RA, PB were measured at high 

level.

http://www.pantherdb.org/
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The levels of these activties reached in induced 3D skin models can be different 

dependent on donors (Oesch et al., 2018). 

The levels of mRNA of CYPs genes was consistent in RHS models (T-SkinTM FTM and 

EpiSkinTM FTM) and RHE models (EpiSkinTM, SkinEthicTM RHE, ORS-RHE) compared 

with those that found in human skin (Hu et al., 2010; Neis et al., 2010; Eilstein et al., 

2015; Luu-The et al., 2005; Luu-The et al., 2009; Bacqueville et al., 2017), the LC-

MS/MS study in Labskin models showed that the CYPs e.g. CYP1B1 protein was also 

measured in microsomal and cytosolic fraction in the induced “Labskin” model compared 

with native human skin, indicating the presence of CYP1B1 are similar pathways and 

function. Notably, the level of CYP1B1 protein was expressed higher in Labskin models 

induced with βNF, RA, PB iducers. The responses of βNF, RA and PB in Labskin model 

for CYP1B1 protein were increased higher after systemic application 72 h of 5.12-fold, 

6.15-fold and 6.75-fold respectively than those present in native human skin (Table 3.3). 

This was showed a high level of CYP1B1 in the induced 3D skin model by βNF, RA and 

PB compared to those found in the epidermis of fresh human skin. This CYP1B1induction 

is supported by a recent finding in induced ORS-RHE model after treatment of βNF 

(Bacqueville et al., 2017).  

GST is widely distributed enzymes in skin which are essential for conjugation reactions. 

A number of isoforms of GSTs of Phase II include GSTP1 and GSTO1 activity have been 

found in skin, which is encoded by this GSTs gene, is the main enzyme in the human skin 

(Raza et al.,1991). In our study of Labskin GSTs expression, GSTP1 protein was induced 

after 50 µM βNF, 20 µM RA and 2 mM PB of 2.00-fold and 1.91-fold and 2.23-fold 

respectively as shown in Table 3.3. This expression of Phase II enzymes was found in the 

induced Labskin is greater than those that present in human skin, which is in accordance 

with Luu-The et al., (2009), who has observed that the GSTP1 activity in 3D epidermal 

models were smiliar or higher than the GSTs activity in the native human skin.  

A further increase by βNF and RA was similar induced level for the expression of GSTO1 

protein between 1.31-1.14-fold change in induced 3D model (Table 3.3). The level of this 

enzyme was a significant increase of the PB response during an incubation time of 72 h 

compared with βNF and RA 72 h induction. GSTO1 was also induced at 1.43-fold in 3D 

skin model than fresh native human skin. 

Therefore, GSTP1 and GSTO1 expression level were found at the most abundant (high 

level) in 3D skin model induced with treatment of βNF, RA and PB than native human 
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skin samples according to LC-MS/MS data. These data in the induced 3D skin model and 

human of GSTP1and GSTO1 protein of Phase II level provide further support for the 

XMEs in skin as a protective barrier of topical treatments (Oesch et al., 2018). In this 

study, GSTs activities has reported to be reasonably close in 3D skin models include, 

Episkin™ FTM, EpiDerm™, Episkin™, SkinEthik™ RHE and OS-Rep skin models 

compared with native skin. Also, Bacqueville et al., (2017) has reported strong expression 

of GSTs was induced higher in ORS-RHE model than in human skin. Overall, significant 

increase in the expression of GSTs gene was observed and strongly induced in 3D skin 

model than those presented in human skin. In this study, XMEs level of both GSTP1 and 

GSTO1 proteins expression were found to be at the high level in the Labskin models 

compared to GSTs that expressed in native human skin. Other non-human Phase I and II 

were detected in Labskin model, this could be due to the contamination of experiments 

during the culture incubation (data not shown). As noted above LC-MS/MS data, existing 

non-human XME protein identification methods can be related to miss identification 

include digesting proteins into peptides. In addition, the enzyme sequencing approach can 

also exclude the correct peptides from the database search space and lead to erroneous 

identifications. 

The LC-MS/MS raw data of this chapter has been attached in the appendix VI link page 

(223).  

3.5 Conclusion  

The data obtained in this study provide further support for the concept that XMEs 

expressed in the skin may contribute to the role of skin as protective barrier by detoxifying 

XBs following topical exposure. This is an important consideration in safety assessment 

of topically applied chemicals. The in vitro skin model was shown to express many 

important XMEs, which could be induced in response with βNF, RA and PB inducers. 

The LC-MS/MS result indicated that the comparison of level of CYP1B1, GSTP1 and 

GSTO1 protein were expressed low in 3D skin model compared with those that presented 

in native human skin. However, the responses of drug inducers after systemic application 

for protein level of the CYPs and GSTs in the 3D skin model were expressed higher than 

in 3D skin control (untreated 3D skin model) which can be functionally significant. 

Despite of the relatively low RNA level in the induced 3D skin model, the CYP1B1, 

GSTP1 and GSTO1 protein of Phase I and Phase II were measured similar or higher in 

the induced skin model with βNF, RA and PB microsomal and cytosolic fraction than 

normal human skin by LC-MS/MS. 
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Chapter 4 

Abundance and Induction of Xenobiotic Metabolising 

Enzymes in a 3D Skin Model studied by using 

NanoLC-MS/MS. 
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4.1 Introduction 

Information on xenobiotic metabolism (XM) in the skin has become important, especially 

since the use of animal skin, such as pig and rat is banned for testing cosmetics. Attempts 

have also been made to eliminate the use of animals for cosmetics and drugs which are 

used in genotoxicity in in vivo assays (Neis et al., 2010). To develop alternative tools to 

excised human skin and animal skin, several type of 3D skin models (See Table 1.2 3D 

skin models in Chapter 1) have been established and developed to study the functional 

activities of Phase I and II XME on foreign chemicals “xenobiotics” reviewed by Oesch 

et al., (2018) and  Kazem et al., (2019). However, there are very few a systematic 

proteomics studies for 3D skin models of XME abundance and comparison of these to 

native human skin.  

A few publications have investigated the protein presence of XME in native human skin, 

Labskin model, and human liver by quantitative proteomics based on mass spectrometry 

(van Eijl et al., 2012; Couto et al., 2019; El-Khateeb et al., 2019; Couto et al., 2021). A 

lack of information on skin can lead to issues in drug and cosmetic development., Hence 

the main purpose of this project to further develop the 3D Labskin model is to obtain a 

3D skin model able to mimic the enzymatic action of native human skin. 

A comprehensive analysis of the abundance of Phase I and II XMEs particularly, CYPs 

and UGTs microsomal fractions of human liver responsible for drug metabolism was 

conducted using a label-free quantitative method by Couto et al (Couto et al., 2019). They 

have recently reported a similar study of XME  in the Labskin model and compared the 

levels found with human skin (Couto et al., 2021). XME were detected, including alcohol 

dehydrogenase and cytochrome P450s (CYPs) and carboxylesterase (CES), of Phase I 

XME and glutathione S-transferase (GSTs) and UDP-glucuronosyltransferases (UGTs) 

of Phase II XME were found to be expressed at low levels in both the in vitro model and 

native skin, much lower than those previously found in human liver (Couto et al., 2019).  

This study also indicated that levels of certain XME in Labskin were lower than those in 

human skin. Here, we investigate chemicals inducibility of cytochrome P450s (CYPs), 

carboxylesterase (CES), and glutathione S-transferase (GSTs) in 3D Labskin model and 

compare the induced levels to native human skin using label-free proteomics technique 

and nano-LC-MS/MS. The use of nano-LC-MS/MS was expected to yield better coverage 

and sensitivity over similar study conducted using mLC/MS/MS reported in Chapter 3. 
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4.2 Aims of the Chapter 

In the following Chapter, we aimed to develop a suitable method to identify and quantify 

a wide range of CYPs, CES and GSTs  xenobiotic metabolizing enzymes (XME) and their 

inducibility in 3D skin model (Labskin) compared with native skin using nanoLC-MS/MS. 

This study represents the most comprehensive analysis of the abundance (protein) of 

enzymes especially, CYPs, CES and GSTs in the 3D skin (Labskin) model conducted to 

date.  

4.3 Material and Methods  

4.3.1 Ethical statement 

Native human skin tissues, from two male donors was obtained from volunteers with their 

informed consent from University of Bradford Ethical Tissue REC reference17/YH/0086 

(Bradford, UK) as described in Chapter 2.3.1. 

4.3.2 Enzyme induction 

The commercial 3D skin model "Labskin product" was obtained and cultured as described 

previously in Chapter 1.4.2.  

Induction performed through the addition of β-naphthoflavone (βNF) dissolved in DMSO 

(0.2%) was selected on the basis method as described in Chapter 2.3.4. 

4.3.3 Label free quantification of Labskin andhuman skin sample preparation  

Regardless of which methdology for label free quantification of human skin and Labskin 

is applied, they all include the following steps: skin sample preparation including protein 

extraction, reduction, alkylation, and trypsin digestion as described in Chapter 3.3.5. 3D 

skin model and fresh human skin were isolated with PBS at 65 °C for 2 min and extracted 

in potassium phosphate buffer (250 mM K2HPO4, 150 mM KCl and 1 mM EDTA, pH 

7.25) as described in Chapter 3.3.4. Both human skin and 3D tissues were also separated 

by the difference centrifugation as described previously (van Eijl et al., 2012). The protein 

was measured by bichinchonic acid protein assay as standard according to BCA protocol 

as decriped previously in Chapter 3.3.4. 

The digestion of the 3D skin model and human skin samples were performed according 

to the manufacturer’s instructions (In-Solution Tryptic Digestion) protocol in Chapter 

3.3.5. Milipore ZipTip C18 (Size P10; Zip Tips) was then performed to clean-up peptides. 
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4.3.4 Instrumentation 

4.3.4.1 Nano-LC-MS/MS 

All experiments were performed using a nano-LC-MS/MS with FAIMS Pro™ (Thermo 

Fisher Scientific, U.K.) set to EASY-Spray source in positive mode. The separation was 

performed on nanoLC column: 50 cm x 75 um C18 PepMap Acclaim EASY-Spray). The 

mobile phase consisted of nanoLC solvent A (water containing 0.1 % FA) and nanoLC 

solvent B (80/20 CAN/water containing 0.1% FA) with 120 min run time. Loading 

solvent (98/2 water/CAN containing 0.05% TFA). The flow rate was set as 0.3 µL/min-1. 

The MS parmeters were as follows: Orbitrap Exploris™ MS resolution 15000; Scan range 

380-1500; Isolation window, 1.2; HCD Collision energy was set at 30 EV, source 

temperature 150 ºC; Oven temperature 40 °C. A 5.0 µL of each sample was loaded, in 

triplicate.  

4.3.5 Data processing for label-free quantification of proteins 

Data files were analysed by nanoLC-MS/MS using data dependent acquisition on the 

Exploris 480. All proteins expression were identified and quantified by searched against 

reference human proteome database (Proteome Discoverer 2.5. Spectra software). To 

assess the different level in XME in Labskin compared with human skin, the protein 

databases were an interpreted according to Gene Ontology (GO), UniProt and fold 

change. The quantiitative data (preformed by nonlabeld peak intensity measurments) 

indicated that was a significant difference at the level of proteins in 3D skin control and 

induced 3D skin compared with native skin. 

Moreover, the Panther Software (http://www.pantherdb.org) was applied to assign protein 

function using UniProt databases. Statistical analyses were performed using Microsoft 

Excel 2010 and GraphPad Prism v7.03 (La Jolla, CA). 

4.4 Results and Discussion 

Protein expression and its function were studied in samples of native human skin (HS), 

Labskin control (LS) and Labskin treated with βNF (LS_ βNF). Label-free proteomics 

analysis was performed on both the microsomal and cytosol fractions. From the nanoLC-

MS/MS data, in about 3351 functional hits of 4374 of total proteins based on protein 

ontology (GO) as defines classes of protein were detected and quantified. These proteins 

were classified into 8 groups using the GO molecular function annotation as shown in 

Figure 4.1.  

 

http://www.pantherdb.org/
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Figure 4.1: GO molecular function distribution of the detected proteins in replicates of Labskin 

supernatant. According to the molecular function of abundance proteins, approximately 3351 

proteins were identified in Labskin model using nanoLC-MS/MS. The most localization and 

functional assignment of list XMEs in skin detected significantly in binding GO:0005488 and 

catalytic activity GO:0003824: The proteins were clustered into 8 groups. Binding (GO:0005488) 

and catalytic activity (GO:0003824) of the function hits were ~1350 and ~1325 protein expression 

encoding XMEs. Molecular function regulator hits (GO:0098772) ~ 252 and ~ 46 molecular 

tranducer activity (GO:0060089). The structure molecule activity (GO:0005198) acount for ~138 of 

function hits. The remaining ~43 function hits contained of translator regulator activity 

(GO:0045182), ~145 transporter activity (GO:0005215) and ~ 52 molecular adaptor activity 

(GO:0060090). 

The majority of Phase I and Phase II XME (including the CYPs, CES and GSTs) were 

classified in the binding and catalytic activity groups. Approximately 1350 in the binding 

and 1325 catalytic activity were identified in Labskin and human skin, as illustrated in 

Figure 4.1. However, there was different at the protein level of CYPs, CES and GSTs in 

Labskin control (LS_DMSO) and induced Labskin (LS_βNF) compared to those detected 

in native skin. This is in good agreement with with the previously reported  proteomics 

data based on protein ontology (GO human) and protein abundance in native human skin 

and Labskin model using LC-MS/MS (Couto et al., 2021). Gene expression and protein 

levels of CYP, CES and GST in 3D Labskin model and human skin compared with liver 

has also been reported (Wiegand et al., 2014; Oesch et al., 2018). These previous studies 

showed the CYP, CES and GST expression were overall detected at low levels in several 
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3D skin models. In the work reported here, it was hoped to show that β-naphthoflavone 

induction of Phase I and II XME in Labskin model produced a good model reflecting  the 

levels of XME in in vivo skin more realistically. 

4.4.1 Assessment of molecular function of protein and peptides in human skin (HS), 

3D Labskin model (LS) and LabSkin model treated with βNF (LS_βNF) using nano-

LC-MS/MS 

For a more detailed analysis of protein expression in skin, Venn diagrams were generated 

showing selected significant peptides representing proteins encoding to XME relevant to 

skin for each of the samples: both human skin (HS), 3D skin model control (LS_DMSO) 

as well as 3D skin model treated with βNF (LS_βNF). These are shown in Figures 4.2 b. 

The combined nano-LC-MS/MS data indicated that 92 % proteins and 82 % peptides 

were detected consistently between human skin and Labskin model.  

In total 19262 peptides and 2644 proteins were quantified in HS as shown in Figure 4.2 

a and b. Although a large variety of proteins were measured in human skin, some 

interindividual variability was found in the presence and abundance of these proteins 

through the three samples of human skin used in our study (Figure 4.2 b). These groups 

showed a variability 64 in F11, 44 in F12 and 48 in F13 between the three individuals of 

human skin samples.  

Figure 4.2: Venn diagrams illustrating the distribution of protein and peptide identification groups from 

duplicate experiments of HS. Of all observed proteins and peptides, 92 %  and 82 % were found by enzyme 

digestion approach. The diagrams represent the overlap of the lists of proteins and peptides variability 

quantified in HS (S11, S12 and S13) 2644 and 19262 respectively using nanoLC-MS/MS experiments. 

These data shows a similar pattern to that earlier reported in human skin and Labskin 

models (Couto et al., 2021). Of note is that a high-level of variability of Phase I and Phase 

II XME abundance has this also been reported in human liver using label-free proteomics 

(a) (b) 
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method (Couto et al., 2019). Therefore, this suggest that a larger study requiring larger 

number of different donors of human skin samples will allow a better understanding of 

the sources of variability in skin. 

The nanoLC–MS/MS methodology detected more unique peptides and proteins in HS 

compared with the LS_DMSO and LS_βNF samples. This is shown in Figure 4.3. Of the  

peptides and proteins detected about 14943 peptides and 1426 proteins identification were 

detected across the supernatant of skin samples including the LS_DMSO, LS_βNF as 

well as HS samples. However, a clear varibility of proteins between the microsomal and 

cytosolic fractions of Labskin compared with native skin was observed as shown in Figure 

4.3 and 4.4. The total of proteins detected in native human skin was higher than in the 

Labskin samples. This was as expected due to the greater complexity (more cell types) of 

human skin compared to Labskin. There were about 235 proteins unique to HS and  30 

proteins unique to LS_DMSO (Figure 4.3 b). 

Figure 4.3: Comparison of proteins and peptides identification representative set of replicate injections 

between supernatant LS_DMSO, LS_βNF and HS samples. Overall, Venn diagram showing distribution 

of more unique proteins and peptides identified and quantified in HS compared with LS_DMSO, LS_βNF. 

In the Labskin model induced with βNF, many were detected and quantified compared to 

the control. These yielded an increase of 99 proteins identified (See Figure 3.4 b). This 

indicated that βNF after 72 h incubation was inducing and increasing XMEs abundance. 

However the overall expression of proteins groups in LS_βNF was still  lower compared 

to that in HS. These are similar results to those obtained in a previous study of gene 

expression in the EpiDerm™ model (Hu et al., 2010). 

(a) (b) 
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Figure 4.4: Assessment of proteins and peptides identification reflected differences among pellet 

LS_DMSO, LS_βNF and HS samples. Overall, numbers of peptides of three injections per sample were 

identified (14711) and these peptides groups corresponds to a total of 1477 proteins. Venn diagram show 

distribution of unique proteins and peptides three injections per sample in HS, LS_DMSO, and LS_βNF 

samples. 

In order to compare the expression of peptides and proteins in pellet LS_DMSO, LS_βNF 

and HS as shown in Figure 4.4 a, there are about 14711 peptides identifications 

corresponding to 1477 total proteins (Figure 4.4 b) which overlapped in HS, LS_DMSO, 

and LS_βNF samples.  

There are 240 unique protein in HS samples and 28 unique proteins were observed in 

LS_DMSO. The total number of peptides and proteins was increased after induction with 

βNF and 161 unique proteins were detected in the LS_βNF. The number of these proteins 

are still lower compared with human skin as illustrated in Venn diagram Figure 4.4 b. 

Although mRNA and protein level of Phase I and II XME have been measured lower in 

3D skin models than human skin (Wiegand et al., 2014; van Eijl et al., 2012; Couto et 

al., 2021). The results of label-free proteomic analysis overall led to an extension of the 

Phase I and II XME data obtained by LC-MS/MS, in Chapter 3. These results increase 

number of phase I and II proteins expression belonging to whole XME in Figure 4.5 as 

being detected in human skin and Labskin tissues according to nanoLC-MS/MS data.  

 

(a) (b) 
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Figure 4.5: Relative expression levels of the Phase I and II of the proteins corresponding to the xenobiotic 

metabolising enzymes induced 3D skin mode Vs native human skin. The Phase I and Phase II levels overall 

expressed were much lower in the 3D skin model. Aldehyde dehydrogenase (ALD), Cytochrome P450 1B1 

(CYP1B1), Epoxide hydrolase 1 (EPH1), Glutathione S-transferase Mu 5 (GST Mu 5), Glutathione S-

transferase omega 1 (GSTO1), ), Glutathione S-transferase P (GSTP), Microsomal glutathione S-

transferase 3 (MGST 3) and Microsomal glutathione S-transferase 1 (MGST1). 

From the total data set, the data for Phase I and Phsae II XME were extracted and are 

shown in more details below in Table 4.1 and Table 4.2.  

4.4.2 Evaluation of the abundance of Phase I and Phase II XME expression in 3D 

Labskin and human skin 

Since mRNA gene expression may not be relative to functional activity, further detailed 

studies at the protein level are required. In order to understand the occurrence of certain 

important XME for drug metabolism i.e. CYPs and CES of Phase I and GST of Phase II 

XME of human skin and 3D skin models a detailed  investigation of their protein profiles 

in native human skin and 3D skin models was undertaken. Here, we have compared the 

levels of these Phase I and II enzymes in the Labskin model and fresh human skin. Both 

Table 4.1 and Table 4.2 summarize the proteins presence and their abundance level in 

LS_DMSO, LS_βNF as well as HS samples of 2 different donors. The abundance ratio 

of Phase I and Phase II XMEs were calculated for HS vs LS_DMSO, vs LS_DMSO vs 

LS_βNF and HS vs LS_βNF. >1900 protein ratios were quantified with log2 fold change 
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>1. The list of proteins are provided in excel files for further interrogation of xenobiotics 

metabolising enzymes as shown in Appendix III. A number of Phase I and II XMEs were 

selected to compare the level of each protein across all microsomal and cytosolic fractions 

of the in vitro labskin models, i.e LS_DMSO and LS_βNF with that of HS. These levels 

of XMEs expression were assigned according to the fold change.  

Using nanoLC-MS/MS in this study has allowed the quantification of over 3351 proteins 

in the microsomes and cytosol of 3D skin model and native skin, including 25 proteins  

involved in the metabolism of xenobiotics. These were: alcohol dehydrogenase, aldehyde 

dehydrogenase, aldehyde oxidase, carboxylesterase, cytochrome P450, NADPH--

cytochrome P450 reductase, quinone oxidoreductase, NADH-ubiquinone 

oxidoreductase, carbonyl reductase, amine oxidase, glutathione S-transferase, 

sulfotransferase, glutathione hydrolase, glutathione peroxidase, glutathione reductase, 

sulfotransferase, acetyl-CoA acetyltransferase, aldo-keto reductase, epoxide hydrolase, 

glutamine gamma-glutamyltransferase, succinate dehydrogenase flavoprotein, sulfide, 

quinone oxidoreductase, peroxiredoxin, flavin reductase (NADPH), nicotinamide N-

methyltransferase, prostacyclin synthase, and short-chain dehydrogenase/reductase. The 

present data indicated that nanoLC-MS/MS is more sensitive almost 25 times than micro 

LC-MS/MS (as used in Chapter 3).  

These expressed enzymes in the above have been previously reported in the epiderm-200 

models, and human skin and compared with human liver using LC-MS/MS (van Eijl et 

al., 2012). However, the Phase I and Phase II levels overall expressed were much lower 

in the 3D skin model. Comparison of levels of Phase I and Phase II XME in 3D skin 

“LabSkin” has previously been reported (Couto et al., 2021). In the study reported her 

additional investigations into the induction of Phase I and Phase II XME by chemical 

inducers such as βNF have been performed. The relative expression of CYPs and CES of 

Phase I and GSTs of Phase II XME levels, which are the main focus in this study, in 

microsomal and cytosolic fractions of Labskin control and induced with βNF in 

comparison with native skin were evaluated further and are discussed below.  

4.4.2.1 Phase I XMEs (CYPs and CES) abundance 

Cytochrome P450 (CYP) is the most important family of enzymes responsible for the 

metabolism of several xenobiotics. The data from the label-free quantitative proteomics 

experiment performed here indicates that the cytochrome P450 enzymes were almost 

absent in native skin and labskin model samples. Only a small number of isoforms: 
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CYP1B1, CYP7B1, CYP20A1 and CYP4F22 were identified and quantified as shown in 

Table 4.1. These data on the expression of CYP are in agreement with those published by 

Kazem et al., (2019) at mRNA or protein level in the Episkin™ FTM, Episkin™, 

SkinEthik™ RHE, Phenion® FT (PFT) and ORS-RHE EpiDerm™ models. 

Interestingly, CYP1B1 was the most predominant CYPs in both the 3D skin model and 

native human skin. It was down-regulated (0.89-fold change) in the 3D skin model control 

(LS_DMSO). This is in agreement with published data, where the levels of CYP1B1 RNA 

have been reported  to down-regulated in 3D skin model compared to human skin (Gelardi 

et al., 2001; Ahmad & Mukhtar, 2004; Schober et al., 2006; Wiegand et al., 2014).
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Table 4.1: Detection levels of Phase I XMEs in microsomal and cytosolic fractions of Labskin control and induced with βNF compared with human skin by nano-LC-MS/MS. 

Protein abundance was based on the presence of at least two different tryptic peptides. The corresponding accession are indicated for all related proteins. The level of protein 

abundance is represented by fold change.  

 

Accession 

 

Description 

 

Score 

 

Unique 

Peptides 

 

Fraction 

 

Fold Change 

HS/LS_DMSO 

 

Fold Change 

LS_DMSO/LS_BNF 

 

Fold Change 

HS/LS_BNF 

P11766 Alcohol dehydrogenase class-3 131.885 16 microsome 3.54 1.932 1.907 

P47895 Aldehyde dehydrogenase 1A3 168.494 24 microsome 1.195 3.491 0.238 

P30837 Aldehyde dehydrogenase X 35.363 8 microsome 1.533 1.533 0.958 

P30838 Aldehyde dehydrogenase 54.576 11 microsome 14.992 2.112 8.183 

P05091 Aldehyde dehydrogenase 139.859 20 microsome 5.098 1.987 3.157 

Q06278 Aldehyde oxidase 193.836 31 microsome - 1.8 8.147 

P11766 Alcohol dehydrogenase class-3 51.126 11 cytosol 2.208 2.453 0.947 

P30837 Aldehyde dehydrogenase X 50.894 14 cytosol 0.805 1.569 0.595 

P47895 Aldehyde dehydrogenase 1A3 145.526 27 cytosol 0.38 2.908 0.139 

Q8IZ83 Aldehyde dehydrogenase 16A1 135.959 23 cytosol 0.93 2.416 0.415 
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P05091 Aldehyde dehydrogenase 119.369 24 cytosol 2.551 2.006 1.319 

P51648 Aldehyde dehydrogenase 3A2 55.555 11 cytosol 3.905 2.515 1.47 

P30837 Aldehyde dehydrogenase X 50.894 14 cytosol 0.805 1.569 0.595 

P28331 NADH-ubiquinone oxidoreductase 104.156 20 cytosol 2.036 2.023 1.096 

P34913 Epoxide hydrolase 2 34.316 9 microsome 2.8 1.72 2.092 

P07099 Epoxide hydrolase 1 82.436 18 cytosol 19.105 2.374 10.296 

P23141 Carboxylesterase 1 145.486 24 microsome 2.45 2.27 1.93 

P16435 NADPH--cytochrome P450 reductase 106.428 22 cytosol 1.246 2.221 0.574 

P14854 Cytochrome c oxidase subunit 6B1 29.001 5 cytosol 2.552 2.096 0.927 

Q6UW02 Cytochrome P450 20A1 12.676 4 cytosol 1.09 1.77 0.61 

O75881 Cytochrome P450 7B1 4.439 2 cytosol 1.421 1.97 0.719 

Q16678 Cytochrome P450 1B1 2.903 8 cytosol 0.89 1.53 0.58 

Q6NT55 Cytochrome P450 4F22 2.586 2 cytosol 1.34 1.69 0.79 

P16435 NADPH--cytochrome P450 reductase 106.428 22 cytosol 1.246 2.221 0.574 

P30043 Flavin reductase (NADPH) 103.399 9 microsome 10.461 2.138 3.607 

Q08257 Quinone oxidoreductase 150.792 19 microsome 0.852 2.002 0.393 
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Q53FA7 Quinone oxidoreductase  123.493 15 microsome 0.13 1.897 0.066 

O95825 Quinone oxidoreductase 1 4.455 1 microsome 0.01 1.63 0.01 

P07203 Glutathione peroxidase 1 40.388 9 microsome 3.959 1.446 2.883 

P14550 Aldo-keto reductase 1A1 130.335 18 microsome 4.551 2.047 1.951 

P15121 Aldo-keto reductase 1B1 139.014 17 microsome 4.298 1.855 2.035 

O60218 Aldo-keto reductase 1B10 155.664 20 microsome 0.045 1.682 0.033 

P52895 Aldo-keto reductase 1C2 158.204 5 microsome 3.689 1.918 1.87 

P42330 Aldo-keto reductase 1C3 148.985 10 microsome 2.758 1.793 1.537 

O60218 Aldo-keto reductase 1B10 88.684 15 cytosol 0.01 2.362 0.01 

P14550 Aldo-keto reductase 1A1 61.42 13 cytosol 1.17 1.951 0.575 

Q16853 Membrane primary amine oxidase 72.442 18 cytosol 9.667 10.972 0.912 

P27338 Amine oxidase [flavin-containing] B 68.599 16 cytosol 0.0 0.0 11.104 

P21397 Amine oxidase [flavin-containing] A 55.438 13 cytosol 1.069 2.356 0.442 

P16152 Carbonyl reductase [NADPH] 1 160.362 15 microsome 3.024 1.732 1.637 

O75828 Carbonyl reductase [NADPH] 3 86.97 11 microsome 32.414 1.904 13.004 

P16152 Carbonyl reductase [NADPH] 1 105.576 16 cytosol 1.812 2.044 0.897 
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P28331 NADH-ubiquinone oxidoreductase 104.156 20 cytosol 2.036 2.023 1.096 

P34913 Epoxide hydrolase 2 34.316 9 microsome 2.8 1.72 2.092 

P07099 Epoxide hydrolase 1 82.436 18 cytosol 19.105 2.374 10.296 

P31040 Succinate dehydrogenase flavoprotein 117.611 20 cytosol 3.143 1.99 1.415 

Q9Y6N5 Sulfide:quinone oxidoreductase 197.657 29 cytosol 0.331 2.357 0.144 

P40261 Nicotinamide N-methyltransferase 29.535 7 cytosol 2.916 2.611 1.147 
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Table 4.2: Detection levels of Phase II XMEs in microsomal and cytosolic fraction of Labskin control and induced with βNF compared with human skin by nano-LC-MS/MS. 

Protein abundance was based on the presence of at least two different tryptic peptides. The corresponding accession are indicated for all related proteins. The level of protein 

abundance is represented by fold change.  

 

Accession 

 

Description 

 

Score 

 

Unique 

Peptides 

 

Fraction 

 

Fold Change 

HS/LS_DMSO 

 

Fold Change 

LS_DMSO/LS_BNF 

 

Fold Change 

HS/LS_BNF 

O15217 Glutathione S-transferase A4 10.495 4 microsome 0.879 1.633 0.532 

Q9Y2Q3 Glutathione S-transferase kappa 1 63.526 7 microsome 0.623 1.634 0.384 

O43813 Glutathione S-transferase LANCL1 102.976 13 microsome 1.564 1.714 0.901 

P09488 Glutathione S-transferase Mu 1 66.725 5 microsome 48.194 1.646 36.773 

P46439 Glutathione S-transferase Mu 5 48.639 6 microsome 10.763 2.540 4.238 

P78417 Glutathione S-transferase omega-1 103.869 18 microsome 0.99 1.896 0.52 

P09211 Glutathione S-transferase P 297.191 15 microsome 0.578 1.853 0.283 

P30711 Glutathione S-transferase theta-1 40.215 7 microsome 9.693 1.72 5.571 

P09211 Glutathione S-transferase P1 204.632 15 cytosol 0.284 2.242 0.119 

Q9Y2Q3 Glutathione S-transferase kappa 1 66.177 8 cytosol 0.553 2.058 0.275 
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O14880 Microsomal glutathione S-transferase 3 50.028 6 cytosol 8.234 3.176 2.195 

P78417 Glutathione S-transferase omega-1 35.459 9 cytosol 1.079 2.212 0.448 

O43813 Glutathione S-transferase LANCL1 31.673 7 cytosol 1.272 2.268 0.457 

P00390 Glutathione reductase 18.289 4 cytosol 5.393 0.01 0.0 

P10620 Microsomal glutathione S-transferase 1 18.204 4 cytosol 12.038 3.008 4.002 

Q99735 Microsomal glutathione S-transferase 2 5.623 1 cytosol 1.291 2.569 0.47 

O00204 Sulfotransferase 2B1 118.244 16 microsome 0.772 2.144 0.346 

O00204 Sulfotransferase 2B1 120.997 16 cytosol 0.282 2.199 0.1 

Q9BWD1 Acetyl-CoA acetyltransferase, cytosolic 145.932 15 microsome 0.379 1.843 0.209 

P24752 Acetyl-CoA acetyltransferase 79.807 14 microsome 3.06 1.741 1.661 

Q06830 Peroxiredoxin-1 149.343 14 microsome 1.362 2.097 0.599 

P32119 Peroxiredoxin-2 128.251 13 microsome 2.138 1.698 1.151 

Q13162 Peroxiredoxin-4 91.338 11 microsome 4.658 1.657 2.38 

P30044 Peroxiredoxin-5 106.321 12 microsome 1.355 1.602 0.829 

P30041 Peroxiredoxin-6 151.553 20 microsome 2.303 1.733 1.32 

Q06830 Peroxiredoxin-1 135.958 15 cytosol 0.672 2.574 0.278 
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P30041 Peroxiredoxin-6 104.13 17 cytosol 1.16 2.336 0.514 

Q13162 Peroxiredoxin-4 101.473 13 cytosol 2.849 2.089 1.507 

P32119 Peroxiredoxin-2 86.717 13 cytosol 1.154 2.404 0.518 

P30044 Peroxiredoxin-5 78.247 12 cytosol 0.586 2.082 0.256 

Q9BRX8 Peroxiredoxin-like 2A 35.585 7 cytosol 2.713 2.173 1.239 

Q8NEX9 Short-chain dehydrogenase/reductase 9C 7 53.895 13 cytosol 0.363 2.683 0.12 

P21980 Gamma-glutamyltransferase 2 126.127 23 microsome 0.01 1.892 0.01 

Q08188 Gamma-glutamyltransferase E 167.618 25 microsome 6.422 2.077 2.993 

P22735 Gamma-glutamyltransferase K 81.021 18 microsome 0.225 1.869 0.131 

P22735 Gamma-glutamyltransferase K 278.064 38 cytosol 0.169 2.709 0.062 

P21980 Gamma-glutamyltransferase 2 110.565 24 cytosol 0.202 2.481 0.081 

Q08188 Gamma-glutamyltransferase E 39.63 11 cytosol 3.545 1.917 1.582 

Q96PF1 Gamma-glutamyltransferase Z 1.451 1 cytosol 0.01 3.974 0.01 
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Western blot analysis also previously been used to show that CYP1B1 protein expression 

(Luu-The et al., 2005) is detected from different donors in human skin. Baron et al., 

(2001) had earlier confirmed the presence of the CYP1B1 protein in a LC-MS/MS based 

analysis at low abundance in the microsomal fraction of human skin keratinocytes which 

is also supports the nanoLC-MS/MS data presented here. CYP1B1 was demonstrated to 

be present in HS samples. In contrast, this  protein isoform was not reported to be present  

in epiderm-200 model, native human skin, and human liver by van Eijl and co workers 

(van Eijl et al., 2012). The data from all studies, combined with this study, suggests that 

there is extensive genetic polymorphism in the level of CYP1B1. Luu-The et al., (2009) 

and Hu et al., (2010) showed that the CYP1B1 gene is evident at low level in EpiSkin™, 

EpiskinTMF™, and EpiDerm™ models which are in agreement with our data of RT-

qPCR. This level was induced at high level (increased about 1.53-fold change) after 72 h 

with βNF as systemic treatment in the cytosol fraction of Labskin model (LS_βNF). The 

CYP1B1 Phase I XME is first time as further evidence for the induction of CYP1B1 at 

protein and RNA level as the most abundant in labskin model. CYP1B1 was detected at 

low level and induced in labskin at the RNA level by RT-qPCR and the protein level by 

LC-MS/MS as shown in both Chapter 2 and 3. Moreover, the induction of CYP1B1 gene 

expression in the ORS-RHE model was also induced at the RNA level by βNF after 72 h 

systemic application (Bacqueville et al., 2017). Hence, the possibility to induce the 

CYP1B1 protein to create a more “human skin like” model has been demonstrated. 

With respect to other CYPs isoforms including CYP7B1, CYP20A1 and CYP4F22 in 

fresh excised human skin and labskin model, very little new information has became 

available (see Tables 4.1). These CYPs proteins were expressed lower in the microsomal 

fraction of LS_DMSO than LS_βNF samples using nano-LC-MS/MS. The activities were 

induced by βNF inducer. The effect of βNF on CYP7B1 was detected in Labskin, with 

increasing (1.97-fold change) higher observed compared with Labskin control samples 

that was at 1.421-fold change. The data also indicated CYP7B1 can also be confirmed at 

the protein level, which was also reported by label-free quantitative proteomics in the 

microsomal and cytosolic fractions of Labskin and huamn skin (Couto et al., 2021). In 

contrast, these CYPs were undetectable in the EPI-200 model as well as normal skin due 

to the variability between donors (van Eijl et al., 2012). 

CYP20A1 and CYP4F22 at 1.09-fold and 1.34-fold respectively were also detected first 

time in labskin tissues, a significant increased of this protein were increased about 1.77-

fold and 1.69-fold respectively after 72 h by 50 µM βNF in Labskin model compared with 
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untreated model. However, this levels of proteins were detected much lower in human 

skin at 0.61-fold and 0.79-fold change. Differences among these abundances in HS and 

LS were generated by label-free methods as shown in Table 4.1. The majority of CYPs 

protein abundance were overall detected relatively low activity in native skin. Our data 

suggest that the protein level are similar to those reported earlier in Chapter 3. In addition 

to these, the fold difference in CYP20A1 and CYP4F22 mRNA were only evaluated in 

either EpiDerm™ and human skin (Hu et al., 2010), to determine how well Labskin 

model represents native human skin. It has been reported by Couto et al., (2019) that 

enzyme levels in human skin and 3D skin model can be impacted by culture conditions 

as well as variability between batches and the skin tissue obtained from donors. These 

factors are known to decrease enzyme activity. However, the variations in the relative 

abundance in 3D skin compared to those in native human skin could be owing, in part, to 

chemicals exposure i.e. some suppression in the human samples has taken place. This 

might explain why in our findings, CYP proteins were more abundant in the 3D model. 

Carboxyesterase 1 and 2 (CES1/2) are enzymes that play a significant role in the 

hydrolysis of xenobiotics (reviewed by Oesch et al., (2018) and Kazem et al., (2019)). 

CES1 protein is the most important hydrolase in human liver, as discussed by Berry et 

al., (2009) and Oesch et al., (2014), CES 1 expression XME was observed at good levels 

in the microsomal fraction of the 3D model and HS as illustrated in Table 4.1. This level 

was smilar in LS_DMSO control (2.45-fold change) compared with LS_βNF (2.27-fold 

change). Therefore is shown for the first time as being inducible by 50 µM βNF inducer. 

Additionally it was detected in slightly lower abundance  at 1.93-fold compared with both 

in LS_DMSO and LS_βNF  in human skin. The data was in good agreement with earlier 

studies, CES 1 was readily detected at low level in the in vitro model, CES 1 protein in 

the epiderm-200 model and CES 1 gene in ORS-RHE models (van Eijl et al., 2012; 

Bacqueville et al., 2017). In addition, Hu et al., (2010) also showed a similar level to 

those reported here in 3D skin model and human skin. This enzyme was confirmed more 

recently with methylphenidate hydrochloride as a substrate in Labskin using MALDI-

MSI (Couto et al., 2021). The Labskin model therefore has the capability for establishing 

the metabolism of substrates for CES1. 

4.4.2.2 Phase II XMEs (GSTs) abundance 

Among Phase II XMEs, glutathione transferase (GSTs) are widely distributed in the skin 

and are essential for several conjugation reactions. Many GSTs isoforms were identified 

and quantified at significant levels in the Labskin model and native human skin (Table 
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4.2). Of the GSTs enzymes investigated, the GSTP1 and GSTO1 expression which 

catalyze the conjugation of reduced glutathione to various exogenous and endogenous 

hydrophobic electrophiles, are the most abundant isoforms expressed at the protein levels 

in Labskin models as well as human skin samples (Table 4.2). The Phase II of GSTP1 

and GSTO1 were detected in both the cytosolic and microsomal fractions of skin and the 

model as shown in Table 4.2. These proteins were induced by treatment with NF inducer 

in our model. A label free proteomics study was previously used to study the expression 

levels of GST proteins in Labskin (Couto et al., 2021). However, the development of 

nano-LC high resolution mass spectrometery methodology for such studies as reported 

here, has improved the sensitivity such that a greater coverage of Phase I and Phase II 

XME was obtained. 

The Phase II enzymes, glutathione S-transferases P1 and glutathione S-transferases 

omega1 proteins were easily detectable in in vitro skin models “LS_DMSO and LS_βNF” 

at high levels compared to those measured in native human skin. From all Phase II XMEs 

identified, GSTP1 was detected as the most abundant protein in the fractions of Labskin. 

The level in microsomal and cytosolic fractions were induced with βNF induction, which 

were increased about 1.853-fold and 2.242-fold respectively after 72 h. In contrast, these 

enzymes activity were not induced further by 3-methylcholanthrene (Hu et al., 2010). In 

human skin cytosolic and microsomal fractions, GSTP1 expression was also present, 

however, lower at 0.119-fold and 0.283-fold respectively than in both LS_DMSO control 

and LS_βNF. Moreover, GSTP1 has been reported to be highly expressed at the mRNA 

and their activity in the EpiDerm cytosol than in the epidermal of human skin (Harris et 

al., 2002; Luu-The et al., 2009; Wiegand et al., 2014; Götz et al., 2012). This expression 

was verified by RT-qPCR as gene to be functional in the EpiDerm™ using 1-chloro-2,4-

dinitrobenzene (CDNB) substrate, and clearly confirmed at protein level in the epiderm-

200 model with CDNB as a substrate by LC-MS/MS (van Eijl et al., 2012).  

Glutathione S-transferase omega-1 (GSTO1) of Phase II was also detected in skin and the 

skin models as shown in Table 4.2. With respect to these observations of GSTO1 by 

Hewitt et al., (2013), the protein levels seen to be expressed at a comparable level in 

Labskin model control compared to those in native skin. GSTO1 was quantified at 0.99-

fold in microsomal fraction and 1.07-fold in cytosolic fraction of LS_DMSO model. 

Furthermore, GSTO1 expression was detected at the protein level in native human skin. 

This is in an agreement with a previous study (Couto et al., 2021), GSTO1 was the second 

most abundant Phase II enzyme. The relative protein expression of GSTO1 in Labskin 
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model was induced at the highest level. The response of βNF in both the cytosolic and 

the microsomal fraction of LS_βNF was increased about 1.896-fold and 2.212-fold 

respectively. This induction was increased after 72 h in 3D induced model. Our results 

on inducibility of GSTO1 expression is consistent with those of Harris et al., (2002) as 

further investigation for protein expression in the epiderm-200 model and it has been 

confirmed using GST substrate (van Eijl et al., 2012). 

The label-free approach also showed treatment with βNF caused significant increase of 

glutathione S-transferase in the microsomal and cytosolic fractions of 3D skin model. The 

protein levels were reported at the high level compared with human skin in Table 4.2. 

However, only glutathione S-transferase Mu 5 and Glutathione S-transferase theta-1 were 

observed to be significantly higher in human skin compared to the 3D model. In addition, 

these GSTs isoforms, were not induced after 72 h in LS_βNF. Conflicting observations 

among the protein levels in native human skin and 3D skin models, the abundance and 

proteomics analyses could be because the enzymes are preferentially expressed in 

particular human anatomical sites or because the levels of proteins are controlled as well 

as varibility of donors. 

Although the abundance of CYPs and CES enzymes were described at gene and protein 

level to be low in comparison with other Phase I enzymes (Bacqueville et al., 2017; van 

Eijl et al., 2012), CYP1B1 and CES1 could be identified in our 3D skin model and native 

human skin. In accordance with other studies, the levels of Phase II were commonly 

presented higher in this study than those of Phase I XMEs, the highest abundance was 

quntified for GSTs protein (notably GSTP1 and GSTO1). The comparison of GSTP1 and 

GSTO1 are in agreement with the findings in native skin (Hu et al., 2010).  

The proteomics raw data of this chapter has been attached in the appendix III link page 

(220). 

 

4.5 Conclusion 

The use of nanoLC-MS/MS in this study allowed for a study of abundance ratio of XMEs 

present in Labskin models and native human skin as well as more in depth investigations 

of certain Phase I and II proteins levels. Clearly, low level of CYPs, CES of Phase I and 

GSTs of Phase II XMEs in native skin were also reflected in Labskin models. However, 

our data set showed that βNF induced the production of CYP1B1, CES, GSTP1 and 
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GSTO1 were detected at the measurable protein level. Even though low RNA level of 

CYP1B1, CES1, GSTP1 and GSTO1 in the Labskin model induced with βNF were found 

(as reported in Chapter 2), the proteins levels could be quantified using nanoLC-MS/MS 

based proteomics. A comparison of Phase I and Phase II XMEs indicated that the Phase 

II enzymes are much more abundant than Phase I enzymes.  
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Chapter 5 

Demonstration of the Metabolic Pathway Responsible 

for Benzydamine metabolism in 3D Skin Model studied 

by using MSI and LC-MS/MS. 
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5.1 Introduction 

The skin is utilized as a route of drug administration for topical and systemic treatments 

where the first pass effect must be avoided. Since there are difficulties in obtaining 

representative human skin for preclinical studies because of issues such as race, age, 

gender, and genetic polymorphisms, there is a pressing need to develop an alternative in 

vitro model of human skin that can be used (Russo et al., 2018). To this end, the use of 

3D skin tissue models such as “Labskin” (Innovenn (U.K.) Ltd. York U.K.) has been 

proposed  for drug absorption and biotransformation studies. In recent reviews by Oesch, 

et al., (2018) and Kazem et al., (2019), several in vitro skin models including 

reconstructed human epidermis (RHE), 3D differentiated epidermis cultures derived from 

human keratinocytes (EpiSkin and EpiDerm) and full thickness living skin equivalents 

(LSEs), such as EpiDermFT, Episkin, and Labskin models in drug absorption and 

metabolism have been described. These avalibale 3D living skin equivalents (LSEs) are 

proposed as replacements for animal models which are able to provide useful data. 

The use of matrix-assisted laser desorption mass spectrometry imaging (MALDI-MSI) in 

3D in vitro models of human skin is a valid method for investigation both drug absorption 

or drug metabolism in skin. A study by Avery et al., (2011) reported the first combination 

of MSI with a comercially available 3D model in an investigation of the absorption of 

imipramine. The imipramine absorption was clearly detected in the skin epidermal model 

“Straticell” but no clear evidence of metabolism of imipramine was obsereved. In more 

recent report by Harvey et al., (2016), MALDI-MSI was used to study a Labskin model 

chemically induced to represent psoriasis disease (Harvey et al., 2016). Further work 

conducted on the Labskin model studied the low levels of Phase I and II enzymes (Russo 

et al., 2018).  

The study by Russo et al., (2018) demonstrated that the determination of terbinafine 

absorption as topical delivery treatment and its fragment ions in the epidermal region of 

Labskin tissues sections by both MALDI-MSI and LC-MS/MS approach. This model has 

been comprehensively applied for MSI owing to its great physical strength and ease of 

crysectioning. However, no clear evidence of drug biotransformation in the 3D Labskin 

models were detected earlier. In fact, there is no consensus agreement on the variety and 

distribution of metabolizing enzymes present in the epidermal layer of skin (Oesch et al., 

2014). Additional investigation of Phase I and Phase II XME in skin are required in order 

to study the reasons for the apparent low levels detected in LSE models. 
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 In a recent review by Oesch et al., (2018) and Kazem et al., (2019), FMO and CYPs of 

Phase I and GSTs of Phase II activities in human skin and 3D skin models were reported 

to be detected. The presence of low levels FMOs and CYPs, and supports the idea that N-

methylation and oxidation in skin are mainly catalyzed by CYPs and non-CYP (FMO1/3) 

mediated. The nonsteroidal anti-inflammatory drug benzydamine (BZD) is a specific 

substrate used as a topical treatment for characterization of enzyme activity of FMOs and 

CYPs (Figure 5.1).  

 

Figure 5.1: Biotransformation pathways and the reactive metabolites of benzydamine substrate. 

The drug of benzydamine (BZD) has been reported to be used to measure the activities 

of FMO1/3 and CYPs in human liver and it is metabolised through N-oxygenation 

pathways mediated by FMOs to benzydamine N-oxide and N-demethylation pathways 

mediated by CYPs as shown in Figure 5.1 (Störmer et al., 2000). Störmer et al., (2000) 

and Taniguchi-Takizawa et al., (2015) studied the N-oxygenation and N-demethylation 

activities of these enzymes as marker reactions for FMO1, FMO3 and CYP2D6 in human 

liver. For the first time, FMOs and CYPs activities were demonstrated for human 

reconstructed skin models, such as EpiDerm™ and the PhenionFT (Jäckh et al., 2011). 

FMO1/3 in EpiDerm™ model indicated that BZD-N-oxidation capacity compared with 

PhenionFT as shown in systemic substrate incubation. The comparision of BZD oxidation 

in the two Labskin models could be supported by the BZD as substrate which was showed 

to be more metabolised detected by FMO1/3 and CYPs (Störmer et al., 2000). 
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5.2 Aims of the Chapter 

In this Chapter, an investigation of  the detection and localisation of benzydamine (BZD) 

and its metabolites in commercially available 3D skin model (Labskin) using LC-MS/MS, 

and MSI, DESI-MS techniques is reported. Here, we reported data supporting the 

activities of Phase I XMEs (FMO1/3) in 3D skin control and induced 3D Labskin model 

with β-naphthoflavone (βNF), phenobarbital (PB) and all-trans retinoic acid (RA) used 

as inducers to evaluate the relative contributions of these enzymes in the metabolism 

study of BZD drug as marker reactions for the enzymes levels.  

5.3 Experimental section  

5.3.1 Materials 

Alpha cyano-4-hydroxycinnamic acid (α CHCA), benzydamine (MW 310.0), and ethanol 

(EtOH), were purchased from Sigma-Aldrich (Manchester,UK). LC-grade methanol 

(MeOH) and LC-grade acetonitrile (ACN) and 0.1% formic acid were obtained from 

Fisher Scientific (Thermofisher.com). Labskin living skin equivalent (LSE) samples were 

provided by Innovenn (U.K.) Ltd. (York, England).  

5.3.2 Enzyme induction 

After delivery LSE samples, the skin tissue was activated for 24 h at 37 °C and 5% CO2 

in Labskin maintenance media (4.5 mL per well). The LSE induction experiments were 

conducted and treated in Labskin maintenance media by systematic treatment with 50 µM 

β-naphthoflavone (βNF), 2 mM phenobarbital (PB) and 10 µM all-trans retinoic acid 

(RA) for 72 h as described in Chapter 2.3.4. Induction was performed through the addition 

of inducers dissolved in DMSO. The medium was replaced every 24 h. 

5.3.3 LSE Sample Treatment 

After 72 h of LSE induction experiments, 20 μL of 300 µg BZD benzydamine (BZD) was 

treated on each LSE tissue and spread out on an area of 2 cm2 of the Labskin surface and 

incubated for 48 h at 37 °C and 5 % CO2 in fresh Labskin maintenance media. The BZD 

substrate was dissolved in an mixture made up of water/olive oil (80:20 v/v). LSE control 

samples were treated with 20 μL of the mixture water/olive oil (80:20 v/v) and incubated 

for 48 h. After removed LSE from the well insert, all LSEs samples washed with LC-

grade MeOH to eliminate excess formulation and, snap-frozen with liquid nitrogen cooled 

isopentane (2-5 min) and then, stored at −80 °C.  
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After directly following drug treatment, the 30 μm frozen LSEs tissue sections using a 

Leica 200 UV cryostat (Leica 200 UV, Leica Microsystems, Milton Keynes, U.K.) were 

cryosectioned and freeze-thaw mounted onto “polycat” microscope slides (SLS, Hessle, 

UK) and stored at −80 °C as described by Russo et al., (2018).  

5.3.4 Sublimation and Recrystallisation 

For MALDI-MSI, α CHCA matrix as sublimation method was used for Labskin tissues 

sections. α-CHCA (300 mg) was spread at the bottom of the sublimation apparatus 

(Sigma-Aldrich). ITO-coated glass slides containing untrated and treated Labskin tissues 

were attached to the flat top of the chamber using double-sided tape. The top of the 

chamber was then attached to the bottom using an O-ring seal and the vacuum was 

applied. When a stable vacuum of 2.5 x 10-2 Torr was reached, the top was filled with 

cold water (5 °C) and the temperature was set to 180 °C. The process was carried around 

20 minutes. 

After sublimation process was performed, a glass Petri dish was used to carry out the 

recrystallisation on sublimated Labskin tissues sections. The ITO glass slide was attached 

to the underside of a petri dish lid using standard double-sided tape. Solution of 1 mL 

deionised water and 50 μL LC grade MeOH was pipetted onto filter paper placed at the 

bottom of the petri dish. Then, the lid was placed on the rest of the dish and placed in the 

oven for 2 minutes at 180 °C. After that, ITO slide was returned to the oven to dry for a 

further 2 minutes. 

In contrast, no matrix application was used for LSEs tissue sections analysis using both 

DESI-MS Synapt XS and DESI-MS MRT techniques. 

5.3.5 DESI-MS Mass Spectrometry Imaging 

All LSEs sample tissues were imaged using Synapt XS and MRT mass spectrometer 

(Waters, Manchester, U.K.). The DESI solvent used was 95 % of MeOH containing 5 % 

MQ H20 and 0.5 mL of formic acid. The flow rate injection was 2 µL/min. Multiple 

images were run in MasslynxTM. All LES samples were analysed in positive ion mode 

using a scan range of m/z 100-1200 Da, resolution 20,000 FWHM) at spatial resolution 

of 75 µm x 75µm. Scan time was 45 min. The calibration of instrument was performed 

by using liver tissue. The ion mobility function was not enabled. Capillary 0.75 kv.  

For MALDI-MSI, Labskin experiments were performed using an Autoflex III (Bruker 

Daltonik GmbH, Germany) equipped with a 200-Hz SmartbeamTM laser. For MALDI-
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MSI were acquired in positive mode with mass range of m/z 100-1500, resolution 10,000 

FWHM at pixel size of 50 μm × 50 μm, and with laser energy set to 250 arbitrary units.  

5.3.6 Skin Extraction 

For LC−MS/MS experiments, the LSEs control and treated LSEs tissues were placed for 

2 min in 1× PBS preheated at 60 °C. The dermal and epidermal layers from the 3D skin 

models were isolated by incubation in phosphate-buffered saline (PBS) at 65 °C for 2 min 

prior by using forceps; then homogenization with a manual homogeniser (Ultra-Turrax, 

Germany) in 0.5 % of MeOH (Capolongo et al., 2010). The homogenate samples were 

then centrifuged at 13000 rpm at 4 °C for 10 min (Centrifugation, Micro Star17R 

Microcentrifuge, Germany). The LSE samples stored at -80 °C and ready for LC-MS/MS 

analysis. 

5.3.7 Labskin model with LC−MS/MS 

LC−MS/MS were applied using a Xevo G2-XS QToF (Waters Coorporation, Manchester, 

U.K.) with ionization mode ESI+ ionization mode. The LC separation was performed 

using an Acquity UPLC® peptide GSHTM-C18 Column (WatersTM, UK) microbore 

column (2.1 mm x 100 mm, 1.7 µm) using a 20 min gradient of mobile phase B 80% 

(acetonitrile) and mobile phase A (20% containing 0.1 % formic acid). The gradient 

eluition was conducted as follows: 0.0−2.0 min (A, 80%; B, 20%), 2.0−12.0 min (A, 20%; 

B, 80%), 12.0−18.0 min (A, 20%; B, 80%), 18.0 − 20.0 min (A, 80%; B, 20%). The flow 

rate was 0.2 mL/min. The injection volume 5 µL. The MS parameters applied: capillary 

voltage, 3.0 Kv, cone voltage, 40.0 V, source temperature 150 °C, desolvation 

temperature 500 °C, desolvation gas 1000 L/ h, and cone gas 150 L/h. Argon was utilized 

as a collision gas and the collision energy was set at 20 eV. The retention time was ∼10.0 

min. 

5.3.8 Data Analysis 

For LC−MS/MS data files, the data of chromatograms peaks for benzydamine (BZD) and 

its metabolites were also integrated and processed using Mass Lynx software (Waters 

Corporation, U.K.). Three replicate measurements of each sample were applied. 

The DESI-MS imaging on SYNAPT XS and MRT data were set out and and processed 

using the HDI 1.4 software (Waters Corporation, UK). DESI-MS spectra was processed 

using MassLynx software. Three replicate images of each epidermal skin section were 

applied. 
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5.4 Results and discussion 

In a similar way to the detailed study of drug absorption in the Labskin model (Russo et 

al., 2018), it is crucial to investigate drug biotransformation in order to evaluate the toxic 

effects of chemicals and cosmetics. “Labskin” was used to examine of Phase I activity 

include cytochrome P450 (CYPs) and non-cytochromes such as flavin-containing 

monooxygenase (FMO) enzymes activities. The activity of these XME plays an important 

role in metabolism studies. Since as reported in Chapter 2 and 3, the low levels of FMO1/3 

and CYPs gene/protein were expressed in Labskin, chemicals inducer were used in this 

study for induction of Phase I and II enzymes. The inducers used were β-naphthoflavone 

(βNF), all-trans retinoic acid (RA), and phenobarbital (PB).  

Benzydamine (BZD) was used in a “substrate-based mass spectrometry imaging” 

experiment to detect the presence of Phase I XME in 3D skin tissue. Here, the surface of 

a commercially available 3D skin model was treated with the BZD for 48h after 72 h 

induction with one of 50 µM βNF, 10 µM RA and 2 mM PB at 37 °C and 5% CO2 in 

fresh Labskin media. The aim of this study was to study the effects of the inducers by 

detection of the resulting metabolites of BZD substrate based on LC-MS/MS as well as 

DESI-MS on Synapt XS and MRT were employed. The use of MS here with its high 

sensitivity and specificity allowed the localisation of the metabolites to the epidermal 

region for the first time. These data suggest that the analysis of Labskin (LS) could be 

developed further for a range of drug experiments.  

 Labskin treated with in water/olive oil (80:20) for 48 hours was used as a blank (Figure 

5.2). The mass chromatograms of LC-MS/MS corresponding to the [M+H]+ ions for BZD 

and its metabolities were integrated and processed.
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Figure 5.2: Representative mass chromatograms of the LS model non-treated with BZD as topical treatment. LC-MS/MS chromatographic separations of Labskin 

section treated with in water/olive oil (80:20) for 48 hours were selected as blank Labskin section control in epidermis layer (untreated BZD on the Labskin 

surface). (a) No BZD m/z 310.18 at 6.71 min and its metbolities: (b) m/z 326.17 (7.01 min) BZD-N-Oxide and (c) m/z 296.16 (6.56 min) nor-benzydamine).

a) 

b) 

c) 
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Figure 5.3: DESI-MSI images of non BZD treated (untreated) Labskin model as control: (a) m/z 310.17 

BZD (b) m/z 296.0 demethyl-BZD and (c) m/z 326.16 BZD-N-Oxide (D) the structure of the skin. 

Resolution image = 75 µm. TIC normalisation. The mass value in the scale bar was shown in the top (310.18 

m/z and 326.16 m/z and 296.0 m/z in white). 

m/z 326.16 
m/z 326.16 
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In order to study the distribution of BZD and its metabolities in the epidermis, DESI-MSI 

was used. MS images clearly showed the epidermis for each Labskin section, and thus 

these data are very important for the definition of region of interest and extraction of 

peaks intensity. Figure 5.3 supports the LC-MS/MS data showing that neither BZD nor 

its major metabolites were detected in the epidermal layer for the control. 
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Figure 5.4: Representative of an extracted ion chromatograms of the 3D skin model treated with BZD (LS_BZD) non-induced Labskin with βNF, RA and  PB 

inducers. FMO1/3 and CYPs activities were measured by generated fragments ions of BZD metbolities. (a) m/z 310.18 (6.71 min) BZD and its metbolities (b) 

m/z 326.18 (7.01 min) BZD-N-Oxide and (c) m/z 296.17 (6.56 min) nor-benzydamine. The peak ratio of the BZD metbolities were used to evaluate the statistical 

significance of non-induced 3D skin model and induced 3D skin model in terms of precision and accuracy LC/MS/MS.

Benzydamine  

Benzydamine N-oxide  

Nor-benzydamine 

a)

0 

b) 

c) 
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As shown in the LC/MS data (Figure 5.4 a) , following treatment of a non-induced section 

BZD substrate was detectable in the epidermal layer at m/z 310.18 (6.71 min) along with 

the N-oxide m/z 326.17 (7.01 mins) and desmethyl BZD m/z m/z 296.17 (6.56 mins). The 

ratios of the peak areas for BZD and its metabolites were examined as an measure for 

FMO1/3 and CYPs activities in the Labskin model. To assess the degree of activity the 

peak areas of the N-oxide and desmethyl metabolites were expressed as a % of the peeak 

area of the parent drug (Table 5.1). This compartison of peak area detected in non-induced 

LS_BZD control (treated only with BZD), compared with the inducers indicates the 

chemical effect of βNF, RA and PB. The peak area in LC-MS/MS of LS_BZD control 

(non-induced) was significantly different about 3.84 ± 0.77 in BZD-N-Oxide and 1.89 ± 

0.64 desmethyl-BZD corresponding to BZD substrate (See Table 5.1). The peak ratio of 

BZD elimination by Labskin model were calculated based on these metabolites. In this 

model, benzydamine N-oxide were slightly higher than those of demethyl benzydamine 

due to the low levels of CYPs genes/proteins as shown in RT-qPCR and proteomics data 

(Chapters 3 and 4). Almost all of Phase I XME genes/proteins observed low in human 

skin compared with human liver (van Eijl et al., 2012; Wiegand et al., 2014; Oesch et al., 

2018). These reports indicated that the levels in the 3D skin model were mostly lower by 

about 4-10-fold than that found in liver.  

Table 5.1: Validation of BZD absorbtion and metabolism in 3D Labskin model was performed 

according to percentage of the peak area in non-induced LS_BZD control compared with those that 

in the induced LS_BZD with βNF, RA and PB. 

 

 

Labskin 

Samples 

Peak Area 

BZD 

Peak Area 

Desmethyl 

BZD 

Peak Area 

BZD-N-

Oxide 

 

%Desmethyl 

 

%N-Oxide 

Control 298807 5197 12077 1.89 ± 0.64 3.84 ± 0.77 

βNF 266300 3413 10572 1.51 ± 0.32 4.06 ± 1.33 

RA 229483 5197 12077 2.06 ± 0.13 2.85 ± 0.14 

PB 151078 2046 6733 1.52 ± 0.16 3.50 ± 0.41 
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Figure 5.5: Effect of chemical induction on metabolism of the test compound benzydamine (BZD). 

BZD is metabolised to benzydamine-N-oxide by FMO1/3 expression activity and nor-benzydamine 

by P450 in induction 3D Labskin with βNF yielded surprising results, no increase in P450 activity 

was observed but an apparent increase in FMO activity  (n =3). 

It is clear from the data obtained from the non-induced sample that the low levels of Phase 

I enzyme have potentially been found in the epidermal layer of Labskin models. However, 

these routes of drug metabolism are likely to be more limited in skin compared with those 

that occur in human liver. Evidence for metabolities of BZD was also reported in the liver 

microsome from rat and human by LC-MS/MS (Taniguchi-Takizawa et al., 2015). 

In agreement with proteomics evidence for FOM1/3 and CYP P450 of XME activity were 

demonstrated in full thickness 3D skin model, the idea of BZD substrate based mass 

spectrometry was developed as images for detection BZD-N-Oxide and desmethyl-BZD 

of FMO1/3 and CYPs activities of XMEs using MALDI-MSI and DESI-MS as shown in 

Figure 5.6 and 5.7. This is the first time we have been able to confirm the presence of 

BZD and its metabolites in Labskin model. Russo et al studied of drug metabolism in 

Labskin tissue, ritalinic acid metabolite was detected by MALDI-MSI and LC-MS/MS 

(Russo et al., 2018). This indicates that the esterase enzyme activity is potentially located 

in epidermis tissue.  
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Figure 5.6: MALDI-MSI Image of BZD substrate (m/z 310.17 in green) was observed in the non 

induced section (50 µm pixel size). The Labskin tissue coated with CHCA matrix. No metabolities 

of the N-oxide-BZD and desmethyl-BZD was detected using sublimation method. Resolution image 

= 75 µm. TIC normalisation. The skin model control (untreated) structure was shown above.  

Figure 5.6 shows a MALDI-MSI image of a Labskin sample treated with BZD for 48 h, 

MALDI images of control and treated LSE showed the distribution of the BZD [M+H]+ 

ionat m/z 310.17 at a pixel size of 50 m. However using MALDI-MSI, no successful 

images of BZD-N-Oxide and nor-benzydamine metabolities were achieved in both non-

induced or induced LSE model as seen in Figure 5.6. Lack of BZD-N-Oxide and nor-

benzydamine metabolities signal could be an insufficient α CHCA matrix coverage of 

Labskin tissue section by sublimation method, but to date, no successful MALDI-MSI 

images of the metabolites have been obtained. In contrast, these metabolities of BZD were 

imaged by DESI-MSI as presented in Figure 5.7. 
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Figure 5.7: DESI-MS Images of BZD metabolism in non-induced 3D Labskin model with βNF, RA 

and PB ”trated with BZD” recorded at 210,000 mass resolution and 50 mm pixel size. The high mass 

resolution introduces specificity into the images allowing the individual metabolites to be imaged.  

Resolution image = 75 µm. TIC normalisation. The mass value in the scale bar was shown in the 

top (310.18 m/z and 326.17 m/z and 296.16 m/z in white). 

After 48 h of the BZD incubation, BZD-N-oxide and desmethyl-BZD were observable. 

The BZD and metabolite signals appear to be localized in epidermal layer. This method 

clearly gives improved sensitivity for BZD and its metabolites. Figure 5.7 shows the 

images of BZD m/z 310.18 in red (a) and its major metabolites BZD-N-Oxide m/z 326.17 

in red (b) and desmethyl-BZD m/z 296.16 in red (c). This is the first time we have been 

m/z 310.18  

m/z 326.17 

m/z 296.16 

(a) 

(b) 

(c) 

m/z 310.18  (a) 

m/z 326.17 (b) 
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able to confirm the presence of the norbenzydamine metabolites by DESI-MSI, thus gave 

additional evidence for the FMO1/3 and CYPs activities found in the LC-MS/MS study. 

However, the abundant of these enzymes was relatively low according to the peak area in 

LSE treated with BZD as control samples (Table 5.1).  

Due to the low level of Phase I XME of FMO1/3 and CYPs genes/proteis in LS_BZD 

control, the XME levels of commercial skin model were induced at significant level by 

72 h treatment with a series of known XME inducers as systemic application, 50 µM β-

naphthoflavone (βNF), 20 µM all-trans retinoic acid (RA) and 2 mM phenobarbital (PB). 

The β-naphthoflavone, all-trans retinoic acid and phenobarbital induction of FMO1/3 and 

CYPs in 3D skin models has been reported at the gene and enzyme activity level (Hewitt 

et al., 2013; Bacqueville et al., 2017). It was found that after induction was similar or 

slightly higher by βNF, RA and PB. An interesting finding is that βNF compared was 

appeared to lead to greater induction of FMO than RA or PB (See Figure 5.8 and Table 

5.1).
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Figure 5.8: LC–MS/MS profile (chromatogram) of the LS model treated with BZD (a) at m/z 326.17 after induced as systematic treatment with 50 µM β-

naphthoflavone (βNF), 20 µM all-trans retinoic acid (RA) and 2mM phenobarbital (PB) to increase the level of Phase I enzymes. FMO1/3 activity was the most 

induced by βNF and verified by benzydamine-N-oxide (b) at m/z 326.17 in 3D skin model while CYPs activity appears to have low catalytic activity which can 

detect the nor-benzydamine (c) at m/z 296.1.
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It can be seen that our data from a study of the induction of metabolising enzymes in the 

LSE showed that the abundant Phase I genes/proteins as shown previously (in Chapters 

2, 3 and 4) was made different relative contributions on the metabolism. The effect of 

chemical induction on the metabolism of the test BZD were high metabolised to BZD-N-

oxide by FMO1/3 and norbenzydamine by CYP2D6 (Figure 5.8). The induction with βNF 

yielded surprising results, no increase in P450 activity was observed but an apparent 

slightly increase in FMO1/3 of BZD-N-oxide (Table 5.1). This induction of FMO1/3 

might be due to the aryl hydrocarbon receptor (AhR) as transcription factor of substrate 

that can regulates gene or protein expression. In addition, AhR is the main function as 

sensor of xenobiotics or chemicals for the regulator of enzymes such as cytochrome P450s 

or FMO1/3 that metabolise these drug. This is in agreement with the low m/z 326.17 and 

m/z 296.16 or non detectable levels of CYPs genes/proteins in Labskin model as well as 

in human skin samples (Chapter 2 and Chapter 3). Thu, FMO1/3 level were more efficient 

catalysis of BZD test drug. This very similar data obtained using LS tissue from different 

donors (Couto et al., 2021). It has also been reported that expression of CYPs was very 

low in the ORS-RHE, but this was dramatically induced by βNF inducer (Bacqueville et 

al., 2017). In addition, treatment with βNF resulted strong increase in EROD activities 

determined in the epidermal compartment of Phenion FT skin (Wiegand et al., 2014). 

In the present study Labskin treated with all-trans retinoic acid and phenobarbital showed 

only a slight increase in XME activity in skin. It can be seen after 48 h topical treatment 

on the Labskin surface, the BZD substrate were delivered and metabolised higher to 

benzydamine-N-oxide at m/z 326.17 with 7.01 min retention time by FMO1/3 (Figure 5.8 

b) than LS control and nor-BZD at m/z 296.16 with 6.56 min retintion time by P450 

(Figure 5.8 c).  

The biotransformation by CYP2D6 (shown in Figure 5.8 c) is clearly identified in the 

epidermal layer, thus suggesting m/z 296.1 norbenzydamine. The norbenzydamine of 

CYPs activity in the comparative LS_BZD of the RA and PB with control were almost 

smillar between 1-2 % of the BZD. Despite the the low level of enzymes activity in this 

model, however, BZD and its metabolities are clearly observable in the DESI-MSI images 

(Figure 5.9).  
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Figure 5.9: Synapt XS DESI-MSI images of induced (beta-naphthoflavone) Labskin model treated 

as topical treatment of benzydamine recorded at 210,000 mass resolution and 75 µm pixel size. The 

high mass resolution introduces specificity into the images allowing the individual metabolites to be 

imaged. Only BZD-N-oxide (m/z 326.17 in red) possible evidence of FMO1/3 activity. But, no 

evidence of desmethyl-BZD formation was imaged. The mass value in the scale bar was shown in 

the top (310.18 m/z and 326.17 m/z in white) 

DESI-MSI experiments were also perfomed on both Waters Synapt-XS and Waters MRT 

multi-reflecting time of flight mass spectrometer. In the initial DESI-MSI experiments, a 

blank section of Labskin model as “control” was imaged after treatment with a 20 µL 

emulsion water/olive oil (80:20) alone as demonstrated in Figure 5.4. DESI-MS images 

of BZD metabolism in non-induced Labskin with βNF, RA and PB ”treated with 300 µg 

BZD” were recorded at m/z 310.18, 210,000 mass resolution and 75 m pixel size on the 

MRT. The high mass resolution introduces specificity into images allowing the individual 

metabolites to be imaged (Figure 5.9). Very similar results were obtained with DESI-MSI 

on the Synapt-XS to those on the MRT for detection of the presence of BZD-N-Oxide 

and induced activity of the FMO1/3 by βNF inducer in 3D model. Treatment with βNF  

resulted in an increase of BZD-N-oxide determined in epidermal layer of skin suggesting 

induction of FMO1/3 (Figure 5.9 b). DESI-MS imaging on Synapt XS indicate successful 

m/z 310.18  

(a) 

(b) (b) 
m/z 326.17 

m/z 310.18  (a) 
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detection of BZD (m/z 310.18 in red as shown in Figure 5.9 a) which is also metabolised 

to BZD-N-oxide (m/z 326.17 in red) which is the key metabolite in this study.  

In contrast, desmethyl-BZD was not detected in the DESI-MSI experiments conducted 

using the Synapt XS. This is explained by the low levels of CYPs and the greater 

sensitivity of the MRT. This was in agreement with the previously reported relative levels 

of CYP protein expression in 3D skin models and human skin (Oesch et al., 2007; Oesch 

et al., 2018). Notable, the RA and PB induction were activated the AhR of microsomal 

and cytosolic 3D skin models, leading to induction of CYPs and FMO1/3 compared with 

untreated 3D skin model as shown in Chapter 4. 

In the study reported in this chapter further improvement and validation of MSI technique 

has been performed in order to study the biotransformation of BZD substrate in the 

epidermal layer of Labskin model. DESI-MS images recorded using the Waters MRT 

give new confidence in the data produced as mass spectra and images routinely obtain 

ppb mass accuracy. This approach has been used for the first time to confirm the presence 

of the BZD and its metabolites. Although DESI-MSI on the Synapt XS did not detected 

the localisation of the desmethyl metabolite in the epidermal layer of Labskin tissue, the 

MRT did (See Figure 5.10 and 5.11). Therefore, this confirms the significant advantages 

of providing high sensitivity and ultra-high resolution of intact molecular species and 

allowed the confident detection and clear localisation of BZD and its metabolites in skin 

tissue. As BZD absorved in epidermis of Labskin model (See Figure 5.10 a image and 

Figure 5.11 spectra), evidence of low detection of the desmethyl-BZD by P450 activity 

in the LSE model (Figure 5.10 c). This is in agrmeent with the LC-MS/MS data in 

previous data in Chapter 2 and 3 at the low protein level. Nevertheless, FMO1/3 activity 

was demonstrated for BZD-N-oxide (Figure 5.10 b). This is a very sensitive technique, 

and the data reported here appears to confrim the findings of high level of Phase I drug 

metabolizing enzyme genes of FMOs activity in RT-PCR data (Chapter 2). However, the 

relationship of low RNA level to the CYPs protein levels is still uncertain (Harris et al., 

2002; Ahmad & Mukhtar, 2004). 
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Figure 5.10: DESI-MS Images of BZD metabolism in 𝛽NF induced Labskin recorded at 210,000 

mass resolution and 75 µm pixel size. The high mass resolution introduces specificity into the 

images allowing the individual metabolites to be imaged. This is the first time we have been able to 

confirm the presence of BZD-N-oxide and desmethyl-BZD metabolite. (b) BZD-N-oxide (m/z 

326.15) and (c) desmethyl-BZD (m/z 296.16) formation in red possible evidence of FMO1/3 and 

CYP2D6 activity repectively. The mass value in the scale bar was shown in the top (310.19 m/z and 

326.15 m/z and 296.17 m/z in white). 
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Data from MRT full spectra of the BZD substrate and its metabolities BZD-N-oxide and 

nor BZD generated m/z 310.19, 296.17 m/z and m/z 326.15 fragment ion in the epidermis 

section of Labskin was clearly detected in the induced model with βNF (Figure 5.11). The 

differential ions detected were verified to be consistent with the results from LC-MS/MS.  
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Figure 5.11: MALDI-MRT full spectrum of the BZD substrate and its metabolities N-oxide-BZD and desmethyl-BZD generated fragment ion (m/z 310.19 , m/z 296.17 and m/z 

326.15 in the epidermis of Labskin model induced with βNF. Resolution image = 60 µm. TIC normalisation.
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By compared of mass spectrometry data imaging, the oxidation to BZD-N-oxide and the 

de-methylation to desmethyl-BZD appears to be the highest metabolised in the induced 

3D Labskin model by βNF as shown in Figure 5.11.  

Validation genes of Phase I and II activity by RT-qPCR (Wiegand et al., 2014), BZD is 

metabolised to benzydamine-N-oxide by FMO1/3 and norbenzydamine by CYP2D6 

using LC-MS/MS as shown in MRT spectra above. In these data, the biotransformed BZD 

were detected in the epidermis layer, thus indicating a high impact of chemical inducers 

on metabolism of the test compound benzydamine. It is interesting to note that the 

induction with βNF, yielded surprising results, no increase in P450 activity was observed 

but an apparent increase in FMO activity was higher than RA and PB. The data shown 

here gave initial results for the levels of chemical induction on the metabolism in 3D 

Labskin tissue treated with BZD as topical treatment based on mass spectrometry. 

 

5.5 Conclusion 

In this chapter, a novel approach for relative quantitation of benzydamine substrate and 

its metabolites in the epidermal region of a full thickness living skin equivalent model 

has been presented. The study shown an innovative method to evaluate the performance 

of the penetration and metabolism of BZD by FOM1/3 and P450. The LC-MS/MS data 

set of homogenates of isolated epidermal of skin tissue, indicated that the comparison of 

level of these enzymes in biotranformation study were low in 3D skin control. However, 

the responses of βNF, RA and PB inducers after 72 h as systemic application for FMO1/3 

and CYPs gene or protein in the 3D skin model were expressed higher than those in 3D 

skin model control which can be functionally significant to be clearly metabolised of BZD 

to benzydamine-N-oxide by FMO1/3 and nor-benzydamine by P450. This abundant 

FMO1/3 had high rates of N-oxygenation of benzydamine in Labskin model. In contrast, 

the lack of nor-benzydamine detection by P450 is consistent with the levels of mRNA or 

protein which have been found to be low or undetectable in epidermis layer of skin model 

compared with native human skin. DESI-MS is a softer ionisation technique for drug 

imaging compared with MALDI-MSI for the analysis of drug distribution within 3D cell 

cultures models, such as skin. In this study, DESI-MS data provided further support for 

the concept that Phase I XME expressed in the 3D skin which may contribute to the role 

of localised BZD drug and BZD-N-oxide and desmthyl metabolites within the in the 

epidermal layer of the skin models. 
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6.1 Conclusion 

3D in vitro tissue models of human skin represent an alternative to monolayer 2D cell 

culture, ex-vivo human and animal skin such as rat and pig to different research. The work 

described in this thesis is concerned with the optimisation and validation of a human in 

vitro 3D living skin equivalent model “Labskin” for metabolism studies of topically 

applied xenobiotics. Labskin metabolism of drug through extrahepatic metabolism in the 

model is compared with human skin. 

6.1.1 Investigation of the Induction of gene expression of XME in a 3D Skin Model 

by RT-qPCR and Western blotting 

The overall aim of the current study was to undertaken a comprehensive characterization 

of the expression level of Phase I XMEs in the commercially available 3D skin “Labskin” 

model to characterize them so that it could be used as a suitable surrogate for native 

human skin for metabolism assays. Overall, the in vitro 3D skin models showed 

distinctive profiles at the levels of CYP1A1, CYP3A5, CYP1B1 and FMO2 activity 

regarding xenobiotic metabolism. A comparison of the expression in the Labskin skin 

model control, the induced model, and the human skin, showed that the level of gene 

expression of Phase I XMEs including CYP1A1, CYP3A5, CYP1B1 and FMO2 level 

were lower in the Labskin compared with that presented in native human skin. Chemical 

induction increased these levels, but still not to those in native human skin. Understanding 

the relationship between the levels of XME in 3D skin models and human skin could 

potentially lead to a model that would be able to predict human skin data from that 

obtained from 3D models. The data obtained here indicate that the Labskin model could 

be a valuable, robust in vitro tool to help this and address the need for improved non-

animal models as alternative methods for evaluation of efficacy, metabolism, and toxicity 

of cutaneous exposure, but understanding that the levels of XME are lower is required as 

data is evaluated. 

6.1.2 Expression and Induction of XMEs in a 3D Skin Model studied by using LC-

MS/MS and Nano-LC-MS/MS 

The data obtained in this study provide further support for the concept that XMEs 

expressed in the skin may contribute to the role of skin as protective barrier by detoxifying 

xenobiotics following topical exposure. This is an important consideration in safety 

assessment of topically applied chemicals. The in vitro skin model was shown to express 

many important XMEs, which could be induced in response with βNF, RA and PB 

inducers. The LC-MS/MS result indicated that the comparison of level of CYP1B1, 
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GSTP1 and GSTO1 protein were expressed low in 3D skin model compared with those 

that presented in native skin. However, the responses to drug inducers after systemic 

application showed that at the protein level of the CYPs and GSTs in the 3D skin model 

were expressed higher than in 3D Labskin control (untreated 3D skin model). This could 

be functionally significant. Despite of the relatively low RNA level in the induced 3D 

skin model, the CYP1B1, GSTP1 and GSTO1 protein were measured similar or higher 

in the induced skin model with βNF, RA and PB microsomal and cytosolic fractions than 

normal human skin by LC-MS/MS. 

The use of nano-LC-MS/MS in this study allowed for a study abundance ratio of XMEs 

present in Labskin models and human skin as well as more in-depth investigations of 

certain Phase I and II proteins levels. About 327 XME proteins were identified in the 3D 

Labskin model compared with and human skin. The low level of CYPs, CES of Phase I 

and GSTs of Phase II in native skin were also reflected in Labskin models. However, our 

data set showed that βNF induced the production of CYP1B1, CES, GSTP1 and GSTO1 

proteins. Even though low RNA level of CYP1B1, CES1, GSTP1 and GSTO1 in the 

Labskin model induced with βNF were found (as reported in Chapter 2), the proteins 

levels could be quantified using nano-LC-MS/MS based proteomics. A comparison of 

Phase I and Phase II XMEs indicated that the Phase II enzymes are much more abundant 

than Phase I enzymes. 

6.1.3 Demonstration of the Metabolic Pathway Responsible for Benzydamine in a 

3D Skin Model studied by using MALDI-MSI and LC-MS/MS 

Overall, human skin and skin model contains many metabolizing enzymes that facilitate 

a wide range of biotransformation reactions. A novel approach for the detection of these 

enzymes using benzydamine as a substrate has been demonstrated. Our study presented 

an innovative method to evaluate the performance of the penetration and metabolism of 

benzydamine by FOM1/3 and CYP p450 enzymes. Even though low level of Phase I 

(FMO1/3 and CYPs activity) in native human skin were reflected in Labskin models, the 

RT-pPCR and proteomics data have showed that βNF, RA and PB after 72 h were induced 

the production of Phase I gene/protein level (as reported in previous Chapters) which can 

be functionally significant to be metabolised of topical BZD substrate. Statistical analyses 

show changes in detection of XME between the treated and untreated Labskin. The LC-

MS/MS results of homogenates of isolated epidermis tissue, indicated that benzydamine 

N-oxygenation and N-demethylation mediated by FMO1/3 and CYP2D6 (and other P450 

isoforms). These results suggest that the βNF induction of FMO1/3 is responsible and has 
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a high impact of the metabolic eliminations of BZD drug in the epidermal layer of skin. 

However, the low of nor-benzydamine detection in skin by P450 is consistent with the 

levels of mRNA and protein which have been observed at low level in skin model. 

Validation of the MALDI-MSI and DESI-MS data supported LC-MS/MS data suggesting 

localisation of BZD and its metabolites within the Labskin model. Successful detection 

and imaging of drug compounds within the skin section have been achieved by DESI-

MSI. The oxidation of BZD-N-oxide and de-methylation to desmethyl-BZD appears to 

be enhanced in the induced Labskin model by βNF. In this study, DESI-MS is provided 

further support for the concept that FMO1/3 and CYP P450 of Phase I XME were 

expressed and induced localised in the epidermal layer (keratinocytes) of skin and in 

addition biological changes in response treatment/exposure can be examined. In 

comparison with liver enzyme expression and activity, skin demonstrates overall low 

Phase I enzyme expression and activity, thus more investigation and validation of the 

technology is required. Overall, these data should help in the development of 3D skin 

model for understanding the expression and induced of Phase I and Phase II in skin. 

6.2 Suggestions for Future Work 

A commercially available 3D skin model “Labskin” has played a role in biological skin 

research for many years. Recently, however, these models are becoming more widely 

used as alternative method to improve and convert in vitro to in vivo studies for drug 

metabolism. Further investigation of “Labskin” and comparison with native human skin 

is still required for Phase I and II XME to evaluate metabolism of chemical exposure. The 

levels of XME in LSE models needs to be improved. Here using new 3D skin models 

such as stem cells which make cells attractive for regenerative medicine, tissue repair, 

gene therapy and cell-based therapy in dermatology is a possibility. They have the 

possibility to provide in vitro models to study epidermal lineage selection and its role in 

the metabolism process. This would provide information on different cells to those 

already identified/imaged in this study. 

 Comparing the metabolising enzymes present in ex vivo human skin and commercial 3D 

skin model, LC-MS/MS and DESI-MS technique have shown the ability of the detection 

of Phase I and II expression of proteomic after chemicals exposure. 
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Appendices 

The raw data of the all thesis  chapters has been attached in the appendix I, II and III link: 

https://drive.google.com/drive/folders/1kgPO-lVdDpEl8wD0sSdhh83d_XNBlB-

b?usp=sharing.  

 Appendice I: comparison of Phase I gene expression in in vitro 3D living skin equivalent model control 

(DMSO treated) with that in human skin.

Enzymes Ct mean 

Human skin 

Ct mean 

Untreated 3D 

skin Model 

Δ Ct 

Human 

skin 

Δ Ct 3D 

Skin 

Model 

 

Fold-

Change 

CYP1A1 35 33.00 6.8 10.16 -10.26 

CYP3A5 30.26 28.14 2.06 5.14 -8.45 

CYP1B1 29.94 26.59 4.41 11.26 -115.56 

FMO2 31.88 28.01 5.58 9.81 -18.76 

https://drive.google.com/drive/folders/1kgPO-lVdDpEl8wD0sSdhh83d_XNBlB-b?usp=sharing
https://drive.google.com/drive/folders/1kgPO-lVdDpEl8wD0sSdhh83d_XNBlB-b?usp=sharing
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Appendix II: Comparison of Phase I gene expression in the control 3D living skin equivalent model l (DMSO treated) with that following chemical  induction of Labskin 

model. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Enzymes 

 

Ct mean 

Untreated 3D 

Skin model 

 

Ct mean 

Treated 3D 

Skin model 

 

ΔCt 

Untreated 3D 

Skin model 

 

Δ Ct Treated 

3D Skin 

model 

 

Fold-

Change 

 

 

Inducers 

CYP1A1 30.75 28.63 11.15 8.93 4.65 25uM βNF 

CYP1A1 32.21 27.86 12.61 8.16 21.85 50uM βNF 

CYP3A5 25.73 24.72 6.13 5.02 2.15 2mM PB 

CYP1B1 31.54 26.59 11.26 7.56 12.99 20 µM RA 

FMO2 32.57 28.01 12.57 9.81 6.77 20 µM RA 
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Appendix III: Full WS of phase I (CYP1A1, CYP3A5 and FOM2 protein expression) in all skin. The proteins of phase I were detected as band representative as 3D skin model induced with 

βNF, RA and PB by Western blot. In addition, these proteins were detected in human skin representative as native (fresh) human skin tissues. No CYP1A1 was detected in all skin (both 3D skin 

model and human skin).  
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Appendix IV: DESI-MS spectra acquired in positive mode of BZD substrate (300 µg) using the DESI-MS on MRT instrument. It was detected at high intensity 

m/z 310.17 in 3D skin (Labskin) model.
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Conference Presentations 

Posters Conferences and Mass Spectrometry Courses  

▪ Short Course of introduction pf mass spectrometry at Churchill College, University of 

Cambridge, UK (2018) 

▪ Presentation of drug metabolism of XMEs in 3D skin model compared with native 

human skin at Sheffield Hallam University (2018) 

▪ Poster Publication for (Examination of Metabolising Enzymes in a Living Skin 

Equivalent Model by GeLC-MS at British mass spectrometry society (BMSS 

conference) at university of Cambridge, UK (2018). 

▪ 18th East Midlands Proteomics Workshop of Optimization and Validation of 3D skin 

model as alternative to human skin for Xenobiotics study at Sheffield Hallam 

University (2018) 

▪ 6th SIG Mass spectrometry Imaging Symposium Sheffield Hallam University 2019 

▪ Presented poster of the induction of XMEs level in 3D skin model compared with 

native human skin at the university of Manchester (2019) 

▪ Attending short course of introduction mass spectrometry, American Society 2020, 

Taxes USA: Peptides and proteins in Mass Spectrometry  

▪ Investigation of the Induction of gene expression of XMES in a 3D Skin Model and 

human skin by RT-qPCR and Western blotting in Cosmetic Science: Bridging 

Established Methods and Novel Technologies, December (2019, France.  

▪ Proteomics Investigation of the Induction of Xenobiotic Metabolising Enzymes in a 

3D Skin Model and human skin using LC-MS/MS and Western blotting. Online: 

American Society for Mass Spectrometry 2020, Taxes USA  

▪ DESI-MS Imaging of a Living Skin Equivalent Model using a Multi-Reflecting Time 

of Flight Mass Spectrometer 2022, Minneapolis USA. 

Papers Publication ready to submit in Citable Scientific Journals 

▪ A review paper: Xenobiotic Metabolising Enzymes of Phase I and Phase II in 

native human skin, commercially available human skin cell Culture and 3D skin 

models. 

▪ Investigation of the Induction of Xenobiotic Metabolising Enzymes in a 3D Skin 

Model and human skin by RT-qPCR and Western blotting. 


